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Abstract 13 

Pallasites are stony-iron meteorites consisting mainly of olivine and Fe-Ni metal with a formation 14 

history that remains widely debated. Despite their simple mineralogy, relatively limited data are 15 

available on their geochemistry and the lateral elemental distribution in individual pallasite olivine 16 

crystals. In this work, laser ablation - inductively coupled plasma - mass spectrometry (LA-ICP-MS) 17 

was used for the elemental analysis of both pallasite olivine and phosphate phases, including 2D trace 18 

element mapping of olivine crystals. While the results obtained are in good agreement with literature 19 

values, important differences are observed for Al and Ni concentrations compared with bulk analytical 20 

methods. The element distribution maps reveal complex zoning in pallasite olivine, which can be 21 

explained based on i) diffusion gradients formed during olivine cooling, ii) the crystal chemistry of 22 
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element substitution due to charge-balancing, and iii) inherited features of olivine before the metal-23 

olivine mixing. Oscillatory zoning in an olivine crystal from Imilac provides strong evidence for the 24 

olivine  not being a restite of partial melting, but rather having crystallized from a melt. Concentrations 25 

of Cr and Al are correlated both within single olivine crystals and between olivine crystals of different 26 

pallasites, forming a 1:1 linear trend. This likely results from a spinel-type charge-balancing 27 

substitution mechanism in pallasite olivine. Additionally, principle component analysis of laterally 28 

resolved multi-element concentration data of pallasite olivine provides an independent measure of the 29 

genetic relationships between the different main group pallasites within their parent body (-ies). Rare 30 

earth element (REE) contents of pallasite phosphate grains range from concentrations typically 31 

measured for chondritic or primitive achondrite-like phosphates to more (light) REE-depleted 32 

signatures, revealing the overall primitive nature of the melts from which the phosphate minerals 33 

crystallized. Phosphate in pallasites may thus have formed through the consumption of apatites during 34 

pro-grade metamorphism, melting, and melt extraction. Combined, the trace element signatures of 35 

olivine and phosphate in pallasites of the main group (PMG) suggest that these meteorites are common 36 

products of planetary processes on chondritic or primitive achondrite-like precursor bodies, with the 37 

different subgroups highlighting distinct formation and evolution histories. 38 

Keywords: LA-ICP-MS; element mapping; pallasite; olivine; phosphate; oscillatory zoning; 39 

merrillite; stanfieldite. 40 

41 
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1. Introduction 42 

Pallasites are stony-iron meteorites that are composed of metal, considered to be derived from the 43 

molten metal core of a differentiated planetesimal, and a mantle-derived olivine counterpart, along 44 

with accessory minerals including chromites, sulfides and phosphates. Most pallasites have been 45 

interpreted to originate from a single parent body (Ali et al., 2018) and are classified accordingly as 46 

pallasites of the main group (PMG). Significant differences in oxygen isotopic composition indicate 47 

that a limited number of pallasites derive from other parent bodies: the Eagle Station group (Clayton 48 

and Mayeda, 1978), Milton (Jones et al., 2003), and two separate sources for pyroxene-bearing 49 

pallasites (Boesenberg et al., 2000; Bunch et al., 2005). The PMG exhibit a limited range of trace 50 

element compositions (Wasson and Choi, 2003) and oxygen isotope ratios that are closely related and 51 

only different from one another as the result of mass-dependent fractionation processes (Greenwood 52 

et al., 2006; Greenwood et al., 2015). The PMG may be further sub-divided into i) a common 53 

subgroup, which may represent mechanical mixtures of olivine, chromite, primitive solid metal and 54 

evolved metal, and ii) low-MnO and high-FeO subgroups, originating from the core-mantle interface 55 

of their planetesimal, where  interactions between metal, silicate and other components took place 56 

(McKibbin et al., 2019). The trace element systematics of PMG metal (Wasson and Choi, 2003) and 57 

preliminary chromite oxygen isotope ratio results (Franchi et al., 2013) indicate a possible link with 58 

the IIIAB iron meteorite parent body. However, the cooling rates determined for pallasite metal and 59 

olivine are distinct, suggesting a complex formational history. Earlier suggestions of faster cooling of 60 

silicate at high temperature and slower cooling at lower temperatures following the metal-olivine 61 

mixing event (Tomiyama and Huss 2005; Yang et al. 2010) are supported by Mn-Cr isotope ratio data 62 

(McKibbin et al., 2016), although detailed interpretations of pallasite formation histories remain 63 

controversial (McKibbin et al., 2019). The exact relationship between PMG and IIIAB iron meteorites 64 

(Yang et al., 2010) and how pallasite silicates formed (McKibbin et al., 2013) remain outstanding 65 
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questions. Nevertheless, an origin related to impact mixing of molten metal and silicates, ultimately 66 

connected to core-mantle separation and interaction, remains the most probable hypothesis for the 67 

formation of pallasites. 68 

Along with metal and olivine, pallasites contain several accessory anhydrous phosphate minerals, i.e. 69 

merrillite, stanfieldite and farringtonite (Buseck and Holdsworth, 1977). The geochemical 70 

composition of these phosphates may be the key to a better understanding of the formation and 71 

evolution of the pallasite parent body, as these accessory minerals concentrate significant quantities 72 

of REE and other trace elements that are incompatible in other planetary reservoirs. Various models 73 

have previously been suggested for phosphate formation in pallasites. While some phosphate grains 74 

may have been inherited from crustal materials, other may have formed during the reaction between 75 

metal and olivine (Davis and Olsen, 1991; Davis and Olsen, 1996), or may have been inherited from 76 

the metal core (Hsu, 2003). Boesenberg et al. (2012) concluded that the three types of Ca-phosphates 77 

in pallasites are products of fractional crystallization of silicate-phosphate melts. McKibbin et al. 78 

(2019) demonstrated that farringtonite formed in core-mantle zones of PMG parent bodies by 79 

oxidation of phosphorus, after core and lower mantle phases back-reacted during planetesimal cooling 80 

following initial metal-silicate separation. Merrillite and stanfieldite in PMG represent the high-81 

temperature refractory and eutectic phases, respectively, with potentially a large number of 82 

xenocrystic or locally processed grains (McKibbin et al., 2019). However, the origin of their parent 83 

Ca-phosphate melts remains enigmatic. 84 

The major component of pallasite meteorites is olivine, a magnesium-iron-silicate with an empirical 85 

formula of [MgxFe1-x]2SiO4, forming a solid solution series between the forsterite (Mg2SiO4) and 86 

fayalite (Fe2SiO4) end members. Forsteritic olivine is among the last phases to melt in the case of 87 

primitive meteoritic material, or conversely the first phase to crystallize from a primitive melt during 88 

cooling (Mittlefehldt et al., 1998). An origin as early cumulate or partial melt residue are the two main 89 
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hypotheses for the formation of pallasite olivine. Another possible origin at least for some olivine 90 

grains was suggested to be a primitive melt captured by cumulation of the early formed olivine 91 

(Boesenberg et al., 2012). The bulk contents of minor elements in the olivine phases of pallasites have 92 

been studied by spark source MS (Mason and Graham, 1970), instrumental neutron activation analysis 93 

INAA (Mittlefehldt, 1980), secondary ion mass spectrometry SIMS (Floss, 2002), electron probe 94 

micro-analysis EMPA (Smith et al., 1983; Wasson et al., 1999; Lauretta et al., 2006; Ali et al., 2018), 95 

as well as by a combination of EMPA and laser ablation - inductively coupled plasma-mass 96 

spectrometry LA-ICP-MS (Danielson et al., 2009). However, reliable bulk determination of several 97 

critical elements in pallasite olivine has proven difficult due to extreme depletions as a result of the 98 

protracted annealing history and is further complicated by ubiquitous non-olivine inclusions and 99 

terrestrial contamination. This is best exemplified by the determination of the REE in olivine, as 100 

analytical techniques relying on bulk digestion result in significantly higher REE concentrations and 101 

strikingly different REE-patterns (Saito et al., 1998; Lavrentjeva and Lyul, 2013; Greenwood et al., 102 

2015), compared with those obtained via in situ analytical approaches (Davis and Olsen, 1991; Stead 103 

et al., 2017). Moreover, due to the continuous improvement in lateral resolution, detection limits and 104 

precision of in situ analytical techniques, pallasite olivine crystals, initially considered to be relatively 105 

homogeneous (Buseck and Goldstein, 1969), have been shown to exhibit zoning within a few hundred 106 

micrometers of the metal-olivine rim for a range of elements, such as Ca, Cr, Ti, V and Ni. Both 107 

EMPA (Zhou and Steele, 1993; Miyamoto, 1997) and SIMS (Leitch et al., 1979; Reed et al., 1979; 108 

Hsu, 2003; Tomiyama and Huss, 2005; Tomiyama and Huss, 2006) have provided laterally resolved 109 

data that shed light on the initial igneous formation and subsequent diffusive thermal evolution of 110 

olivine crystals. However, previous in situ work was limited to one-dimensional profiling studies or 111 

did not directly address non-divalent element relationships involving charge-balancing (e.g., Taura et 112 

al. 1998). In the rapidly developing field of spatially resolved trace element analysis, LA-ICP-MS is 113 
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an attractive technique due to its low limits of detection (LOD) down to sub ng g-1 levels and the 114 

simplicity with which reasonably accurate quantification (typically within ± 5-10 %) can be performed 115 

(Gundlach-Graham et al., 2015). Two-dimensional elemental maps, easily obtained using LA-ICP-116 

MS, constitute a powerful tool which can show features not detectable with optical or electron 117 

microscopy, and which cannot be recognized due to their spatial complexity from microbeam spot 118 

analyses or one-dimensional profiles (Ubide et al., 2015; Petrus et al., 2017). The first 2D element 119 

mapping of pallasite olivines has been undertaken using LA-ICP-MS to study their early history 120 

(McKibbin et al., 2013), but included only two PMG, with other PMG subgroups having not yet been 121 

explored. 122 

The aim of this work is to demonstrate how state-of-the-art approaches quantitatively visualizing 123 

element distributions  can contribute to the study of magmatic, metamorphic and crystal-chemical 124 

processes recorded in the olivine crystals within pallasite meteorites. We provide two-dimensional 125 

fully quantitative 2D LA-ICP-MS maps of multiple major and trace elements for PMG olivine. A 126 

multivariate approach is applied to analyze and compare these spatially resolved multi-element PMG 127 

data. This allows the features and patterns to be analyzed and can explain these as the result of 128 

processes occurring at scales ranging from a single crystal to the entire parent body. Use of 2D maps 129 

to further select locations for in situ trace element analysis enables adequate interpretation of olivine 130 

trace element data, allowing the formational history of olivine to be further constrained. In addition, 131 

we provide LA-ICP-MS trace element data on multiple Ca-phosphate grains in PMG sections to 132 

compare these to the compositions of phosphate grains found in other planetary and asteroid bodies. 133 

The trace element compositions of PMG phosphate and olivine are used to improve our understanding 134 

of PMG parent asteroid formation models. 135 

2. Experimental 136 
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2.1. Samples and standard materials. Eight pallasites from the common, high-FeO and low-MnO 137 

PMG subgroups were studied in this work: high-FeO PMG Springwater, low-MnO PMG Brenham, 138 

Brahin and Seymchan, and common subgroup PMG Imilac, Cumulus Peak 04071, Esquel and 139 

Fukang. Five PMG were acquired from the open market (Seymchan, Fukang, Esquel, Brahin and 140 

Springwater). Cumulus Peak 04071 was provided by the Smithsonian Museum from the National 141 

Aeronautics and Space Administration (NASA) collection of Antarctic meteorites. Brenham was 142 

provided by the Research School of Earth Sciences, Australian National University. Imilac and an 143 

additional section of Esquel were allocated by the Royal Belgian Institute of Natural Sciences. All 144 

samples were studied in the form of flat polished thick sections, containing pallasite metal matrix and 145 

several olivine crystals. Several accessory Ca-phosphate grains were identified in the PMG thick 146 

sections using µXRF (see below). A single grain of stanfieldite was detected in the section of Brahin, 147 

named Brahin Ph1. A single grain of stanfieldite was identified in the section of Cumulus Peak 04071, 148 

named CMS04071 Ph1. Two merrillite grains were found in the 2 sections of Esquel available and 149 

designated Esquel Ph1 and Esquel Ph2. Finally, the thick section of Seymchan contains 4 grains of 150 

merrillite, named Seymchan Ph1 to Ph4. 151 

Certified reference materials (CRMs) of synthetic silicate glass from the National Institute of 152 

Standards and Technology (NIST) SRM 612 and SRM 614 together with BHVO-2G, BIR-1G, GSE-153 

1G and GSD-1G synthetic and natural glass standard reference materials (SRM) of the United States 154 

Geological Survey (USGS) and the San Carlos olivine NMNH 111312-44 reference material 155 

(Smithsonian National Museum of Natural History) were used for quantification. 156 

2.2. Instrumentation. 157 

2.2.1. Micro X-ray fluorescence. The elemental distributions within larger sections of the pallasites 158 

characterized were measured using a Bruker M4 Tornado X-ray fluorescence (XRF) instrument, 159 

equipped with a 30W Rh-anode X-ray source (50 kV operating voltage, operating current 150 μA) 160 
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and a Be window at the Vrije Universiteit Brussel, Brussels, Belgium. The X-rays are focused to a 25 161 

μm spot (measured for Mo Kα) using a polycapillary lens. The instrument is equipped with two Silicon 162 

Drift Detector (SDD) spectrometers (30 mm2, 145 eV energy resolution for Mn Kα), symmetrically 163 

placed relative to the sample. To improve statistics, all sections of single pallasites were scanned 5 164 

times using a translation stage moving at 25 mm s-1, resulting in acquisition times of 1 ms pixel-1. The 165 

measurements took place under a vacuum of 20 mbar. These maps allowed identification of Fe-Ni 166 

metal, olivine, phosphate, schreibersite ((Fe,Ni)3P iron nickel phosphide mineral), troilite (FeS iron 167 

sulfide mineral) and chromite phases. The bulk concentrations of Fe and Mg in the olivine fractions 168 

of the pallasites were determined using the Fe and Mg Kα lines and the San Carlos olivine reference 169 

material (Ito and Ganguly, 2006). 170 

2.2.2. LA-ICP-MS 2D maps of olivine. To obtain detailed major and trace element distribution maps 171 

of the pallasite olivine crystals, a Teledyne CETAC Technologies Analyte G2 laser ablation system, 172 

based on a 193 nm ArF*excimer laser with a pulse duration <5 ns was coupled to a Thermo Scientific 173 

Element XR double-focusing sector field ICP-MS unit at Ghent University, Ghent, Belgium. The 174 

experimental conditions are described in detail in appendix B, and only a brief description is included 175 

here. The laser beam is characterized by a flat-topped energy profile and was attenuated to an energy 176 

density of 5-7 J cm-2 in the focus. The samples and standards were mounted in a HELEX 2 double-177 

volume ablation cell flushed with two flows of He used as a carrier gas. The laser scanned a grid of 178 

parallel, adjacent lines using a 20 µm x 20 μm square-masked laser spot at a translation speed of 9 179 

μm s-1 while firing the laser at a repetition frequency of 20 Hz. The sampling grids cover 1450x600 180 

μm2 rectangular areas of the sample and were positioned in the direction from the metal-olivine margin 181 

to the olivine cores (see Figure B1 in the appendix). The He carrier gas was mixed with Ar make-up 182 

gas downstream of the ablation cell and introduced into the ion source of the sector field ICP-MS unit, 183 

operated in low mass resolution mode (M/ΔM = 300) to obtain sufficiently high sensitivities. Cool 184 
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plasma conditions (800 W RF power) were used to reduce Ar-based interferences and to increase the 185 

sensitivity of the analysis. Wash-out times were typically less than 1 s. The mass scanning method of 186 

the mass spectrometer was set to the speed-optimized mode, resulting in a total scan cycle time of 187 

1.944 s for 14 nuclides (25Mg, 27Al, 29Si, 31P, 45Sc, 51V, 53Cr, 55Mn, 57Fe, 60Ni, 71Ga, 139La, 153Eu, 195Pt). The 188 

lateral resolution achieved was approximately 20 μm. 189 

The principal challenge with internal standardization for elemental mapping is that none of the 190 

naturally occurring olivines in pallasites contain a fully homogeneously distributed element with 191 

accurately known content that can serve as an internal standard. To quantify the LA-ICP-MS data and 192 

correct for the matrix-dependent absolute amount of material ablated at each moment of the mapping 193 

