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Abstract 38 

The enriched basaltic (martian) shergottite Ksar Ghilane (KG) 002, discovered in 2010, is 39 

exceptionally rich in coexisting but discrete apatite and merrillite crystals. It has been selected to 40 

better constrain the formation conditions and post-crystallization processes, and thus the evolution 41 

of martian rocks based on Ca-phosphates. A petrological, chemical, chronological and microstructural 42 

approach using a series of high-spatial resolution techniques including Raman spectroscopy, electron 43 

microscopy (SEM, EPMA, CL-imaging) and secondary ion mass spectrometry (SIMS) analysis has been 44 

applied to a representative number of Ca-phosphate grains. Analytical results for apatite and 45 

merrillite reveal: (i) zoning in F, Cl, Br and I concentrations, (ii) elevated Cl concentrations in the 46 

range of ~11,900 to 35,300 µg/g and halogen ratios, i.e., Cl/Br and Cl/I, as well as stable chlorine 47 

isotope composition, reported as δ37Cl values rel. to Standard Mean Ocean Chloride (SMOC, defined 48 

as 0 ‰) with a value of +0.67 ± 0.14 ‰ (1σ), discriminating KG 002 phosphates from that of other 49 

enriched and depleted shergottites. The halogen and heavier δ37Cl record, indicate a slightly higher 50 

degree of ~3.5 % assimilation of Cl-rich and isotopically heavier crustal reservoir on Mars when 51 

compared to other enriched shergottites. (iii) Structural investigations together with the chemical 52 

and petrological context of the grains confirm the occurrence of hydroxyl-poor merrillite, indicate 53 

weak if any alteration effects induced by metamictization, only minor structural modifications due to 54 

shock metamorphism, and absence of replacement reactions. Therefore, igneous crystallization of 55 

Ca-phosphates from a fractionated, hydrous and ferrous mantle source, rich in volatiles including the 56 

halogens and Na and lithophile rare earth-elements, and absence of interaction with crustal 57 

fluids/brines of the sample is deduced. (iv) The Pb isotopic composition of six apatite and three 58 

merrillite grains is highly unradiogenic and the 238U-206Pb record yields a phosphate crystallization 59 

time at 395 ± 240 Ma (2σ), which is similar to those of other enriched shergottites. 60 

 61 

1. Introduction 62 

Calcium-phosphates are widespread accessory phases in various types of martian rocks, such as: 63 

nakhlites (i.e., olivine-bearing clinopyroxenites, exposed to