(Miliszkiewicz et al., 2015), normalization of major olivine element oxides to 100 wt.% was used. In 194 

accordance with the empirical formula of olivine ([MgxFe1-x]2SiO4), Mg, Si, Fe and P oxides were 195 

considered to contribute 100 wt % of the mass ablated, and the intensity of every element was 196 

normalized to a function of the intensities of these elements (see the results section for further details 197 

on the selection of P). The internally normalized data were externally quantified via linear regression, 198 

using glass reference materials measured in the same analytical session. The set of synthetic glasses 199 

(NIST SRM612, NIST SRM614, USGS GSD-1G and GSE-1G) and natural basalt glasses (BHVO-200 

2G, BIR-1G) used for external calibration provides a wide dynamic range and matrix-matched 201 

calibration, which minimizes potential matrix effects. Additional details on the quantification 202 

approach can be found in appendix C (Liu et al., 2008; Selih and van Elteren, 2011). 203 

2.2.3. Trace element analysis of olivine with LA-ICP-MS. Following the characterization of 2D 204 

elemental distributions via µXRF and LA-ICP-MS, minor and trace elemental concentrations in 205 

olivine were measured via LA-ICP-MS repeatedly at lower spatial resolution, but with superior limits 206 

of detection, which allowed detection of an additional number of trace elements. This “bulk” analysis 207 

of olivine was realized in 2 steps using a similar setup of the Analyte G2 laser ablation system 208 
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connected to the ElementXR ICP-MS unit, after selecting pure homogeneous olivine areas on the 209 

pallasite thick sections (for details on the experimental parameters, the reader is referred to Table B1 210 

of the appendix). First, major elements were measured, by scanning a straight 400 μm long line using 211 

a 30 μm diameter circular-masked laser spot at 4.72 J cm-2 laser fluence and 20 Hz laser repetition 212 

rate at a translation speed of 10 μm s-1. Only for mineral-forming elements, Cr and several major 213 

elements (nuclides monitored: 25Mg, 29Si, 31P, 44Ca, 53Cr, 55Mn and 57Fe, 2.069 s cycle time), the nuclide-214 

specific intensities of interest were recorded in the medium mass resolution (MR) mode (M/ΔM = 215 

4000) of the ICP-MS instrument during this run. In order to quantify minor and trace elements with 216 

the lowest limits of detection possible, a second line-scan was completed on top of the first one, using 217 

a laser spot of 130 μm diameter, laser fluence of 4.72 J cm-2, 40 Hz laser repetition rate, and a 218 

translation speed of 10 μm s-1. Nuclide-specific intensities for the remaining 36 trace and minor 219 

elements (7Li, 45Sc, 51V, 53Cr, 59Co, 60Ni, 63Cu, 66Zn, 89Y, 90Zr, 93Nb, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 145Nd, 220 

147Sm, 153Eu, 158Gd, 159Tb, 164Dy, 165Ho, 160Er, 169Tm, 174Yb, 175Lu, 180Hf, 181Ta, 182W, 185Re, 193Ir, 195Pt, 197Au, 221 

232Th, 238U, 2.062 s cycle time) were recorded in the low mass resolution (LR) mode of the ElementXR. 222 

Prior to each LA-ICP-MS analysis, the surface of olivine was pre-ablated (2 J cm-2, 20 Hz, 150 μm 223 

square-masked spot, 300 μm s-1 translation speed) to avoid bias in the trace element concentrations 224 

due to re-deposition of ablated sample material after previous analyses. Every analysis was carried 225 

out 3 times. MPI-DING and USGS reference materials were measured at the start and end of each 226 

analytical session.  227 

Sum normalization of the oxides to 100 wt% (Liu et al., 2008) was used to normalize the data of the 228 

first major element run, which included Cr. The Cr concentrations calculated from this run were then 229 

used for internal standardization to normalize the data of the second, trace element run. Additional 230 

details on the quantification approach can be found in appendix C. 231 

2.2.4. Trace element analysis of Ca-phosphates. Minor and trace elemental compositions of the 232 

phosphate minerals were measured using the same LA-ICP-MS setup, consisting of the combination 233 
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of an Analyte G2 laser ablation system with an ElementXR ICP-MS unit. All elements were measured 234 

during single spot ablation with 3.5 J cm-2 laser fluence, 20 Hz laser repetition rate, 110 µm diameter 235 

circular-masked laser spot, and 20 s ablation time, which resulted in large ablation pits with low depth-236 

to-diameter aspect ratios. The intensities of 43 nuclides were recorded in the LR mode of the 237 

ElementXR ICP-MS instrument (23Na, 25Mg, 27Al, 29Si, 31P, 39K, 44Ca, 45Sc, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 238 

60Ni, 63Cu, 66Zn, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 145Nd, 147Sm, 153Eu, 158Gd, 159Tb, 239 

164Dy, 165Ho, 160Er, 169Tm, 174Yb, 175Lu, 180Hf, 181Ta, 208Pb, 232Th and 238U, 1.813 s cycle time). Normalization 240 

of the element oxides to 100 wt.% (Liu et al., 2008) and MPI-DING and USGS glass reference 241 

materials were used for quantification. Detailed instrument settings of the LA and ICP-MS units are 242 

summarized in appendix B. 243 

3. Results 244 

3.1. General features of 2D multi-element maps. All pallasite thick sections contain single olivine 245 

crystals or olivine crystal aggregates in an Fe/Ni metal matrix (see the µXRF images in Figures 1-3 246 

and appendix D). Schreibersite is typically found as thin elongate inclusions in the kamacite-taenite 247 

metal matrix (e.g., μXRF map of Imilac at Figure 1), although it is also present over much larger (> 1 248 

cm) areas in CMS 04071, Seymchan and Brenham. The troilite inclusions are typically larger than the 249 

schreibersite ones, and are generally found adjacent to olivine crystals or are filling the volume 250 

between olivine crystals (e.g., μXRF map of Brahin at Figure 3). The phosphate minerals observed 251 

were identified as either Ca3(PO4)2 merrillite or Ca4Mg5(PO4)6 stanfieldite, but not as Mg3(PO4)2 252 

farringtonite, because none of the inclusions show extremely high Mg Kα intensities (also see Figure 253 

D9 in the appendix). Figures 1, 2 and 3 display LA-ICP-MS element distribution maps for 8 PMG 254 

that are superimposed on the Fe Kα intensity μXRF maps of larger sections of the same pallasites. The 255 

mineral identification is based on the intensities of the Kα lines of the constituent major elements (Fe, 256 

Mg, Ni, Cr, S, Ca and P). Only the Fe Kα μXRF maps with labeled mineral phases are shown in 257 
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Figures 1, 2 and 3, and additional μXRF intensity maps for Mg, P, S, Ca, Cr, and Ni are provided in 258 

appendix D. 259 

In the bottom parts of Figures 1, 2 and 3, quantitative LA-ICP-MS maps of smaller olivine areas are 260 

included, corresponding to the locations indicated on the larger μXRF maps as black rectangles. The 261 

locations for LA-ICP-MS mapping were selected to be close to the metal-olivine rims of large olivine 262 

crystals with the laser beam rastering from the olivine rim in the direction of the olivine core (from 263 

the left to the right side on the LA-ICP-MS maps). 264 

All olivine crystals were found to contain P-rich phases, usually in the form of veinlets, or in the case 265 

of CMS 04071, as an approximately 200 µm diameter nugget. Manganese, Fe and Mg are distributed 266 

relatively homogeneously in all olivine crystals analyzed, while the distribution maps of the other 267 

elements demonstrate complex, often correlated, lateral distributions. Chromium exhibits 268 

concentration gradients in Fukang, CMS 04071, Esquel, Seymchan and Brenham with lower values 269 

near olivine margins. Concentration gradients in V are correlated with those of Cr in the rims of olivine 270 

adjacent to metal in Fukang and CMS 04071. Similar concentration gradients are observed for Cr, Ga, 271 

Al and Sc in Springwater olivine adjacent to a troilite vein, although these concentration gradients are 272 

not perpendicular to the olivine margin, but are inclined at an angle (Figure 1). Imilac and Brahin 273 

olivines exhibit lamellae-like elongated structures parallel to the olivine margin with zones enriched 274 

and depleted in Cr, Al and V (Figures 1, 3), reminiscent of oscillatory zoning. Fukang displays reduced 275 

P contents next to the olivine-metal rim (Figure D5 in the appendix). Additionally, an ~500 µm area 276 

with elevated concentrations of Al and Ga is present that is unrelated to the distribution of Cr (Figure 277 

1). A veinlet with elevated concentrations of Ga, not correlated to any other element, is identified in 278 

Springwater (Figure 1). LA-ICP-MS maps of Al, Ga and Cr in an olivine of Seymchan demonstrate a 279 

partially correlated distribution of Ga and Al (see Figure 2). Some distribution maps have been 280 

affected by analytical artifacts. The horizontal lines in the Al and P maps of Imilac and Brahin may 281 
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represent issues with background correction, while aliasing effects degraded other distribution maps, 282 

as in the case of V in Fukang. 283 

3.2. P-rich veinlets in olivine. All PMG olivine crystals contain veinlets or cracks approximately 10-284 

20 μm in width, intersecting the olivine. These veinlets are clearly visible under an optical microscope 285 

in reflected light and are characterized by elevated P contents, as well as deviating concentrations for 286 

other trace elements (e.g., Al, Sc, V, Mn, Cr, Ni, La and Pt) in the 2D LA-ICP-MS element distribution 287 

maps. Most veinlets are enriched in Al and Ni relative to the bulk olivine composition, although 288 

Brenham and Springwater veins are depleted in Al. These veinlets are depleted in Sc, V and Mn 289 

relative to the olivine bulk composition, while the Ga and Cr concentrations not only vary in these 290 

veinlets, but also across the PMG olivine crystals. As these veinlets are all characterized by elevated 291 

P2O5 contents, they can be filtered from the bulk olivine results using a simple thresholding procedure. 292 

The upper limits for P2O5 concentrations in “pure” olivine were selected based on probability 293 

distribution histograms for each pallasite, with a maximum value defined by the best fitting Gaussian 294 

line to the P2O5 distribution histogram plus 3 standard deviations. A MATLAB script was applied to 295 

mask pixels representing veinlets in the 2D concentration matrices of all target elements (see Figure 296 

4). 297 

3.3. Major and trace element composition of PMG olivine. Table 1 includes the μXRF results of 298 

the Fa# quantification for olivine crystals (fayalite, Fa# = FeO (FeO + MgO)⁄ ∙ 100, atomic %) based 299 

on the San Carlos olivine standard, as well as the results of the Fa# measurements in olivine grains 300 

using EMPA (Chernonozhkin et al., 2017). In addition, good agreement of the measured data with 301 

previously reported values for the same pallasites is demonstrated in Figure 5, which compares the 302 

measured Fa# with available literature data. The results of “bulk” major and trace element analysis of 303 

PMG olivine crystals carried out with LA-ICP-MS are summarized in Table 1. The element 304 

concentrations thus obtained for the PMG olivine crystals are in agreement with the results of earlier 305 
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studies (Buseck and Goldstein, 1969; Leitch et al., 1979; Reed et al., 1979; Mittlefehldt, 1980; Hsu, 306 

2003; Wasson and Choi, 2003; Danielson et al., 2006; Lauretta et al., 2006; Tomiyama and Huss, 307 

2006; van Niekerk et al., 2007; Danielson et al., 2009; McKibbin et al., 2013). The REE patterns of 308 

the PMG olivine crystals, together with the results for olivine from previous studies and the limits of 309 

quantification, are shown in Figure 6. After removing spikes in the transient LA-ICP-MS signal, 310 

resulting from surface impurities, using a 3 sigma filter, the concentrations of Cu, Sr, Cs, Ba, W, Re, 311 

Ir, Pt and Au were found to be below the detection limits in all olivine crystals (0.28 ng g-1, 33 ng g-312 

1, 4.9 ng g-1, 16 ng g-1, 5.4 ng g-1, 0.42 ng g-1, 0.95 ng g-1, 0.73 ng g-1 and 1.8 ng g-1, respectively). The 313 

only PMG olivine in which a significant contribution of Nb was found is Esquel with 1.12 ± 0.23 ng 314 

g-1, while all other olivine crystals of PMG contain Nb concentrations below its detection limit (0.61 315 

ng g-1). As multiple spikes were observed in transient LA-ICP-MS signals of Pb and U, potentially as 316 

a result of terrestrial contamination, concentrations of Pb and U for olivine are also not presented here. 317 

When significant spikes in individual transient LA-ICP-MS signals were observed (e.g. Ca in CMS 318 

04071 and Seymchan and Ni in Brahin and Seymchan), results were not included in Table 1. 319 

The major and trace element concentrations of olivine can also be calculated by averaging the data 320 

from the 2D LA-ICP-MS element maps. These results are presented in Table E1 in the appendix. Prior 321 

to averaging, the response for pixels in the P-rich veinlets were removed computationally, such that 322 

the data reported represent the composition of “pure olivine”. 323 

3.4. Composition of PMG phosphate. The LA-ICP-MS results for PMG phosphates are presented 324 

in Table 2. Parallel analyses of single phosphate grains are highly reproducible, suggesting limited to 325 

no zoning within individual grains. In Figure 7, the REE patterns of Ca-phosphates of PMG are 326 

compared to the REE patterns of phosphate from other pallasites and other planetary bodies (Davis 327 

and Olsen, 1991; Davis and Olsen, 1996; Hsu, 2003; Jolliff et al., 2006; Ionov et al., 2006; Shearer et 328 

al., 2015; Ward et al., 2017). All phosphate grains in Brahin and CMS 04071 were identified as 329 
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stanfieldite, and all phosphates in Esquel and Seymchan as merrillite, using a plot of 330 

Ca (Ca + Mg + Fe + Na + K)⁄  versus Fe (Fe + Mg)⁄  (see Figure D9 in the supplementary 331 

information). No farringtonite was found in the PMG sections studied. Absence of farringtonite in 332 

Springwater, known to be rich in this mineral, is due to the fact that only a small section of this 333 

meteorite was available. The REE concentrations obtained for PMG merrillite and stanfieldite fall 334 

within the range previously reported for pallasites, with generally smooth CI-normalized patterns that 335 

are slightly depleted in light REE relative to the heavy REE (CI-normalized La and Lu values of ~2.5-336 

35 and ~13-72 × CI, respectively). None of our phosphates display patterns similar to the light REE 337 

enriched merrillite grains in Springwater and Giroux (~300 × CI), nor did we find phosphates with 338 

highly irregular REE patterns (Davis and Olsen, 1991; Davis and Olsen, 1996). 339 

4. Discussion 340 

4.1. Multivariate analysis of 2D maps of PMG olivine crystals. Principle component analysis 341 

(PCA) was applied to the normalized dataset of seven 2D element maps of PMG olivine crystals 342 

(Esquel data were excluded because of the absence of Sr and Ga data) using Al, P, Sc, V, Cr, Mn, Ni, 343 

Ga and Fa#. Prior to PCA, data from P-rich veinlets in the maps were filtered out, and the 2D maps 344 

were subjected to 3x3 pixel2 median filtering to reduce negative effects of signal noise on the results 345 

of PCA, as this approach is sensitive to outliers. Lanthanum, Eu and Pt were not taken into 346 

consideration, because their concentrations were close to the corresponding LOD. The data for Fe, 347 

Mg and Si were taken into the calculation as Fa#, because their concentrations are coupled linearly. 348 

The first three PCs explain 75.1 % of the variance. Figure 8A demonstrates a 3D load plot in varimax-349 

rotated component space, which enables to identify general trends between the constituent elements 350 

of olivine at the PMG parent body scale. As no points appear to cluster together, the various elements 351 

demonstrate dissimilar behaviour in olivine in a significant manner. Elements with different valence 352 

states are shown using different colors. 353 
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Figure 8B represents a factor score plot for the same normalized dataset. PCA has successfully 354 

clustered individual PMG. While Brenham, Brahin and CMS 04071 PMG are closely associated, 355 

Imilac and Springwater also group closely together, suggesting a genetic relationship. Although the 356 

loading and factor score PCA plots of spatially resolved data highlight the effects of both planetary- 357 

and mineral-scale processes on the composition of olivine, PCA does not reproduce the PMG 358 

classification based on major elements. 359 

Pearson's product-moment element-element correlation coefficients (R) for Cr versus V indicate 360 

significant positive correlations for Brahin, CMS 04071, Fukang and Seymchan (Table F1). This 361 

indicates the occurrence of structured substitution of V and Cr in the PMG olivine. Overall, the trace 362 

element compositions of PMG suggest significant heterogeneity of their parent body, as a result of 363 

magmatic evolution. PCA does not separate the high-FeO (Springwater) and low-Mn (Brenham, 364 

Brahin and Seymchan) subgroups from the common subgroup PMG (Imilac, CMS 04071 and 365 

Fukang), potentially because the compositions are controlled by (i) initial heterogeneity within the 366 

parent body, (ii) diffusive equilibration affected by different cooling histories and (iii) localized effects 367 

such as V, Cr and Al diffusion into chromite and Mn diffusion into phosphate. 368 

4.2. Implications for valence-based spatial distributions of elements in PMG olivine. 369 

The crystal structure of olivine has an orthorhombic space group symmetry Pbnm, constructed by 370 

close-packed oxygen ions, with 1/8 of tetrahedral voids occupied by Si4+, and 1/2 of octahedral spaces 371 

occupied by Fe2+ and Mg2+ ions. Octahedral positions in the olivine are distorted and not identical, as 372 

M1 octahedrons share 6 edges and M2 octahedrons are slightly larger than M1 and share three edges 373 

(Papike, 2005; McCarty et al., 2015). Partitioning of a particular divalent element into olivine largely 374 

depends on the radius of the substituting ion and the elastic moduli of the oxygen octahedra (Beattie, 375 

1994; McCarty et al., 2015). Non-divalent ions require charge-balancing mechanisms when 376 

substituting in olivine. The simplest mechanism is charge balance by vacancies in the surrounding 377 
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crystallographic positions. For example, Cr3+ can form dimers balanced by one M-site vacancy (3 378 

Mg2+
M) → (2 Cr3+

M []M), while pentavalent P can substitute Si4+ in T-sites of the olivine lattice, if 379 

charge balanced by M-site or, more rarely, T-site vacancies: (2Si4+
T 4Mg2+

M) → (2P5+
T 3Mg2+

M
 []M) 380 

or (5Si4+
T) → (4P5+

T []T) (Milman-Barris et al., 2008). Finally, non-divalent ions can be balanced by 381 

ions of a different element, resulting in correlations between element concentrations. For example, 382 

trivalent element substitution in the M-site can be charge balanced by coupled replacement of Si4+ in 383 

an adjacent T-site by another trivalent ion, or by a monovalent element in the nearest M-site of the 384 

olivine crystal lattice (Papike, 2005). The occurrence of the latter must be quite uncommon in the 385 

PMG olivine crystals studied here, considering the low concentrations of Na, but it was likely higher 386 

before annealing based on the presence of merrillite in pallasites. Coupled substitution decreases the 387 

diffusion rate of the elements involved by increasing the energy barrier (E) of the temperature 388 

dependence of a diffusion coefficient (D): D = D0 e
-E/RT. 389 

Milman-Barris et al., (2008) have shown that P, Cr and Al exhibit correlated zoning in olivine from a 390 

range of igneous rocks (e.g., basalts, andesites, dacites, komatiites, and martian igneous meteorites), 391 

independent of zoning in Fe-Mg. The diffusivities under magmatic conditions can be ordered as Fe, 392 

Mg>>Al>Cr>>P. These authors have suggested that Al3+ can substitute into T sites in olivine, when 393 

charge balanced with Cr3+ substituting into the M site with a shared corner: (Si4+
T Mg2+

M) → (Al3+
T 394 

Cr3+
M). Other possible substitution types for Al are (Si4+

T Mg2+
M) → (Al3+

T Al3+
M) and (Mg2+

M Mg2+
M) 395 

→ (Na+
M Al3+

M). The results of this work show that the zoning of Cr and Al in all pallasite olivine 396 

crystals studied is complex, often correlated, and dominated by Cr concentration gradients (Figures 1, 397 

2, 3). Ratios of Cr and Al within single olivine maps of all PMG, except Seymchan and CMS 04071, 398 

indicate weak to modest linear trends along a 1:1 line (Figure 9B). For 6 of the 8 pallasites, the Cr to 399 

Al molar ratio of the olivine average is close to 1. Taken together, this indicates that coupled Cr-Al 400 

substitution indeed takes place in the olivine of pallasites (Figure 9B).This suggests that a significant 401 
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fraction of the Cr in pallasite magma was present in the trivalent state. The concentrations of Cr in 402 

pallasitic olivine (87-237 μg/g) were previously noted to be significantly below those found on Earth, 403 

Mars and the Moon (Papike, 2005). This is consistent with a large proportion of the Cr present in the 404 

Cr3+ form in the pallasite parent magma and the incompatibility of Cr3+ in olivine (Papike, 2005). The 405 

coupled Cr-Al substitution in PMG olivine may thus indirectly reflect differences in oxygen fugacity 406 

for the PMG parent body, Earth, Mars, and the Moon. 407 

In such oxygen fugacity conditions, V can be present as tri- or tetravalent ion. Based on the similar 408 

ion radii, the pressure effect on the partition coefficients, and the stabilization from crystal field 409 

effects, V3+ should behave similarly to Cr3+ (Papike 2005, Mallmann & O’Neill 2009). The variation 410 

in the Cr/V ratio, or divergent behavior of Cr and V, is expected to relate to specific oxygen fugacity 411 

conditions, in which their valence states are different. The analysis of the 2D olivine maps indicates 412 

that four pallasites (Brahin, CMS 04071, Fukang and Seymchan) display a positive correlation 413 

between Cr and V in their olivines, while four other pallasites (Imilac, Brenham, Springwater and 414 

Esquel) do not demonstrate such significant correlation (R <0.4) (see Table 1 and Table E1 of the 415 

appendix). On a scatter plot of V versus Cr for pallasite olivine (Figure 9C), the data for Brahin, 416 

CMS 04071 and Imilac form well-defined linear trends with similar slopes. The trends of Springwater, 417 

Esquel and Fukang data are more dispersed, with a higher intercept for Esquel and Springwater. 418 

Seymchan and Brenham data form scatter clouds without significant correlation, probably 419 

representing multiple close trends. 420 

Nickel is extremely enriched in the P-rich veinlets of pallasite olivine. These P-rich veinlets probably 421 

have an origin related to shock (Desrousseaux et al., 1997), associated with partial melting (Van 422 

Roosbroek et al., 2015), or alternatively may represent terrestrial weathering, in both cases obscuring 423 

primary igneous and secondary metamorphic signatures. The presence of P-rich veinlets can have 424 

significant effects on the overall olivine composition. In the case of “pure olivine” of Seymchan, the 425 
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rejection of veinlets from the average resulted in 2-fold lower Ni concentrations, while in the case of 426 

Fukang, these Ni concentrations even differ by a factor of 6. Consequently, significant contents of Ni 427 

are not contained in the “pure” olivine, but are rather hosted in inclusions of unidentified mineral 428 

composition and bonding environment. As a consequence, interpreting bulk Ni olivine concentrations 429 

or isotope ratios should be done with care, for instance when studying the distribution between metal 430 

and olivine (Reed et al., 1979) or the Ni stable isotopic composition (Chernonozhkin et al., 2016). 431 

4.3. Fe/Mg-Fe/Mn relations. Figure 9A represents a Fe/Mn – Fe/Mg plot for olivine of main group 432 

pallasites. Such plot can be used to trace processes at both the planetary scale, when plotting average 433 

values for individual PMG, and mineral scale, when looking at values of individual pixels within the 434 

olivine maps. Horizontal trends reflect igneous fractionation processes of fractional crystallization or 435 

accumulation, which change the Fe/Mg ratio, but affect the Fe/Mn ratio to a lesser degree (Goodrich 436 

and Delaney, 2000). However, Mn2+ has an ion radius slightly larger than that of Fe2+ in olivine, and 437 

because of this, Mn2+ preferentially occupies M2 octahedral sites, similar to Fe2+, but to a higher extent 438 

(Papike 2005). Due to the ion radius control, Mn behaves slightly incompatibly in olivine and the 439 

Fe/Mn ratio can decrease with increasing Fe/Mg ratio in the process of olivine fractionation of a 440 

growing cumulate. 441 

Similar to previous observations by Boesenberg et al. (2012), the olivine crystals of PMG measured 442 

in this work (except Springwater) fall in the subchondritic area of the Fe/Mg – Fe/Mn diagram, defined 443 

by Goodrich & Delaney (2000). The Fe/Mg and Fe/Mn ratios of common subgroup PMG Fukang, 444 

Imilac, Esquel, CMS 04071 and low-Mn Seymchan form a weak horizontal trend, with Fe/Mg 445 

changing from nearly chondritic for Fukang and Imilac to subchondritic for Seymchan and Esquel. 446 

The PMG olivine crystals of subchondritic Mn/Mg composition with such a horizontal trend can be 447 

described as first cumulates from the melt of PMG parent material when considering a chondritic 448 

starting Mn/Mg composition, while the olivine crystals with the most chondritic Mn/Mg (Fukang and 449 
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Imilac) represent later cumulates. Figure 9A shows the results from basic modeling of an olivine 450 

cumulation process from a hypothetical melt with an H-chondrite silicate composition (Jarosewich, 451 

1990), calculated using the distribution coefficients of Ford et al. (1983). The silicate portion of H-452 

chondrite was selected as starting composition for the fractional crystallization model, as it has the 453 

lowest Fe/Mn ratio among primitive materials close to that of PMG olivine (Goodrich and Delaney, 454 

2000). The calculated line of instantaneous cumulates falls in roughly the same subchondritic area of 455 

the Fe/Mg – Fe/Mn diagram where the olivine from the common PMG subgroup is found (Figure 9A; 456 

McKibbin et al., 2019). The observed horizontal trend for PMG olivine could result from its formation 457 

as a first cumulate from a high degree melt. However, the Mn contents of the measured olivine crystals 458 

are noticeably higher than those predicted by the model. This could  result from Fe removal during 459 

long annealing of olivine at considerably lower temperatures, or to initially higher Mn concentrations 460 

in the parent melt of the PMG olivine compared to H-chondrite, as the amount of Mn extracted into 461 

metal during core-mantle differentiation remains uncertain. 462 

Due to their lower Mn contents, a result of back-reactions with chromite and phosphate reservoirs at 463 

the core-mantle boundaries (McKibbin et al., 2016; McKibbin et al., 2019), the olivine crystals of the 464 

low-Mn PMG subgroup Brahin and Brenham stand out of the near-horizontal cumulate trend of the 465 

common PMG subgroup. However, the Fe-Mg-Mn data of the third low-Mn subgroup PMG 466 

Seymchan studied in this work agree perfectly with the trend of the common group PMG. This 467 

pallasite is heterogeneous in Mn (McKibbin et al. 2019) and the fragment analysed here contains 468 

olivine with a higher Mn concentration. Springwater, the only high-FeO PMG analyzed, falls within 469 

the chondritic Mn/Mg ratio, likely recording Fe addition at constant Mg/Mn. Long intra-mineral 470 

trends towards zero represent Fe losses/gains within single olivine minerals. In the case of Brenham, 471 

this could result from the incomplete rejection of P-rich areas, as the LA-ICP-MS map of its olivine 472 

is especially affected by veinlets. The intra-mineral trends presented here differ from those in 473 



21 

 

Boesenberg et al. (2012), who reported vertical trends within single olivine crystals. This may relate 474 

to a different strategy in data collection, i.e. multiple single point EMPA measurements, compared to 475 

elongated rectangular 2D LA-ICP-MS maps measured near the olivine rims, where the expected Fe 476 

variations are larger. 477 

Relative to olivine in the Earth, Moon and Mars (Papike, 2005), PMG olivine displays a smaller spread 478 

in Mn contents, which likely indicates faster cooling. No correlation between the Fe/Mg and Fe/Mn 479 

ratios of pallasite olivine and phosphate is observed (see Figure 9A). However, when multiple 480 

phosphate grains could be analyzed within a single PMG, trends towards the origin of the Fe-Mg-Mn 481 

diagram are observed. This indicates that the melts from which the phosphate grains crystallized 482 

underwent considerable changes in their Fe concentrations during crystallization. 483 

4.4. Oscillatory zoning of Al and Cr in Imilac olivine 484 

The oscillatory zoning of Cr, Al and V observed in an olivine crystal of Imilac (Figure 1) cannot be 485 

seen through petrographic techniques or by studying major element distributions (e.g. EMPA or 486 

µXRF), and likely not or not entirely with one-dimensional profiling with LA-ICP-MS either. It may 487 

have been more pronounced before prolonged annealing of the olivine, and is only preserved because 488 

of charge-balance substitution. Oscillatory zoning is well documented in terrestrial magmatic silicate 489 

minerals, especially in plagioclase, but less frequently in olivine (e.g. see Clark et al., 1986). Only a 490 

few occurrences of oscillatory zoned olivine have been described for other asteroidal and planetary 491 

bodies including the Moon (e.g. in NWA 032, Elardo and Shearer, 2014), Mars (e.g. in NWA 5790, 492 

Jambon et al., 2016) and a limited number of chondrites (e.g. in Allende CV3 and ALHA 76004 LL3, 493 

Steele, 1995). 494 

Several scenarios may be invoked to explain the formation of oscillatory zoning in Imilac olivine. (1) 495 

Stepped zoning as a result of physicochemical variations in the magma, such as magmatic recharge. 496 

This may be a less likely scenario because it would require repeated episodes of admixing fresh 497 
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magma into an evolving magma reservoir during olivine growth (Ubide et al., 2015). (2) Convection 498 

of growing olivine in a magmatic reservoir showing a compositional or thermal gradient is therefore 499 

perhaps a more likely scenario. This was suggested to explain oscillatory structures in lunar olivine 500 

and pyroxene phenocrysts (Elardo and Shearer, 2014). However, it may not be necessary to invoke 501 

the existence of small magma chambers on the PMG parent body, as a global magma ocean on small 502 

parent bodies may contain internal convective layers, as suggested based on a model for the HED 503 

magma ocean (Righter and Drake, 1997). Such convective layers can repeatedly transfer growing 504 

olivine crystals from the core-mantle boundary to cooler regions of the parent body near the surface 505 

and back. In such scenario, the Al- and Cr-rich bands could reflect olivine growth in the upper, cooler 506 

regions of the magma ocean. (3) Alternatively, the oscillatory zoning may represent a peculiar case of 507 

olivine growth kinetics under specific magmatic conditions. Oscillatory zoning of a crystal as a result 508 

of competition between the interface kinetics and chemical diffusion in specific magmatic conditions 509 

is well-known for plagioclase feldspar (Haase et al., 1980; Allègre et al., 1981; L’Heureux and Fowler, 510 

1994). However, no quantitative kinetic model has yet been developed for such structures in olivine. 511 

There is no clear understanding under which thermodynamic controls (e.g. T, P, cooling rate) and 512 

magma compositions oscillatory zoning in PMG olivine forms. A balance between growth kinetics 513 

and diffusion has been deemed a reasonable scenario for oscillatory zoning in chondritic (Steele, 1995) 514 

and Martian (Jambon et al., 2016) olivine. 515 

The presence of oscillatory zoning in Imilac olivine is important in the discussion of formation models 516 

of olivine in pallasite. Olivine in pallasites either formed as a low degree cumulate from a magmatic 517 

melt, as a restite from high-degree melting, or from a silicate melt captured by cumulation of olivine. 518 

Oscillatory zoning provides strong evidence that this particular olivine is not a mantle restite. The 519 

observation of oscillatory zoning in a single olivine of Imilac confirms a history of magmatic activity 520 

for this common sub-group PMG, in agreement with previous suggestions that these meteorites 521 
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represent mechanical mixtures of core and mantle materials (McKibbin et al., 2019). In contrast, low-522 

Mn and high-Fe PMG equilibrated at quiescent core-mantle boundaries (McKibbin et al., 2019), 523 

where any primary zoning was likely erased. 524 

4.5. The problem of REE determination in PMG olivine 525 

Considerable efforts have been made to determine REE concentrations of olivine in pallasites. The 526 

principal challenges of such measurements are the extremely low abundances, sensitivity to terrestrial 527 

contamination and potential fluid mobilization. The olivine-melt distribution coefficients reported in 528 

Beattie (1994) predict REE concentrations between 10-5 and 10-1 times the chondritic values. Figure 529 

6 summarizes the CI-normalized REE patterns of pallasite olivine measured in this work and found 530 

in literature, compared to the REE patterns predicted by olivine-melt distribution coefficients and 531 

literature data for terrestrial olivine from various geological environments. 532 

Earlier studies of the REE distribution in PMG olivine, which relied on bulk analytical approaches 533 

found V-shaped REE patterns for PMG olivine, with enriched light and heavy REE and a depletion 534 

for the REE neighboring Eu. Such patterns disagree with olivine-melt distributions predicted for REE 535 

at magmatic conditions (e.g. at 1250-1495 oC; Beattie 1994)). Based on experimental data for the 536 

distribution of REE, Saito et al. (1998) suggested that such REE pattern of PMG olivine may have 537 

been produced as a result of olivine formation at temperatures near the liquidus of olivine-silicate 538 

melt. Alternatively, the observed V-shaped pattern was suggested to be an analytical artefact, as the 539 

result of contamination of initially HREE-enriched olivine by terrestrial LREE-enriched materials 540 

(Lavrentjeva and Lyul, 2013). Next to a V-shaped REE pattern, bulk analytical methods typically 541 

result in concentrations 1 to 2 orders of magnitude higher than the results obtained by in situ analytical 542 

methods (Figure 6). Elevated concentrations of La (up to 0.3 µg g-1) in the P-rich veinlet within the 543 

olivine of Fukang (see Figure 1) provides strong evidence that the previously reported V-shaped 544 

pattern of PMG olivine results from contamination, demonstrating the advantage of LA-ICP-MS over 545 
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bulk analytical methods. Careful cleaning and leaching of PMG olivine, combined with bulk 546 

analytical methods, such as INAA (Minowa and Ebihara, 2002), might provide an alternative to in 547 

situ techniques, but come at the risk of artificially altering the REE pattern due to preferential leaching 548 

of LREE. 549 

Although the HREE-enriched patterns observed for PMG olivine by in situ methods (Stead et al., 2017 550 

and the results of this work) are closer to the olivine-melt distribution coefficients measured by Beattie 551 

(1994) than the results of bulk analytical methods, the concentrations obtained for the LREE are still 552 

2 orders of magnitude higher than the predicted values. This suggests that at least some of the LREE 553 

might be of non-olivine origin, as the result of inclusions or terrestrial contamination. In this context, 554 

the REE patterns of the phosphate phase might be a good alternative to estimate the composition of 555 

primary melts (see the next section). Alternatively, the PMG olivine patterns measured in this work 556 

and by Stead et al., (2017) are enriched in the LREE compared to the prediction by the melt-olivine 557 

distribution coefficients and thus, might reflect formation from melts not compatible with a purely 558 

chondritic precursor, but partially evolved and enriched in non-compatible large-ion lithophile 559 

elements. 560 

4.6. Origin of phosphate in PMG 561 

To complement the REE data for pallasite olivine, the REE data for phosphate phase within pallasites 562 

are compared in Figure 7 with those of phosphate from other meteorites, including crustal rocks, 563 

mantle residues and chondrites (Crozaz and Zinner, 1985; Crozaz et al., 1989; Crozaz and McKay, 564 

1990; Davis and Olsen, 1991; Boesenberg et al., 1995; Zipfel et al., 1995; Davis and Olsen, 1996; 565 

McCoy et al., 1996; Hsu and Crozaz, 1997; Floss et al., 2000; Hsu, 2003; Floss et al., 2003; Jolliff et 566 

al., 2006; Ruzicka et al., 2006; Floss et al., 2008; Barrat et al., 2010; Day et al., 2012; Martin et al., 567 

2013; Shearer et al., 2015; Ward et al., 2017). In contrast to basaltic or pyroxenitic components of the 568 

parent body, which were removed via partial melting and melt extraction, phosphate grains might 569 
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have been stabilized in the core-mantle zone by localized metal-silicate reactions (Davis and Olsen, 570 

1991; Boesenberg et al., 2012; McKibbin et al., 2019). The preservation of a wide range of REE 571 

patterns within pallasite phosphate may result from the high affinity of REE to phosphate compared 572 

to olivine and metal, the isolated occurrence of accessory phosphate on heterogeneous parent bodies 573 

and the short timescales of planetesimal melting and subsequent cooling (e.g. McKibbin et al., 2019). 574 

Following earlier observations by Davis and Olsen (1991), Hsu (2003) and Boesenberg et al. (2012), 575 

PMG phosphate is characterised by several distinct groups of REE patterns. 576 

The first type of REE pattern is nearly flat, with only mild depletions for the LREE with a negative or 577 

no Eu anomaly (Figure 7A). This signature likely represents the pattern characteristic for the 578 

phosphate mineral itself (e.g. stanfieldite of Brahin and CMS 04071), and is similar to the REE 579 

patterns of merrillite in chondrites and other primitive extraterrestrial materials (acapulcoites, IAB 580 

irons; Ward et al., 2017). According to Boesenberg et al. (2012), this REE pattern reflects the 581 

partitioning behaviour for phosphate formed from a silicate-phosphate melt, before the REE were 582 

exhausted in the latter by phosphate crystallization. Overall, the REE abundances are lower than those 583 

found in merrillite of chondrites, hinting at lower amounts of REE available in the source melt and/or 584 

an overall higher amount of P available in the pallasite parent body relative to chondrites (Figure 7 585 

A). Davis and Olsen (1991) suggested that the REE pattern in merrillite and stanfieldite in Springwater 586 

phosphate, with LREE enrichment and clear negative Eu anomalies, represents more evolved silicate 587 

melts in the crusts of the pallasite parent body. Figure 7B compares these Springwater patterns with 588 

merrillite crystallized from differentiated silicate melts on parent bodies that experienced extensive 589 

igneous processing, such as Vesta (Ward et al., 2017), the Moon (Jolliff et al., 2006), Mars (Jolliff et 590 

al., 2006; Shearer et al., 2015; Ward et al., 2017) and Earth (Ionov et al., 2006). The PMG merrillite 591 

of Springwater is most similar to that of apatite in winonaites, IAB irons and acapulcoites, and not to 592 
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crustal materials, as was first suggested, making it unnecessary to involve evolved silicate components 593 

to explain the REE patterns observed for Springwater merrillite (Figure 7A and B). 594 

The second type of REE pattern often found for merrillite of pallasites, including those of Seymchan 595 

PMG measured here, is characterized by HREE enrichment. This pattern is typical for mantle olivine 596 

(cf. Figure 6) and two potential scenarios can be invoked to explain such signatures in pallasite 597 

phosphate. Firstly, Boesenberg et al. (2012) suggested that phosphate with olivine-dominated patterns 598 

can form by diffusive equilibration of olivine and phosphate or the phosphate melt, after the latter was 599 

exhausted in REE by fractional crystallization. If this is the case, it is surprising that most of the 600 

merrillite of PMG with olivine-dominated patterns displays higher overall REE abundances than some 601 

merrillite with primitive REE patterns characteristic for phosphate (e.g. Brahin and CMS 04071, 602 

Figure 7A). Secondly, the REE in phosphate with an olivine-dominated pattern could originate from 603 

a melt captured by olivine cumulation, which mixed with a P and Ca-rich component to form a parent 604 

melt for Ca-phosphate. In the first formation scenario, the La/Lu ratios of the phosphate are inherited 605 

from olivine patterns, while the latter is expected to have REE patterns diluted by primitive silicate 606 

melt. Among the pallasite phosphate with the olivine-type REE pattern only few grains measured so 607 

far in Itzawisis, Eagle Station, and in pyroxene pallasites (Davis and Olsen, 1991; Boesenberg et al., 608 

2000) have a La/Lu ratio predicted based on olivine-melt distribution coefficients (Beattie, 1994).  609 

This inclines that the primitive melts, e.g. captured by cumulation of olivine, played a role in the 610 

formation of phosphate. To explain the diversity observed in REE patterns and total REE abundances, 611 

Boesenberg et al. (2012) suggested that the parent melt for phosphate was not necessarily 612 

homogeneous. The PMG phosphate likely did not derive from a single reservoir, but rather reflects a 613 

multitude of dispersed melt reservoirs, formed by mixing of various proportions of REE components. 614 

The third and most enigmatic type of REE pattern has been observed for phosphate of Molong, Giroux 615 

and Santa Rosalia PMG (Davis and Olsen, 1996), and possibly also for the merrillite in Esquel (Figure 616 
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7D). The concentrations of REE in this phosphate is anomalous, with a specific enrichment of LREE. 617 

A particularly LREE-enriched signature with a strong negative Eu anomaly was observed for Giroux 618 

merrillite (Davis and Olsen, 1996). The latter authors interpreted such REE pattern to be inherited 619 

from type II calcium aluminium inclusions (CAI), or other phases with high vaporisation temperatures 620 

assumed to have condensed from Solar Nebular gas (e.g. Dauphas and Pourmand, 2015). However, 621 

the enigmatic REE patterns of Giroux and Santa Rosalia are difficult to reproduce by dilution of type 622 

II CAI with olivine type and chondritic REE components only. Mixing of an olivine-dominated REE 623 

pattern and LREE-rich component based on a 1:1 mixing ratio of bulk chondrite and type II CAI 624 

cannot reproduce the observed Lu and Yb enrichments and absence of a Tm anomaly observed for 625 

Giroux merrillite and Santa Rosalia stanfieldite (Figure F1 of the appendix). The bow-shaped REE 626 

patterns observed for Esquel and Molong merrillite, might represent variations of the flat REE pattern 627 

characteristic for phosphate (Figure F1 of the appendix). 628 

The Eu anomaly (Eu/Eu* = EuN / (SmN · GdN)0.5), where N denotes the concentrations normalised to 629 

CI chondrite, for the majority of pallasite phosphate, with the exception of the unusual Giroux 630 

merrillite, St. Rosalia stanfieldite and the Eagle Station phosphate, is well within the chondritic 631 

phosphate range, and are likely inherited from primordial primitive material. The Eu anomalies in 632 

chondritic phosphate correlate with the LREE concentrations as the result of metamorphism (Figure 633 

11 A). This feature is preserved in the phosphate of PMG, which displays a similar, albeit more 634 

variable trend that is offset to lower La values. The range in La concentrations results from variable 635 

REE extraction from the mantle of the pallasite parent body. 636 

The depleted nature of the melts from which PMG phosphates crystallized can also be deduced from 637 

the abundances of U and Th in pallasite merrillite (Figure 10). With the differentiation degree of their 638 

parent melts, the concentrations of these elements in merrillite increase, and a similar behaviour is 639 

known for apatite (Ward et al., 2017). Our data on PMG expands the lower range of U and Th 640 
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concentrations found in merrillite of HEDs > Mars ≃ mesosiderite > Earth mantle > primitive 641 

achondrites > ordinary chondrites > PMG. PMG phosphate formed from precursor materials more 642 

depleted in incompatible elements than ordinary chondrites, which likely reflects the prior formation 643 

of a primitive crust on the pallasite parent body. However, some pallasite merrillite may potentially 644 

have higher U and Th contents, more similar to phosphate in chondrites and primitive achondrites 645 

(unpublished SIMS data, personal communication with Andrew M. Davis). For the La-Lu ratios, a 646 

similar trend is observed for phosphate of PMG, chondrites and more evolved basaltic meteorites. The 647 

latter are characterised by higher REE contents, as they are formed from more progressive melts. In 648 

contrast, PMG phosphate originates from melts ranging from chondritic to similar to primitive 649 

achondrites, depleted in La. Farringtonite has the lowest overall REE content, as it is likely a product 650 

of back reactions at the core-mantle interface, highly depleted in REE, as it is formed by cumulation 651 

of olivine (Figure 11 B). 652 

4.7. Phosphate contribution to the Sm/Nd and Lu/Hf systematics of the parent body 653 

The abundance of phosphate in pallasites and their relatively high REE concentrations suggest that 654 

pallasitic materials might influence radiogenic isotopic systems in any planet to which they might 655 

have accreted. The early fractionation events responsible for variable, non-chondritic Sm/Nd ratios in 656 

the Earth’s mantle might therefore have occurred during planetesimal core-mantle differentiation in 657 

the first ~1 Myr of the Solar System’s history. The Sm/Nd ratios of phosphate are lower than 658 

chondritic values and similar to most olivine-rich bulk meteorites (acapulcoites, brachinites and some 659 

FeO-rich achondrites) (Figure 12). In contrast, meteoritic phosphate usually has a much higher Lu/Hf 660 

ratio due to incompatibility of Hf in phosphate. Pallasite phosphate is near the maximum Lu/Hf ratio 661 

for meteoritic phosphate, excluding the highest Lu/Hf values among the literature data, which are 662 

dominated by a few chondrites only (Figure 12). Phosphate-bearing core-mantle reaction zones may 663 

therefore be among the strongest environments for fractionation of Lu from Hf. In the bulk silicate 664 
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Earth (BSE), a potentially elevated Sm/Nd ratio combined with chondritic Lu/Hf ratio is not obviously 665 

consistent with low-pressure processing of planetesimals (Warren, 2008; O’Neill and Palme, 2008). 666 

This led to models involving higher pressure (Gardiner et al., 2018). The accretion of large amounts 667 

of phosphate-rich materials from metal-silicate reaction zones is inconsistent with a BSE with elevated 668 

Sm/Nd and chondritic Lu/Hf ratios. This would place an upper limit on the proportion of the Earth 669 

made up of strongly depleted, crustally-eroded planetesimals, as represented by pallasites, 670 

acapulcoites, brachinites and some FeO-rich achondrites. However, such a component may be 671 

assumed if balanced out by accretion of complementary basaltic crustal rocks. Further work is required 672 

to estimate phosphate- (or pallasite-) contributions to global models of radiogenic isotope evolution. 673 

For diogenite-type materials, a net loss or accretion might also be expected to have a strong effect on 674 

planetary compositions, but its likely occurrence between upper-crustal basalts and olivine-rich 675 

mantle layers would complicate the use of such a planetesimal additive. 676 

5. Implications for pallasite formation and evolution 677 

A survey of REE contents in phosphate from Solar System planetesimals suggests that the precursor 678 

of merrillite in pallasite grew from primordial chondritic, or primitive achondrite-like materials. Those 679 

with the highest LREE contents are similar to merrillite in chondrites and mesosiderites, while the 680 

merrillite of the Eagle Station and the Vermillion grouplet are depleted in LREE. As such, merrillite 681 

may have formed by the consumption of apatite and inherited its geochemical signatures during pro-682 

grade metamorphism, melting and melt extraction in their parent planetesimal, with preferential loss 683 

of LREE to extracted silicate melts. Stanfieldite grains in pallasites are generally depleted in HREE 684 

(PMG) or in all REE (Eagle Station) relative to the corresponding merrillite of the same planetesimal 685 

source. Farringtonite in the pallasite planetesimals is highly depleted in all REE and have REE patterns 686 

close to that of olivine or pyroxene minerals as expected in variably depleted planetesimal mantles 687 
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(Figure 7, 11). We suggest that evolved crustal materials did not take part in the formation of PMG 688 

phosphate, as supported by the U-Th relations and Eu anomalies of their parent melts. 689 

Both the olivine, and the phosphate which acquired their REE from olivine, have the LREE contents 690 

elevated compared to the predicted values based on olivine-melt distribution coefficients. This is 691 

however not a result of olivine crystallization from non-chondritic magma, partially enriched in 692 

incompatible elements, but likely a result of later weathering or re-mobilization of LREE, as 693 

demonstrated by the presence of La in olivine veinlets. The 2D element dataset for PMG olivine, when 694 

plotted on a Fe/Mg – Fe/Mn diagram, plots along the line in the subchondritic area, reminiscent of a 695 

trend predicted for fractional crystallization of olivine from a silicate melt. These trends observed in 696 

olivine could result from olivine formation as a first cumulate from high-degree melts of chondritic 697 

silicate composition, depleted in Mn, followed by diffusive mobilization of Fe at the core-mantle 698 

boundaries. 699 

The element distributions in pallasite olivine reflects a complex superposition of multiple processes: 700 

(i) Primary features inherited from the olivine formation in the parent body mantle, as in the case for 701 

the Cr-Al-V concentration oscillatory structures in Imilac olivine. Such structures represent magmatic 702 

activity on the pallasite parent body, such as repeated fluctuations in the growth conditions (e.g., series 703 

of magmatic recharges), convection of growing olivine in thermally or compositionally 704 

inhomogeneous magma, or kinetic effects at the crystal-melt interface. The observed oscillatory 705 

zoning in PMG olivine provides a pristine record of the magmatic conditions during the olivine growth 706 

(Ginibre et al., 2007). 707 

(ii) Charge-balancing of substituting elements, as in the case of correlated Cr-Al distributions in all 708 

pallasite olivine crystals studied, except for Seymchan and CMS 04071. Chromium and Al have been 709 

found to correlate around a 1:1 ratio, with their atomic ratio close to unity, indicating the occurrence 710 

of a charge-balancing mechanism during their substitution into the olivine lattice. The presence of Cr 711 
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largely as a trivalent cation is in agreement with its overall lower abundance as compared to Earth and 712 

the Moon, and hints towards a more oxidized PMG parent body realtive to the latter. 713 

(iii) Late-stage magmatic, shock, and possible weathering events, recorded in the form of P-rich 714 

veinlets in olivine, critical for the interpretation of multiple geochemical tools that rely on bulk 715 

analysis of PMG olivine (e.g. Ni metal-olivine thermometry; Buseck and Goldstein (1969) or Reed et 716 

al. (1979)). Application of approaches visualizing the element distributions allows to detect and 717 

largely avoid terrestrial contamination, for example in the case of light REE. 718 

Although these relations do not mirror the classification of PMG subgroups based on major element 719 

compositions, PCA of the laterally resolved trace element compositions of PMG olivine demonstrates 720 

that these phases originate from a heterogeneous parent body, with variations in trace elements larger 721 

than what is explained by later mineral scale processes. 722 

Conclusions 723 

As demonstrated in this work, 2D LA-ICP-MS mapping of multiple trace elements in silicate minerals 724 

is a promising tool when applied to achondrite meteorites. Multivariate analysis applied to the large 725 

data sets of laterally resolved trace element compositions of multiple pallasite olivine crystals 726 

highlights trends within and between the element distribution maps at the mineral and parent body 727 

scale. As demonstrated by the elemental maps, one-dimensional profiles of selected elements in 728 

olivine are unable to reveal the complex element distributions. The 2D LA-ICP-MS element maps 729 

collected here cannot be explained as simple diffusion gradients acquired during the cooling of the 730 

olivine after metal-olivine mixing, but rather display complex and often correlated relations, resulting 731 

from multiple parent body processes. As demonstrated in this work, 2D LA-ICP-MS element maps 732 

allow to shed light onto the crystallization of olivine in the mantle of the PMG parent body, reveal its 733 

magmatic history, and provide insight into the redox state of the parent body and the subsequent 734 

metamorphism and weathering of the meteorites. The elemental maps highlight a significant effect of 735 
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weathering onto the LREE composition of the olivine. During the olivine analysis, care is needed to 736 

avoid the veinlets enriched in La, which overprint the initial magmatic signature of the REE. A viable 737 

alternative to analysis of olivine which is extremely depleted in REE, might be that of stanfieldite, 738 

which inherited its REE pattern from the olivine component. 739 
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Captions of figures and tables 1041 

Figure 1. Element distribution maps for Imilac, Springwater and Fukang. In the upper row, Fe Kα 1042 

intensity μXRF maps of large pallasite sections are presented, with black rectangles on the olivine 1043 

crystals indicating the smaller areas selected for quantitative LA-ICP-MS mapping and the arrow 1044 

indicating the direction of the data acquisition. The rectangles are not shown in the case the LA-ICP-1045 

MS map was measured at the backside of the thick section. The highlighted mineral phases are kam 1046 

– kamacite, tae – taenite, oliv – olivine, schr – schreibersite, tro – troilite, and chrom – chromite. In 1047 

the lower rows, quantitative LA-ICP-MS distribution maps of selected target elements in olivines are 1048 

shown. Quantitative LA-ICP-MS maps of olivines are measured by scanning a grid of parallel, 1049 

adjacent lines using a 20x20 μm square laser spot, starting from the olivine-metal rim in the direction 1050 

of the olivine core (left to right on the maps). Each LA-ICP-MS map is 1450 μm long and 600 μm 1051 

wide. 1052 

Figure 2. Element distribution maps for CMS 04071, Seymchan and Esquel. Same abbreviations and 1053 

setup as in Fig. 1. 1054 

 1055 

Figure 3. Element distribution maps for Brahin and Brenham PMG. Same abbreviations and setup as 1056 

in Fig. 1. 1057 

 1058 

Figure 4. Demonstration of the mathematical procedure to filter out pixels with elevated P content 1059 

from the 2D map. A) 2D quantitative P2O5 map of a Fukang PMG olivine. B) Probability distribution 1060 

of P2O5 concentrations within the distribution map, with selected threshold, thus differentiating pure 1061 

olivine pixels from the P2O5-rich inclusions. C) Binary mask constructed based on the P2O5 probability 1062 

distribution. This mask can be applied to the other element distribution maps to cancel out the input 1063 

of the P2O5-rich veinlets to obtain average “pure” olivine values. 1064 
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 1065 

Figure 5. A) Correlation between the Fa# in 8 PMG determined by LA-ICP-MS in imaging mode and 1066 

literature reference values (Fa# =  [FeO (FeO + MgO)⁄ ]  ∙ 100, calculated in atomic %). B) 1067 

Correlation between the Fa# in 8 PMG determined by μXRF, relying on the San Carlos olivine 1068 

reference material, and literature reference values. C) Correlation between the Fa# in 8 PMG 1069 

determined by EMPA (Chernonozhkin et al., 2017) and literature reference values. Uncertainty bars 1070 

represent 1 standard deviation. The literature data for Fa# are from (Wasson and Choi, 2003; 1071 

Danielson et al., 2006; Lauretta et al., 2006; van Niekerk et al., 2007). 1072 

 1073 

Figure 6. CI-normalized REE patterns of pallasite olivines. Data obtained using bulk analytical 1074 

methods are shown with blue markers (Saito et al., 1998; Lavrentjeva and Lyul, 2013; Greenwood et 1075 

al., 2015), while those obtained using SIMS and LA-ICP-MS (red markers, Davis and Olsen, 1991; 1076 

Stead et al., 2017, and this work) display distinct patterns. The highest olivine concentration found in 1077 

this work is shown with red squares, while the 10 SD limit of quantification (LOQ) is shown as a grey 1078 

shaded area. The range of olivine-melt distribution coefficients, predicted by Beattie (1994), and a 1079 

range of REE patterns found for terrestrial olivines are presented as red and yellow areas, respectively. 1080 

The range of REE concentrations found in olivine of Brenham determined by Minowa and Ebihara 1081 

(2002) is presented as a blue area.  1082 

Figure 7. CI-normalized REE patterns of phosphates of pallasites. A) REE in PMG phosphates with 1083 

patterns characteristic for phosphate, nearly similar to the patterns observed in IAB, chondrites, 1084 

acapulcoites and mesosiderites. B) REE in PMG phosphates with a pattern suggested to be similar to 1085 

that of differentiated silicate, and compared to REE-patterns of the phosphates from the Moon, Vesta, 1086 

Mars and Earth. C) REE in PMG phosphates with a pattern characteristic for olivine (cf. Figure 6). D) 1087 
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REE in PMG phosphates with bow-shaped patterns enriched by a CAI-like REE component. This 1088 

pattern was previously suggested to reflect phases condensed from solar nebular gas, such as type II 1089 

CAI. 1090 

Figure 8. Principle component analysis scatter plots, calculated for a normalized multi-element dataset 1091 

of 7 2D multi-element maps of PMG olivines, with each map composed of 83x20 pixels. The P-rich 1092 

inclusions are rejected from the maps and the outliers are rejected using a 3x3 median filter. A) 1093 

Loading plot in varimax rotated component space. B) Factor score plot. 1094 

 1095 

Figure 9. A) Scatter plot of molar Fe/Mg vs. Fe/Mn ratios in olivines of 8 PMG. Data from 2D LA-1096 

ICP-MS mapping experiments after rejection of non-olivine “veinlet” regions and 3x3 median 1097 

filtering. Large crosses of corresponding colour represent the results of “bulk” LA-ICP-MS analysis 1098 

of the same pallasite olivines in line-scan mode. Diamond markers filled with corresponding colour 1099 

show Fe-Mg-Mn compositions of Ca-phosphates of the PMG. Horizontal trends reflect igneous 1100 

fractionation processes, which change the Fe/Mg ratio, but have only limited effect on the Fe/Mn 1101 

ratio. Vertical trends reflect Mn loss/gain. Linear tends with the slopes equal to Mn/Mg ratios reflect 1102 

processes with significant Fe loss/gain (Goodrich and Delaney, 2000), which are likely related to 1103 

reduction of olivine in PMG, or olivine re-equilibration with phosphate of chromite. The black line 1104 

shows basic modeling of a composition of instant olivine cumulate (0 - 15 %), crystallized from melt 1105 

of H-chondrite silicate composition (Jarosewich, 1990), using the distribution coefficients of Ford et 1106 

al. (1983), at a temperature of 1500 oC, a pressure of 1 GPa and oxygen fugacity of IW - 0.5. The blue 1107 

line represents the composition of corresponding melt. B) Scatter plot of Al vs. Cr. C) scatter plot of 1108 

V vs. Cr. 1109 

 1110 
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Figure 10. U and Th concentrations of merrillite for different asteroid and planetary bodies, together 1111 

with the bulk composition of U and Th for primitive meteorites. Merrillites formed from the evolved 1112 

melts of differentiated parent bodies that experienced extensive igneous processing (basaltic melts 1113 

from Mars, crust of asteroid Vesta (Ward et al., 2017), and Earth mantle (Ionov et al., 2006)) display 1114 

higher concentrations of U and Th. Merrillites of less differentiated parent bodies, e.g. primitive 1115 

achondrite and ordinary chondrites, are less enriched in U and Th (Ward et al., 2017). The PMG 1116 

merrillites studied in this work are characterized by at least one order of magnitude lower 1117 

concentrations of U and Th. 1118 

 1119 

 1120 

Figure 11. A) Comparison of La - Eu anomaly relations of phosphates from pallasites and other 1121 

meteorites associated with planetesimals. Symbols: Dark blue squares - PMG (this study); Light blue 1122 

squares - PMG, PES, and ungrouped pallasites; Pink circles - chondrites; Green squares - primitive 1123 

achondrites (incl. acapulcoite-lodranites, winonaites, ureilites and IAB iron inclusions); Orange 1124 

triangles - evolved achondrites (including HEDs, angrites, mesosiderites, and Adzhi-Bogdo 1125 

differentiate). B) Comparison of La - Lu relations of meteoritic phosphates, same legend. Data for A 1126 

and B from multiple sources (Crozaz and Zinner, 1985; Crozaz et al., 1989; Crozaz and McKay, 1990; 1127 

Davis and Olsen, 1991; Boesenberg et al., 1995; Zipfel et al., 1995; Davis and Olsen, 1996; McCoy 1128 

et al., 1996; Hsu and Crozaz, 1997; Floss et al., 2000; Hsu, 2003; Floss et al., 2003; Ruzicka et al., 1129 

2006; Floss et al., 2008; Barrat et al., 2010; Day et al., 2012; Martin et al., 2013; Ward et al., 2017). 1130 

 1131 
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Figure 12. Comparison of Sm/Nd - Lu/Hf relations for meteoritic phosphates and bulk-rock meteorite 1132 

samples. Phosphate symbols as for La-Lu-Eu relations. Bulk-rock meteorite sample symbols: Grey 1133 

triangles - crustal rocks (HEDs, angrites, mesosiderites, Adzhi-Bogdo differentiate); grey squares - 1134 

olivine-rich achondrites (acapulcoites, brachinites, and FeO-rich achondrites); yellow circles - 1135 

chondrites. Phosphate data sources as for La-Lu-Eu relations; bulk-rock data from multiple sources 1136 

(Palme et al., 1978; Warren and Jerde, 1987; Blichert-Toft et al., 2002; Bouvier et al., 2008; Barrat et 1137 

al., 2008; Barrat et al., 2010; Beck et al., 2011; Day et al., 2012; Gardner-Vandy et al., 2012; Riches 1138 

et al., 2012; Day et al., 2015; Greenwood et al., 2015; Sanborn et al., 2015; Hunt et al., 2017; Dhaliwal 1139 

et al., 2017; Benedix et al., 2017; Frossard et al., 2019). 1140 

 1141 

Table 1. Concentrations of elements in olivines of main group pallasites. The results shown are the 1142 

average from 3 replicate measurements, the uncertainty corresponds to 1 standard deviation. LOD 1143 

denotes the average limits of detection calculated as 3 standard deviation and accounting to the number 1144 

of individual spectra measured for the blank and sample (Longerich et al. (1996), see appendix C5 for 1145 

details). Fa# denotes fayalite number and is calculated as Fa# = FeO (FeO + MgO)⁄ ∙ 100, in atomic 1146 

per cent. a – Mittlefehldt, 1980. b – Hsu, 2003. c – Reed et al., 1979. d – Tomiyama and Huss, 2006. e 1147 

– Leitch et al., 1979. f – McKibbin et al., 2013. g – Danielson et al., 2009. h – Wasson and Choi, 2003. 1148 

i – Danielson et al., 2006. j –the average Fa# values measured previously for the same meteorite 1149 

sections along the LA-ICP-MS 2D maps using EMPA (Chernonozhkin et al., 2017). k - Buseck and 1150 

Goldstein, 1969. Fa# values have been also measured previously for Seymchan, Fa# = 11.3 (van 1151 

Niekerk et al., 2007) and Fukang, Fa# = 13.6 (Lauretta et al., 2006). 1152 

 1153 
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Table 2. Concentrations of elements in Ca-phosphates of main group pallasites. All single parallel 1154 

measurements are presented separately. Stanf denotes stanfieldite, and merr stands for merrillite. The 1155 

internal uncertainty is 3-20 relative %, depending on the signal intensity.  1156 
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Figures 1157 

 1158 

Figure 1. Element distribution maps for Imilac, Springwater and Fukang. In the upper row, Fe Kα 1159 

intensity μXRF maps of large pallasite sections are presented, with black rectangles on the olivine 1160 

crystals indicating the smaller areas selected for quantitative LA-ICP-MS mapping and the arrow 1161 

indicating the direction of the data acquisition. The rectangles are not shown in the case the LA-ICP-1162 

MS map was measured at the backside of the thick section. The highlighted mineral phases are kam 1163 

– kamacite, tae – taenite, oliv – olivine, schr – schreibersite, tro – troilite, and chrom – chromite. In 1164 

the lower rows, quantitative LA-ICP-MS distribution maps of selected target elements in olivines are 1165 

shown. Quantitative LA-ICP-MS maps of olivines are measured by scanning a grid of parallel, 1166 

adjacent lines using a 20x20 μm square laser spot, starting from the olivine-metal rim in the direction 1167 

of the olivine core (left to right on the maps). Each LA-ICP-MS map is 1450 μm long and 600 μm 1168 

wide.  1169 
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 1170 

Figure 2. Element distribution maps for CMS 04071, Seymchan and Esquel. Same abbreviations and 1171 

setup as in Fig. 1. 1172 

  1173 
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 1174 

 1175 

Figure 3. Element distribution maps for Brahin and Brenham PMG. Same abbreviations and setup as 1176 

in Fig. 1. 1177 

  1178 
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 1179 

 1180 

Figure 4. Demonstration of the mathematical procedure to filter out pixels with elevated P content 1181 

from the 2D map. A) 2D quantitative P2O5 map of a Fukang PMG olivine. B) Probability distribution 1182 

of P2O5 concentrations within the distribution map, with selected threshold, thus differentiating pure 1183 

olivine pixels from the P2O5-rich inclusions. C) Binary mask constructed based on the P2O5 probability 1184 

distribution. This mask can be applied to the other element distribution maps to cancel out the input 1185 

of the P2O5-rich veinlets to obtain average “pure” olivine values.  1186 
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 1187 

Figure 5. A) Correlation between the Fa# in 8 PMG determined by LA-ICP-MS in imaging mode and 1188 

literature reference values (Fa# =  [FeO (FeO + MgO)⁄ ]  ∙ 100, calculated in atomic %). B) 1189 

Correlation between the Fa# in 8 PMG determined by μXRF, relying on the San Carlos olivine 1190 

reference material, and literature reference values. C) Correlation between the Fa# in 8 PMG 1191 

determined by EMPA (Chernonozhkin et al., 2017) and literature reference values. Uncertainty bars 1192 

represent 1 standard deviation. The literature data for Fa# are from (Wasson and Choi, 2003; 1193 

Danielson et al., 2006; Lauretta et al., 2006; van Niekerk et al., 2007).  1194 
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 1195 

Figure 6. CI-normalized REE patterns of pallasite olivines. Data obtained using bulk analytical 1196 

methods are shown with blue markers (Saito et al., 1998; Lavrentjeva and Lyul, 2013; Greenwood et 1197 

al., 2015), while those obtained using SIMS and LA-ICP-MS (red markers, Davis and Olsen, 1991; 1198 

Stead et al., 2017, and this work) display distinct patterns. The highest olivine concentration found in 1199 

this work is shown with red squares, while the 10 SD limit of quantification (LOQ) is shown as a grey 1200 

shaded area. The range of olivine-melt distribution coefficients, predicted by Beattie (1994), and a 1201 

range of REE patterns found for terrestrial olivines are presented as red and yellow areas, respectively. 1202 

The range of REE concentrations found in olivine of Brenham determined by Minowa and Ebihara 1203 

(2002) is presented as a blue area.   1204 
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  1205 

 1206 

 1207 

 1208 

Figure 7. CI-normalized REE patterns of phosphates of pallasites. A) REE in PMG phosphates with 1209 

patterns characteristic for phosphate, nearly similar to the patterns observed in IAB, chondrites, 1210 

acapulcoites and mesosiderites. B) REE in PMG phosphates with a pattern suggested to be similar to 1211 

that of differentiated silicate, and compared to REE-patterns of the phosphates from the Moon, Vesta, 1212 

Mars and Earth. C) REE in PMG phosphates with a pattern characteristic for olivine (cf. Figure 6). D) 1213 

REE in PMG phosphates with bow-shaped patterns enriched by a CAI-like REE component. This 1214 
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pattern was previously suggested to reflect phases condensed from solar nebular gas, such as type II 1215 

CAI.  1216 
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 1217 

Figure 8. Principle component analysis scatter plots, calculated for a normalized multi-element dataset 1218 

of 7 2D multi-element maps of PMG olivine, with each map composed of 83x20 pixels. The P-rich 1219 

inclusions are rejected from the maps and the outliers are rejected using a 3x3 median filter. A) 1220 

Loading plot in varimax rotated component space. B) Factor score plot. 1221 

  1222 
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  1223 

Figure 9. A) Scatter plot of molar Fe/Mg vs. Fe/Mn ratios in olivines of 8 PMG. Data from 2D LA-1224 

ICP-MS mapping experiments after rejection of non-olivine “veinlet” regions and 3x3 median 1225 

filtering. Large crosses of corresponding colour represent the results of “bulk” LA-ICP-MS analysis 1226 

of the same pallasite olivines in line-scan mode. Diamond markers filled with corresponding colour 1227 

show Fe-Mg-Mn compositions of Ca-phosphates of the PMG. Horizontal trends reflect igneous 1228 

fractionation processes, which change the Fe/Mg ratio, but have only limited effect on the Fe/Mn 1229 

ratio. Vertical trends reflect Mn loss/gain. Linear tends with the slopes equal to Mn/Mg ratios reflect 1230 

processes with significant Fe loss/gain (Goodrich and Delaney, 2000), which are likely related to 1231 

reduction of olivine in PMG, or olivine re-equilibration with phosphate of chromite. The black line 1232 

shows basic modeling of a composition of instant olivine cumulate (0 - 15 %), crystallized from melt 1233 
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of H-chondrite silicate composition (Jarosewich, 1990), using the distribution coefficients of Ford et 1234 

al. (1983), at a temperature of 1500 oC, a pressure of 1 GPa and oxygen fugacity of IW - 0.5. The blue 1235 

line represents the composition of corresponding melt. B) Scatter plot of Al vs. Cr. C) scatter plot of 1236 

V vs. Cr. 1237 

  1238 
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 1239 

Figure 10. U and Th concentrations of merrillite for different asteroid and planetary bodies, together 1240 

with the bulk composition of U and Th for primitive meteorites. Merrillites formed from the evolved 1241 

melts of differentiated parent bodies that experienced extensive igneous processing (basaltic melts 1242 

from Mars, crust of asteroid Vesta (Ward et al., 2017), and Earth mantle (Ionov et al., 2006)) display 1243 

higher concentrations of U and Th. Merrillites of less differentiated parent bodies, e.g. primitive 1244 

achondrite and ordinary chondrites, are less enriched in U and Th (Ward et al., 2017). The PMG 1245 

merrillites studied in this work are characterized by at least one order of magnitude lower 1246 

concentrations of U and Th. 1247 

  1248 
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 1249 

Figure 11. A) Comparison of La - Eu anomaly relations of phosphates from pallasites and other 1250 

meteorites associated with planetesimals. Symbols: Dark blue squares - PMG (this study); Light blue 1251 

squares - PMG, PES, and ungrouped pallasites; Pink circles - chondrites; Green squares - primitive 1252 

achondrites (incl. acapulcoite-lodranites, winonaites, ureilites and IAB iron inclusions); Orange 1253 

triangles - evolved achondrites (including HEDs, angrites, mesosiderites, and Adzhi-Bogdo 1254 

differentiate). B) Comparison of La - Lu relations of meteoritic phosphates, same legend. Data for A 1255 

and B from multiple sources (Crozaz and Zinner, 1985; Crozaz et al., 1989; Crozaz and McKay, 1990; 1256 

Davis and Olsen, 1991; Boesenberg et al., 1995; Zipfel et al., 1995; Davis and Olsen, 1996; McCoy 1257 

et al., 1996; Hsu and Crozaz, 1997; Floss et al., 2000; Hsu, 2003; Floss et al., 2003; Ruzicka et al., 1258 

2006; Floss et al., 2008; Barrat et al., 2010; Day et al., 2012; Martin et al., 2013; Ward et al., 2017). 1259 

  1260 



65 

 

 1261 
Figure 12. Comparison of Sm/Nd - Lu/Hf relations for meteoritic phosphates and bulk-rock meteorite 1262 

samples. Phosphate symbols as for La-Lu-Eu relations. Bulk-rock meteorite sample symbols: Grey 1263 

triangles - crustal rocks (HEDs, angrites, mesosiderites, Adzhi-Bogdo differentiate); grey squares - 1264 

olivine-rich achondrites (acapulcoites, brachinites, and FeO-rich achondrites); yellow circles - 1265 

chondrites. Phosphate data sources as for La-Lu-Eu relations; bulk-rock data from multiple sources 1266 

(Palme et al., 1978; Warren and Jerde, 1987; Blichert-Toft et al., 2002; Bouvier et al., 2008; Barrat et 1267 

al., 2008; Barrat et al., 2010; Beck et al., 2011; Day et al., 2012; Gardner-Vandy et al., 2012; Riches 1268 

et al., 2012; Day et al., 2015; Greenwood et al., 2015; Sanborn et al., 2015; Hunt et al., 2017; Dhaliwal 1269 

et al., 2017; Benedix et al., 2017; Frossard et al., 2019). 1270 

 1271 
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 LOD Brahin CMS 04071 Esquel Seymchan Imilac Brenham Fukang Springwater 

  This work Literature This work Literature This work Literature  This work Literature This work Literature This work This work Literature 

MgO, wt %   48.50 ± 0.12  48.02 ± 1.06  46.96 ± 0.67  47.68 ± 0.2 47.10 ± 0.49  46.60 ± 0.82  45.72 ± 0.82 43.70 ± 0.40  

FeO, wt %   11.39 ± 0.06  11.26 ± 0.25  11.87 ± 0.41  11.83 ± 0.72 12.31 ± 0.43  13.45 ± 1.38  14.06 ± 0.41 17.20 ± 0.55  

SiO2, wt %   39.83 ± 0.14  40.40 ± 0.81  40.74 ± 0.38  40.15 ±0 .95 40.21 ± 0.11  39.67 ± 0.56  39.73 ± 0.52 38.70 ± 0.24  

Fa#, LA-ICP-MS   11.64 ± 0.05 11.5k-11.7h 11.63 ± 0.44 11.8i 12.43 ± 0.52 12.0k-11.7h 12.21 ± 0.61 12.78 ± 0.51 12.5k-12.3h 13.13 ± 0.47 12.5k-12.45h 14.72 ± 0.57 18.08 ± 0.60 18.0k-17.9h 

Fa#, µXRF  11.5 ± 1.6  11.79 ± 0.78  11.6 ± 2.0  11.11 ± 0.81 12.9 ± 2.8  11.8 ± 1.2  13.84 ± 0.41 19.2 ± 1.8  

Fa#, EMPAj  10.98 ± 0.30  11.45 ± 0.19  11.17 ± 0.15  10.58 ± 0.10 11.78 ± 0.12  11.47 ± 0.15  13.29 ± 0.23 -  

Al*, μg·g-1   - 3-33f -  71 ± 11  10.3 ± 6.0 19.5 ± 1.8  4.36 ± 0.58 0.49a; 15-30f 80.6 ± 1.7 9.0 ± 5.9  

P, μg·g-1   13.46 ± 0.66 25-60f 20.7 ± 3.4  14.0 ± 1.3  26.7 ± 30.6 19.6 ± 4.1  19.2 ± 9.6 35-50f 11.8 ± 3.1 16.8 ± 2.9  

Ca, μg·g-1   234 ± 46  -  321.8±8.0 100-209d - 273 ± 21 
43-90b; 

301-328d 
277 ± 21 100-150b 308.2 ± 1.3 247.2 ± 12.8 

65-193b; 214-

230d; 32e 

Cr, μg·g-1   143 ±1 5 
60-

180f 
101 ± 29 81-128g 449 ± 23 430-820d 128 ± 17 192 ± 25 

42-173b; 

146-345d 
161 ± 26 

196a; 25-

90b; 80-150f 
368 ± 32 160 ± 33 

30-144b; 129-

248d; 185e 

Mn, μg·g-1   1730.1 ± 2.1  2023 ± 50  2279 ± 78  2146 ± 32 2334 ± 73 1582-2445b 1610 ± 20 1500-1530b 2660 ± 72 2577 ± 85 
3400-3750b 

3175e 

Li, μg·g-1 0.13 0.52 ± 0.02  0.92 ± 0.27  0.64 ± 0.13  0.55 ± 0.13 0.95 ± 0.11  0.50 ± 0.08  0.90 ± 0.10 0.913 ± 0.097  

Sc, μg·g-1 0.34 2.87 ± 0.26 
0.9-

1.7f 
3.56 ± 0.31  3.31 ± 0.13  2.98 ± 0.27 2.56 ± 0.11  2.32 ± .0.03 

0.85a; 0.8-

1.1f 
4.50 ± 0.09 2.201 ± 0.034  

V, μg·g-1 0.16 7.89 ± 0.30 
5.8-

7.5f 
6.07 ± 0.67  17.15 ± 0.62  11.30 ± 0.94 11.37 ± 0.51 3-8b 7.04 ± 0.30 

9.2a; 3-4b; 

6.5-7.5f 
20.12 ± 0.48 10.4 ± 0.087 4-6b 

Co, μg·g-1 0.59 6.70±0.17 2.7-7f 5.07 ± 0.87 4.99-6.27g 7.63 ± 0.65 39-71d 10.6 ± 7.2 7.05 ± 0.55 41-90d 7.5 ± 1.5 7.5a; 3-6f 8.28 ± 0.38 9.0 ± 1.5 61-91d; 6e 

Ni, μg·g-1 2.0 - 10-16f 11.5 ± 1.7 11.3-15.0g 14.5 ± 1.3  - 13.41 ± 0.65 7-20b; 32c 19.7 ± 3.9 
12-15b; 22c; 

10-13f 
15.3 ± 1.0 19.8 ± 5.2 

27-50b; 32c; 

26e 

Zn, μg·g-1 0.18 9.4 ± 4.7  8.6 ± 4.2  7.5 ± 1.2  8.5 ± 1.9 7.72 ± 0.22  6.60 ± 0.44  9.5 ± 1.0 9.53 ± 0.68  

Y, ng·g-1 4.6 <4.6  <4.6  <4.6  <4.6 <4.6  <4.6  <4.6 6.1 ± 8.4  

Zr, ng·g-1 5.9 14.0 ± 5.5  9.1 ± 3.3  91.4 ± 26.4  12.2 ± 3.2 53.2 ± 9.4  <5.9  129.3 ± 6.6 <5.9  

La, ng·g-1 1.1 <1.1  1.8 ± 1.9  <1.1  <1.1 <1.1  <1.1  <1.1 <1.1  

Ce, ng·g-1 1.5 <1.5  0.68 ± 0.62  0.70 ± 0.92  0.77 ± 0.59 <1.5  0.77 ± 0.59  <1.5 0.62 ± 0.81  

Pr, ng·g-1 0.93 <0.93  <0.93  0.47 ± 0.41  0.89 ± 0.87 <0.93  <0.93  <0.93 <0.93  

Nd, ng·g-1 9.2 <9.2  <9.2  <9.2  <9.2 <9.2  <9.2  9.0 ± 15.4 <9.2  

Sm, ng·g-1 3.8 <3.8  <3.8  <3.8  <3.8 <3.8  <3.8  <3.8 <3.8  

Eu, ng·g-1 3.3 <3.3  <3.3  <3.3  <3.3 <3.3  <3.3  <3.3 <3.3  

Gd, ng·g-1 4.4 <4.4  <4.4  <4.4  <4.4 <4.4  <4.4  <4.4 <4.4  

Tb, ng·g-1 1.1 <1.1  <1.1  <1.1  <1.1 <1.1  <1.1  <1.1 <1.1  

Dy, ng·g-1 2.6 <2.6  <2.6  <2.6  <2.6 <2.6  <2.6  <2.6 <2.6  

Ho, ng·g-1 0.64 <0.64  <0.64  <0.64  <0.64 <0.64  <0.64  <0.64 <0.64  

Er, ng·g-1 1.5 <1.5  <1.5  <1.5  <1.5 <1.5  <1.5  <1.5 <1.5  

Tm, ng·g-1 1.0 <1.0  <1.0  <1.0  <1.0 <1.0  <1.0  <1.0 <1.0  

Yb, ng·g-1 0.85 1.22 ± 0.30  0.58 ± 0.46  0.72 ± 0.27  <0.85 1.03 ± 0.23  1.80 ± 0.36  <0.85 0.73 ± 0.53  

Lu, ng·g-1 0.67 <0.67  <0.67  0.43 ± 0.20  <0.67 0.42 ± 0.25  0.81 ± 0.10  0.29 ± 0.14 <0.67  

Hf, ng·g-1 0.46 <0.46  0.73 ± 0.18  2.7 ± 1.1  <0.46 1.45 ± 0.57  <0.46  4.12 ± 0.50 <0.46  

Table 1. Concentrations of elements in olivines of main group pallasites. The results shown are the 1273 

average from 3 replicate measurements, the uncertainty corresponds to 1 standard deviation. LOD 1274 

denotes the average limits of detection calculated as 3 standard deviation and accounting to the number 1275 

of individual spectra measured for the blank and sample (Longerich et al. (1996), see appendix C5 for 1276 

details). Fa# denotes fayalite number and is calculated as Fa# = FeO (FeO + MgO)⁄ ∙ 100, in atomic 1277 

per cent. a – Mittlefehldt, 1980. b – Hsu, 2003. c – Reed et al., 1979. d – Tomiyama and Huss, 2006. e 1278 

– Leitch et al., 1979. f – McKibbin et al., 2013. g – Danielson et al., 2009. h – Wasson and Choi, 2003. 1279 
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i – Danielson et al., 2006. j –the average Fa# values measured previously for the same meteorite 1280 

sections along the LA-ICP-MS 2D maps using EMPA (Chernonozhkin et al., 2017). k - Buseck and 1281 

Goldstein, 1969. Fa# values have been also measured previously for Seymchan, Fa# = 11.3 (van 1282 

Niekerk et al., 2007) and Fukang, Fa# = 13.6 (Lauretta et al., 2006). 1283 

  1284 
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 1285 

 Brahin  CMS 04071 Esquel Seymchan 

Name of 

the grain 

Ph1, 

stanf 

Ph1, 

stanf 

Ph2, 

merr 

Ph1, 

merr 

Ph3, 

merr 

Ph4, 

merr 

Ph1  

merr 

Ph2  

merr 

Number of 

analysis 
1 1 2 3 1 2 4 1 2 3 4 1 1 1 3 4 1 2 

MgO, wt % 23.2 23.8 22.2 21.4 3.3 3.7 3.2 7.4 3.5 3.7 3.2 3.5 3.6 4.0 3.6 3.8 3.7 3.7 

CaO, wt % 28.4 34.4 24.1 32.7 43.4 41.4 31.3 44.9 46.6 46.8 37.2 59.7 50.9 57.7 56.3 59.6 61.4 57.6 

P2O5, wt % 43.8 38.0 51.4 41.9 52.7 54.5 64.3 43.7 49.1 48.8 58.0 35.3 43.0 36.6 36.2 35.2 31.5 36.7 

FeO(t), wt 

% 
4.2 3.3 1.9 3.6 0.24 0.073 0.877 1.38 0.33 0.13 1.2 0.92 1.80 1.09 3.2 0.88 2.8 1.37 

Na, µg·g-1 92.5 154.3 34.5 97.7 1457 1403 1307 1930 2010 2358 1576 3037 2978 3030 2959 2824 3219 2987 

Al, µg·g-1 5.2 6.1 3.5 9.6 14.6 12.9 14.7 216.2 77.6 88.7 168.8 10.3 6.4 5.6 4.1 11.0 4.4 5.5 

Si, µg·g-1 77.2 123.8 71.0 108.1 35.6 20.2 14.7 - 66.7 43.0 73.4 48.1 124.7 34.9 48.2 116.1 89.0 48.9 

K, µg·g-1 48.2 38.6 61.4 131.2 31.0 25.6 31.8 397.9 45.3 53.5 36.0 147.1 172.5 112.6 138.7 144.7 169.2 148.0 

Sc, µg·g-1 14.5 20.5 15.4 19.4 6.7 7.5 4.5 7.7 7.7 8.0 6.5 18.8 16.3 21.5 20.8 22.4 21.2 21.5 

Ti, µg·g-1 384.0 196.3 223.3 164.6 360.9 303.3 440.3 426.1 434.9 595.5 325.1 189.0 163.0 189.3 142.4 119.7 168.3 136.0 

V, µg·g-1 1.7 3.5 3.9 3.4 5.8 7.8 6.9 9.3 9.5 8.5 11.7 12.4 17.7 11.5 11.0 12.3 15.5 15.1 

Cr, µg·g-1 101.4 85.2 68.6 72.6 34.2 47.3 45.0 65.7 63.5 74.2 122.7 75.2 270.1 80.8 89.2 90.6 132.4 114.9 

Mn, µg·g-1 1810 2210 1650 1830 230 210 202 613 489 526 396 600 580 850 620 690 650 580 

Co, µg·g-1 8.1 51.2 7.9 85.9 0.89 0.06 3.9 9.2 12.3 0.20 42.0 37.7 71.7 2.8 108.6 4.5 32.5 12.2 

Ni, µg·g-1 45.1 516.6 95.3 649.7 4.7 0.34 56.5 127.8 110.5 0.73 336.2 212.3 366.4 31.3 310.9 54.9 285.9 145.0 

Cu, µg·g-1 12.5 0.26 0.088 0.25 0.18 0.19 0.47 8.9 5.0 2.5 14.6 0.65 0.89 0.38 0.46 0.52 0.44 0.38 

Zn, µg·g-1 12.7 10.3 5.2 25.4 0.25 0.11 0.14 0.88 0.22 0.31 0.33 2.0 5.3 0.26 0.32 0.42 0.60 0.25 

Rb, µg·g-1 0.025 0.025 0.316 0.018 0.024 0.021 0.067 0.034 0.034 0.040 0.124 0.090 0.098 0.135 0.118 0.142 0.22 0.116 

Sr, µg·g-1 166 489 502 449 15.1 21.0 16.5 13.5 14.7 14.6 16.9 45.0 70.4 64.1 62.8 71.0 60.9 73.2 

Y, µg·g-1 35.8 11.9 7.9 13.4 56.3 66.6 47.5 48.2 63.9 58.1 65.9 33.4 37.1 57.5 62.9 75.7 52.7 56.0 

Zr, µg·g-1 0.25 0.45 0.32 0.34 1.21 1.30 0.97 1.84 2.01 2.00 1.89 0.65 0.61 0.86 0.92 0.89 0.80 0.85 

Ba, µg·g-1 57.9 49.1 31.1 44.2 3.3 4.7 3.6 6.2 4.4 5.3 7.0 5.4 9.3 3.7 4.4 5.3 6.8 6.0 

La, µg·g-1 8.2 2.0 1.9 2.0 2.9 3.4 2.0 3.6 3.6 3.7 3.3 0.7 0.6 1.7 1.6 1.7 1.5 1.6 

Ce, µg·g-1 23.6 5.3 5.3 5.0 12.2 16.4 16.1 13.3 15.9 16.7 27.1 1.4 3.2 3.7 3.5 5.0 4.4 4.7 

Pr, µg·g-1 2.3 0.62 0.46 0.68 1.43 1.33 1.08 1.78 1.92 2.3 1.7 0.32 0.28 0.67 0.61 0.67 0.71 0.64 

Nd, µg·g-1 12.7 2.8 3.2 2.7 3.7 5.4 3.7 3.5 4.1 3.7 5.4 1.2 1.6 3.6 3.6 4.3 3.4 3.8 

Sm, µg·g-1 2.8 1.04 0.66 1.01 1.40 1.56 1.22 1.68 2.1 2.1 2.35 0.78 0.84 1.39 1.65 1.78 1.65 1.51 

Eu, µg·g-1 0.59 0.31 0.21 0.31 0.26 0.20 0.17 0.27 0.26 0.26 0.23 0.61 0.45 0.62 0.70 0.53 0.74 0.67 

Gd, µg·g-1 6.0 1.56 1.41 1.55 2.1 3.5 2.2 1.52 2.1 1.86 2.4 0.88 1.37 3.2 3.4 4.0 2.3 2.7 

Tb, µg·g-1 0.87 0.30 0.17 0.27 0.76 0.80 0.57 0.58 0.73 0.75 0.76 0.29 0.32 0.62 0.67 0.82 0.57 0.56 

Dy, µg·g-1 7.1 1.65 1.67 1.80 8.4 11.9 6.1 6.0 6.6 6.0 6.5 3.1 3.2 10.1 9.3 11.9 6.7 7.5 

Ho, µg·g-1 1.62 0.39 0.30 0.41 1.85 2.6 1.76 1.50 2.0 1.72 2.45 1.14 1.65 2.3 2.4 3.6 2.1 2.4 

Er, µg·g-1 3.9 1.64 1.19 1.66 8.5 8.7 5.1 7.5 9.0 7.8 6.9 4.0 2.6 9.6 8.9 10.0 6.3 6.2 

Tm, µg·g-1 0.60 0.21 0.23 0.20 0.98 1.55 0.98 0.79 0.98 0.86 1.19 0.42 0.60 1.00 0.99 1.40 0.87 1.06 

Yb, µg·g-1 3.0 1.77 1.09 1.88 8.6 7.9 6.1 7.6 9.7 8.4 8.6 5.7 5.5 8.2 8.5 9.4 8.7 8.4 

Lu, µg·g-1 0.58 0.33 0.31 0.33 1.65 2.3 1.36 1.23 1.54 1.29 1.57 0.73 0.85 1.38 1.28 1.63 1.19 1.36 

Hf, µg·g-1 0.024 0.046 0.029 0.033 0.061 0.066 0.066 0.107 0.137 0.135 0.141 0.028 0.046 0.040 0.043 0.055 0.077 0.041 



69 

 

Pb, µg·g-1 0.60 0.028 0.014 0.012 0.041 0.035 0.031 0.048 0.036 0.046 0.033 0.039 0.033 0.178 0.158 0.167 0.146 0.093 

Th, µg·g-1 1.11 3.1 0.36 0.019 0.083 0.127 0.070 0.036 0.047 0.044 0.058 0.043 0.041 0.43 0.45 0.58 0.171 0.24 

U, µg·g-1 0.007 0.005 0.006 0.002 0.016 0.016 0.013 0.017 0.021 0.020 0.026 0.031 0.011 0.004 0.006 0.004 0.013 0.005 

Table 2. Concentrations of elements in Ca-phosphates of main group pallasites. All single parallel 1286 

measurements are presented separately. Stanf denotes stanfieldite, and merr stands for merrillite. The 1287 

internal uncertainty is 3-20 relative %, depending on the signal intensity. 1288 



  

Appendices for New constraints on the formation of main group 

pallasites derived from in situ trace element analysis and 2D mapping of 

olivine and phosphate 

Appendix A. Matrices of Pearson’s correlation coefficients. 

A matrix of Pearson's product-moment element-element correlation coefficients for each pallasite olivine LA-ICP-MS map was 

calculated based on the spatially resolved quantitative multi-element data generated (Figure A1). The P-rich veinlets were excluded 

from the maps prior to the calculation of the correlation coefficients, thus considering the “pure olivine” phase only. These 

correlation matrices provide information on the general correlations that exist between the elements within the spatially resolved 

data. While the spatial distribution of elements in pallasite olivine is mainly explained by sub-solidus diffusion or initial overgrowth 

zoning, similarities in and differences between the behavior of different elements depend on the substitution mechanism and on the 

conditions of the processes that lead to element zoning. The limitation of the interpretation is that 2D-maps are not representative 

for the entire olivine crystal (e.g., due to anisotropy). 

 

Figure A1. Matrices of Pearson's product–moment element-element correlation coefficients calculated from the spatially resolved 

quantitative LA-ICP-MS data for the pallasite olivines. The P-rich veinlets were excluded from the maps prior to calculation of 

coefficients. 

 

  



  

Appendix B. Instrument settings for ICP-MS and LA units 

 
LA-ICP-MS 

mapping of olivine 

LA-ICP-MS analysis of olivine LA-ICP-MS analysis 

of phosphate run 1: 

major elements 

run 2: 

trace elements 

Thermo Element XR ICP-MS unit 

Sampling cone Al; 1.1 mm 

aperture diameter 

Al; 1.1 mm aperture 

diameter 

Al; 1.1 mm aperture 

diameter 

Al; 1.1 mm aperture 

diameter Skimmer cone Al; H-type; 0.8 mm 

aperture diameter 

Al; H-type; 0.8 mm 

aperture diameter 

Al; H-type; 0.8 mm 

aperture diameter 

Al; H-type; 0.8 mm 

aperture diameter 

RF power (cool plasma) 800 W 1000 W 1000 W 1000 W 

Resolution mode Low 

(M/ΔM = 300) 

Medium 

(M/ΔM = 4000) 

Low 

(M/ΔM = 300) 

Low 

(M/ΔM = 300) 
Cool gas (Ar) 15 l min-1  15 l min-1 15 l min-1 15 l min-1 

Auxiliary gas (Ar) 0.81 l min-1  0.90 l min-1 0.90 l min-1 0.85 l min-1 

Make-up gas (Ar) 0.81 – 0.99 l min-1  0.947 l min-1 0.947 l min-1 0.96 l min-1 

Detection mode Triple     

Mass window (%) 100  100 100 100 – 150* 

Samples per peak 10  18 7 5 

Sample time 0.01 s  0.01 s 0.01 s 0.01 s 

Runs / passes 98 / 1 (adjusted to 

the time interval in 

which a 1450 µm 

line is ablated) 

34 / 1 (adjusted to 

measure 10 s of 

blank, 50 s of 

sample ablation, 

equal to a 400 µm 

line, and 11 s of 

washout) 

34 / 1 (adjusted to 

measure 10 s of 

blank, 50 s of 

sample ablation, 

equal to a 400 µm 

line, and 11 s of 

washout) 

25 / 1 (adjusted to 

measure 15 s of blank, 

20 s of spot ablation 

and 10 s of washout) 

Duty cycle time 1.944 s  2.069 s 2.062 s 1.813 s 

Scans of the gas blank and 

during ablation 

10/80 5/24 5/24 8/11 

Nuclides monitored:  25Mg, 27Al, 29Si, 
31P, 45Sc, 51V, 53Cr, 

55Mn, 57Fe, 60Ni, 
71Ga, 139La, 153Eu, 

195Pt 

25Mg, 29Si, 31P, 
44Ca, 53Cr, 55Mn, 

57Fe 

7Li, 45Sc, 51V, 53Cr, 
59Co, 60Ni, 63Cu, 
66Zn, 89Y, 90Zr, 

93Nb, 133Cs, 137Ba, 
139La, 140Ce, 141Pr, 

145Nd, 147Sm, 153Eu, 
158Gd, 159Tb, 164Dy, 
165Ho, 160Er, 169Tm, 
174Yb, 175Lu, 180Hf, 
181Ta, 182W, 185Re, 
193Ir, 195Pt, 197Au, 

232Th, 238U 

23Na, 25Mg, 27Al, 29Si, 

31P, 39K, 44Ca, 45Sc, 
47Ti, 51V, 53Cr, 55Mn, 

57Fe, 59Co, 60Ni, 63Cu, 
66Zn, 85Rb, 88Sr, 89Y, 

90Zr, 93Nb, 133Cs, 
137Ba, 139La, 140Ce, 
141Pr, 145Nd, 147Sm, 
153Eu, 158Gd, 159Tb, 
164Dy, 165Ho, 160Er, 
169Tm, 174Yb, 175Lu, 
180Hf, 181Ta, 208Pb, 

232Th, 238U 

Analyte G2 Laser ablation system 

Laser wavelength 193 nm 

Laser pulse duration 4 ns 

MFC-1 He flow rate (cell) 
a 

0.200 - 0.260 l min-

1 

0.19 l min-1 0.19 l min-1 0.270 l min-1 

MFC-2 He flow rate (cup) 
a 

0.220 - 0.385 l min-

1 

0.22 l min-1 0.22 l min-1 0.250 l min-1 

Energy fluence a 5-7 J cm-2 4.72 J cm-2 4.72 J cm-2 3.5 J cm-2 

Laser pulse frequency 20 Hz  20 Hz 40 Hz 20 Hz 

Laser spot size 20 x 20 µm square  30 µm diameter 

circular 

130 µm diameter 

circular 

110 µm diameter 

circular Translation speed 9 µm s-1 10 µm s-1 10 µm s-1 spot analysis mode 

Total area ablated 1450 x 600 µm  400 µm lines, n = 3 400 µm lines, n = 3 - 

Table B1. Instrument settings and data acquisition parameters for the Thermo Scientific Element XR sector field ICP-MS unit and 

the Analyte G2 laser ablation system used a) for 2D mapping of olivines, b) for major and trace elemental analysis of olivine in 

line-scan mode, and c) for spot analysis of pallasite phosphate. * - a mass window of 150% was used for all nuclides from 23Na to 
47Ti, and a mass window of 100% was used for all other nuclides. The effective time measuring intensities in LA-ICP-MS mapping 

of olivine was 77% (i.e. ratio of time spent on acquiring the ion intensities compared to total analysis time, which includes the time 

required for peak jumping and stabilization). No N2 was blent into ICP to avoid elevated nitrogen-based spectral interferences. 



  

 

Figure B1. SEM image of the laser ablation raster on the surface of the olivine of CMS 04071 PMG, as a result of LA-ICP-MS 2D 

mapping. Slight deformation of straight lines is a result of stitching of multiple images using open source software. 

  



  

Appendix C. LA-ICP-MS data reduction protocol 

C1. LA-ICP-MS element mapping of the olivine phase in PMG. In LA-ICP-MS, internal normalization is traditionally used to 

correct for point-to-point differences in the ablation efficiency, sensitivity drift or instability and some matrix effects or minor 

defocusing (Miliszkiewicz et al., 2015). For this purpose, the concentration of a single major element is traditionally determined 

using an independent analytical method, such as EPMA or SEM-WDX, unless this concentration can be deduced from the matrix 

composition / stoichiometry, e.g. a minor isotope of Ca in practically pure CaCO3 (Ulens et al., 1994; Paul et al., 2014). The 

principal challenge with internal standardization for element imaging is that none of the naturally occurring olivine crystals in 

pallasites contains a fully homogeneously distributed element with precisely known content that can serve as an internal standard. 

To overcome this, several elegant approaches have been proposed, including (1) sum normalization of oxides to 100 wt% (Liu et 

al., 2008; Selih and van Elteren, 2011), or (2) using the known stoichiometry of a target mineral, by assuming the ideal concentration 

of a homogeneously distributed major element as internal standard (IS). As olivine is known to have variable fayalite-forsterite 

contents even within a single crystal, the latter approach cannot be applied directly here. 

Therefore, the following approach was applied in the LA-ICP-MS calibration process. In accordance to the empirical formula of 

the olivine mineral ([MgxFe1-x]2SiO4), Mg, Si, Fe and P oxides were considered to contribute 100 wt % of the mass ablated. The 

raw intensities of the corresponding nuclides in each pixel of the map were first re-calculated to responses equivalent with the oxide 

form of these elements by multiplying the intensities with an abundance and oxide correction factor. Subsequently, these virtual 

responses were normalized to the assumed concentration of the sum of the selected oxides, e.g., 100 % in the olivine mineral. The 

respective oxide sum was also known for the certified reference materials. The sensitivity of this sum of oxides was used as a 

virtual, evenly distributed IS (equations 1 and 2). Phosphorus was added to the equation to account for the secondary areas of 

inclusions, where significant amounts of P were found, thereby allowing these to be quantified (see discussion below). 

𝐼𝑆 =

(
𝐼25𝑀𝑔

𝜔25𝑀𝑔
∙

𝑀𝑀𝑔𝑂

𝑀𝑀𝑔
+

𝐼57𝐹𝑒
𝜔57𝐹𝑒

∙
𝑀𝐹𝑒𝑂
𝑀𝐹𝑒

+
𝐼29𝑆𝑖
𝜔29𝑆𝑖

∙
𝑀𝑆𝑖𝑂2

𝑀𝑆𝑖
+

𝐼31𝑃
𝜔31𝑃

∙
𝑀𝑃2𝑂5
2𝑀𝑃

)

(𝐶𝑀𝑔𝑂% + 𝐶𝐹𝑒𝑂% + 𝐶𝑆𝑖𝑂2% + 𝐶𝑃2𝑂5%)
; (1) 

In equation 1, ωi stands for the isotopic abundance of the nuclide. In contrast to external calibration, normalization to ωi is critical 

to account for the contributions of different oxides into the virtual internal standard. Ci% stands for an element oxide concentration 

in wt %. Mi stands for molar mass of the corresponding element or oxide. 

𝐼𝑖,𝑛𝑜𝑟𝑚 =  
𝐼𝑖

𝐼𝑆
; (2) 

The IS was calculated for each pixel of the map, as a 2D matrix, and each single element intensity was then normalized to this 

internal standard (equation 2). The intensities for the external standards were processed as a single data point, averaging data across 

representative surface areas of the reference glasses (3 replicates of 2 mm long line scans). The data reduction was performed using 

an in-house script in MatLab. 

The set of synthetic glasses (NIST SRM612, NIST SRM614, USGS GSD-1G and GSE-1G) and natural basalt glasses (BHVO-2G, 

BIR-1G) used for external calibration provides a wide dynamic range and enables matrix-matched calibration, which minimizes 

potential matrix effects. The internally normalized data were externally quantified via linear regression. After the calibration, the 

averages of the sums of the 4 selected major element oxides for single pixels of the maps varied between 95-99 wt %, which 

supports the applicability of this internal standardization approach. The fact that the maxima of the sums distributions are not 100 

wt% probably indicates minor drift of the parameters, point-to-point differences in the ablation efficiency, not completely corrected 

for by the internal standard, or the occurrence of minor elements (e.g., Ca is not measured, but could be present as phosphate 

Ca3(PO4)2). To correct for this, additional normalization was done for the concentration Cj for each element j by fixing the sum of 

Mg, Fe, Si and P oxides to 100 wt% in each pixel of the map. 

𝑘 = ( ∑ 𝐶𝑖

𝑖=𝑃2𝑂5,𝑆𝑖𝑂2,𝐹𝑒𝑂,𝑀𝑔𝑂

) 100; (3)⁄  

𝐶𝑛𝑜𝑟𝑚,𝑗 = 𝐶𝑗 𝑘⁄ ; (4) 

 

C2. Trace element analysis of olivine with LA-ICP-MS. When trace elements need to be measured, internal normalization of 

LA-ICP-MS data for olivine is complicated by the 8 orders of magnitude difference between major and trace element contents (e.g. 

FeO > 10 % and REE < 1 ng g-1). At larger laser spot sizes used to measure trace elements (a 130 µm circle laser spot is needed to 

achieve significant count rates for trace elements), major elements cannot be measured due to detector saturation, even when using 

the triple detection mode of the Thermo ElementXR (Faraday cup). As a result of the aforementioned 8 orders of magnitude 



  

difference between major and trace elements in PMG olivine, the normalization approach based on element oxides, together 

constituting 100 wt% was not suitable for analysis of trace elements. Sum normalization of oxides to 100 wt% (Liu et al., 2008) 

was used to normalize the data of the first “major element” run (30 µm diameter circular laser spot), to calculate the concentrations 

of the major elements Mg, Fe, and Si and the minor element Cr in olivine. The Cr concentration calculated from the “major element” 

run was then used as an internal standard to normalize the data of the second “trace element” run, obtained with a larger laser spot 

(130 µm diameter circular laser spot) on top of the first run after pre-ablation. The set of synthetic glasses (NIST SRM612, NIST 

SRM614, USGS GSD-1G and GSE-1G) and fused natural rock glasses (USGS BHVO-2G, BIR-1G, and MPI-DING KL2-G, 

ML3B-G, StHs6/80-G, T1-G, ATHO-G, BM90/21-G, GOR128-G and GOR132-G), repeatedly measured with the corresponding 

laser settings, was used for external calibration of the first (30 µm diameter circular laser spot) and the second (130 µm diameter 

circular laser spot) LA-ICP-MS analysis of olivine. 

C3. Trace element analysis of Ca-phosphate. Normalization of element oxides to 100 wt.% (Liu et al., 2008) was used to quantify 

raw intensities and to correct for point-to-point differences in the ablation efficiency, sensitivity drift and instability and some 

matrix effects or minor defocusing. In the absence of suited phosphate reference material, MPI-DING and USGS glass reference 

materials were measured at the beginning and repeatedly at the end of each analytical session for quantification via external 

calibration. 

C4. Interferences. When acquiring transient signals in a multi-element approach, spectral interferences are challenging to take 

care of. Mathematical correction usually requires additional nuclides to be measured, increasing the duty cycle time which 

deteriorates the lateral resolution and limits of detection within a given experimental run time. Application of the medium (M/ΔM 

= 4000) or high (M/ ΔM = 10000) resolution modes of the ElementXR is compromised by a more than 10-fold sensitivity loss. The 

spectral interferences potentially affecting target nuclides are listed in table C2. However, argide-based interferences were reduced 

by the application of cool plasma conditions (e.g., 36Ar24Mg+ and 40Ar31P+ interferences for 60Ni and 71Ga, respectively). Oxide-

based interferences were less prevalent as a result of the dry plasma conditions and were further minimized during tuning. First, 

the distinction should be made between the interferences which are present at all time and those which are present during ablation 

only (e.g. 40Ar15N+ and 39K16O+, both affecting55Mn+). Interferences based on the plasma gas and/or constituents of the ambient 

atmosphere are present at all time and as such corrected by background subtraction. Many interferences are based on minor and 

trace elements and their effect onto more abundant elements is as such insignificant (e.g. 39K18O+ onto 57Fe+). Some of the 

interferences present during ablation only are partially accounted for by the fact that the elements forming the interferences are 

also present in the calibration standards in nearly similar concentrations. Pairwise scatter plots for potentially interfered and 

interfering parent nuclides of the spatially resolved data are sensitive indicators for spectral interference. 

Nuclide Polyatomic interference 

originating from Ar and/or 

atmospheric constituents 

Potential spectral 

interferences involving 

matrix elements 

Most critical interferences 

25Mg 12C13C+ 50Ti2+ 50V2+ 50Cr2+ 9Be16O+ 
7Li18O+ 

 

27Al 13C14N+ 54Cr2+ 11B16O+ 9Be18O+ 54Fe2+ 

29Si 13C16O+ 14N15N+ 58Fe2+ 11B18O+  

31P 15N16O+ 13C18O+ 62Ni2+  

45Sc  90Zr2+ 38Ar7Li+ 29Si16O+ 

51V  102Ru2+ 35Cl16O+  40Ar11B+  

53Cr 40Ar13C+ 106Pd2+ 37Cl16O+  

55Mn 40Ar15N+ 110Pd2+ 39K16O+  

57Fe 40Ar16O1H+ 39K18O+  

60Ni   44Ca16O+ 24Mg36Ar+ 

71Ga  53Cr18O+ 31P40Ar+ 55Mn16O+ 
139La    
153Eu   137Ba16O+ 

195Pt    

Table C1. List of spectral interferences potentially affecting the target nuclides (non-exhaustive list). The most significant 

interferences are marked in bold. 

C5. Limits of detection and background subtraction. For all analyses, including mapping, the gas blanks were measured before 

each individual analysis, i.e. before each string of pixels for the olivine mapping, before each spot or line analysis of phosphate 

and olivine and before each reference material. The average background value preceding each analysis was subtracted from the 

corresponding data. The number of scans used for the gas blank and during actual ablation are presented in table B1. Figure C1 

shows an example of raw intensities through a single mapping experiment before background correction and demonstrates the 

advantage of measuring a gas blank before each string of pixels. It is possible that the analytical artefacts seen in the Al and P maps 

of Imilac and Brahin (figure 1 and 3) under the form of horizontal lines co-directed with the ablation path is a result of a background 



  

subtraction issue. Most likely, the number of scans for the gas blank is not sufficient to measure it precisely enough, which results 

in improper background correction for some lines in the maps. 

Figure C1. Non-processed (raw) intensities for 31P and 27Al measured as obtained during Brahin olivine mapping. The y-axes are 

scaled to show the long-term drift of the background during the duration of a single mapping experiment. 

The measurements of the gas blank were used to calculate the detection limits (LOD) according to the approach first proposed by 

Longerich et al. (1996): 

𝐿𝑂𝐷 =
3𝑆𝐷

𝑆
√

1

𝑁𝑏
+

1

𝑁𝑎
 

Here SD is the standard deviation of the corresponding background, S is the sensitivity factor obtained from the calibration line, 

and Na and Nb are the numbers of spectra measured during the actual sample ablation and for determination of the gas blank. As 

the count rates obtained with sector field ICP-MS were relatively high in this work (above 100 cps for most cases), the criteria of 

Longerich are applicable here. For more details on different approaches for LOD calculation in LA-ICP-MS, we refer to the 

discussion in the appendix of Petrtus et al., 2017. As the LOD can be calculated for each individual analysis or for each string of 

pixels, the LOD presented in Table 1 of this work and in Table E1 in the appendix are the average of all LODs. As such, some 

concentrations below this average LOD level are presented in these tables. Limits of quantification (LOQ) are calculated similar 

to the LOD but using 10 SD instead of 3SD. Note that most REE concentration measured in olivine are below the LOQ (see Figure 

6 and Table 1). The LOD presented in table E1 for the LA-ICP-MS 2D mapping of olivine is an LOD for individual pixels (Na = 

1 Nb = 10), while the LOD presented in Table 1 for LA-ICP-MS trace element analysis is calculated using Na = 24 Nb = 5. 



  

Appendix D. large-scale μXRF element distribution maps of PMG thick sections. 

 

Figure D1. μXRF Kα intensity maps of a large section of the Brahin PMG. In the upper row, the mosaic photograph of the same 

section in reflected light is presented. 

 

Figure D2. μXRF Kα intensity maps of a large section of the Brenham PMG. In the upper row, the mosaic photograph of the same 

section in reflected light is presented. 



  

 

Figure D3. μXRF Kα intensity maps of a large section of the CMS 04071 PMG. In the upper row, the mosaic photograph of the 

same section in reflected light is presented. 

 

Figure D4. μXRF Kα intensity maps of a large section of the Esquel PMG. In the upper row, the mosaic photograph of the same 

section in reflected light is presented. 



  

 

 

Figure D5. μXRF Kα intensity maps of a large section of the Fukang PMG and the LA-ICP-MS map for P2O5 in a selected area of 

an olivine within Fukang. In the upper row, the mosaic photograph of the same section in reflected light is presented. 



  

 

Figure D6. μXRF Kα intensity maps of a large section of the Imilac PMG. In the upper row, the mosaic photograph of the same 

section in reflected light is presented. 

 

Figure D7. μXRF Kα intensity maps of large section of the Seymchan PMG. In the upper row, the mosaic photograph of the same 

section in reflected light is presented. 



  

 

Figure D8. μXRF Kα intensity maps of a large section of the Springwater PMG. In the upper row, the mosaic photograph of the 

same section in reflected light is presented. 

 

 

 

Figure D9. Major element discrimination plot used to identify the type of phosphate, after Boesenberg et al., (2012). LA-ICP-MS 

data, this work, SIMS data by Davis and Olsen (1991) and EMPA data by Buseck and Holdsworth, (1977). 



 

 

Appendix E. Average element concentrations in the 2D LA-ICP-MS maps of olivine crystals of PMG. 

 S/Ba LoD Imilac Brahin Brenham Springwater CMS 04071 Esquel Seymchan 
Fukang 

Average Olivine rim Olivine core 

Fa#, at % 

LA-ICP-MSc 
  14.56±0.69 13.45±0.81 

 

13.61±0.63 
20.1±1.1 13.79±0.49 9.8±1.5 11.08±0.87 12.6±1.2 12.5±1.2 12.5±1.9 

Fa#, at% 

literature 
  12.3d 11.7d 12.45d 17.9d 11.8g 11.7d 11.3f 13.6e   

Al, μg g-1 250 101 122±20 107±22 72±20 75±28 63±52 250±380 9.6±4.6 183±480 155±120 188+520 

SiO2, wt% 60 10-2 45.63±0.87 45.65±0.61 46.42±0.66 46.19±0.94 47.02±0.65 41.4±2.1 45.3±1.1 44.6±1.0 44.6±1.0 44.7+1.1 

P2O5, wt% 24 10-3 
(3.32±0.53) 

10-2 

(2.83±0.47) 

10-2 

(2.38±0.60) 

10-2 

(2.20±0.22) 

10-2 

(2.38±0.18) 

10-2 

(3.0±1.1) 

10-3 

(1.18±0.47) 

10-2 

(3.64±0.78) 

10-3 

(2.38±0.52) 

10-3 

(3.82±0.71) 

10-3 

Sc, μg g-1 2 1 3.09±0.32 3.95±0.42 2.37±0.29 1.86±0.20 1.97±0.17 - 1.60±0.27 3.46±0.44 3.67±0.42 3.49+0.50 

V, μg g-1 1300 10-1 9.6±1.9 4.42±0.93 7.38±0.59 11.4±1.0 7.08±0.68 16.6±2.1 4.6±1.1 11.1±1.8 11.4±1.8 11.2+2.2 

Cr, μg g-1 35 1 194±30 123±34 128±24 158±25 87±18 182±44b 96±26 237±53 166±20 254+54 

Mn, μg g-1 800 1 2320±93 1702±90 1521±57 2420±130 1998±57 1820±200 1980±110 2180±150 2170±150 2170+260 

Ni, μg g-1 62 1 15±23 9.6±9.5 11±19 18±23 18±80 35±61 65±180 12±54 5.7±6.1 13+60 

Ga, μg g-1 110 10-1 0.62±0.51 0.8±7.1 0.67±0.15 0.98±0.34 0.461±0.092 - 0.103±0.059 0.12±0.50 0.073±0.043 0.13+0.56 

La, μg g-1 6100 10-2 0.29±0. 20 0.29±0.15 < 10-2 < 10-2 < 10-2 6.82±0.06 0.262±0.024 0.24±0.24 0.228±0.004 0.24+0.27 

Eu, μg g-1 250 10-2 0.416±0.020 0.416±0.030 < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 

Pt, μg g-1 50 10-2 < 10-2 0.02±0.51 - < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 < 10-2 

RCr-V   0.323 0.635 0.204 0.291 0.712 -0.036 0.524 0.435   

RFa#-Mn   0.435 0.593 0.217 0.385 0.391 0.879 0.329 0.878   

Table E1. Average concentrations of major and trace elements in 2D element maps of PMG olivine crystals. P-rich veinlets have been cancelled out mathematically prior to averaging. Uncertainty 

denotes 1 standard deviation. LoD refers to the limit of detection calculated using all gas blanks recorded before ablation of each line, calibration based on the useof the glass CRMs, and the 3 standard 

deviation criterion. As such, these LoD values are for individual pixels. a S/B refers to the typical signal-to-background ratio for a corresponding nuclide, as measured for BHVO-2G. b The average is 

calculated after application of a 3x3 median filter to the 2D concentration maps to remove elevated noise. c Fa# = [FeO / (FeO + MgO)] is calculated in atomic %, as maximum of the Gaussian line fitted 

to the Fa# probability distribution histogram. The literature data for Fa# are from d (Wasson and Choi, 2003) e (Lauretta et al., 2006) f (van Niekerk et al., 2007) g (Danielson et al., 2006). 

 

 



 

 

Appendix F. Mixing of potential REE components in pallasite phosphate 

Here, we evaluate the possibility that the CI-normalized REE patterns of Santa Rosalia stanfieldite (Davis and Olsen 1996) and 

bow-shaped patterns of Molong (Davis and Olsen 1996) and Esquel merrillite measured in this work are similar in nature to the 

enigmatic pattern of Giroux merrillite, as observed by Davis and Olsen (1996). Earlier, this phosphate was suggested to be inherited 

from the CAI type II, which survived the differentiation of the pallasite parent body and was hypothetically brought to the core-

mantle boundary from the surface. Figure G1 presents mixing of such LREE-rich component in different proportions, estimated by 

a 1:1 mix (sum of REE) of CI chondrite and type II CAI (Dauphas and Pourmand 2015) and an REE reservoir with a pattern typical 

for depleted mantle material (estimated by merrillite of Eagle Station, as olivine itself is extremely difficult to measure). Tm 

anomalies clear at low olivine proportion are not repeated in real phosphate, while at a higher ratio of olivine component, the REE 

pattern is dominated by the heavy REE. As such, it is unlikely that the Santa Rosalia stanfieldite and Molong (Davis and Olsen 

1996) and Esquel merrillite contain recycled type II CAI component. While phosphate of Esquel and Molong might originate from 

a recycled chondritic apatite, the origin of phosphate from Giroux and Santa Rosalia remain enigmatic due to their abnormal light 

REE enrichment and significant negative Eu anomaly. 

 

Figure F1. Different proportions of mixing of the REE component of olivine type, estimated by merrillite in Eagle Station, and a 

component rich in light REEs, estimated by 1:1 mixture of CI chondrite and type II CAI. The dashed line shows the modeled 

pattern most similar to the bow-shaped REE patterns found in phosphate of pallasites. 

 


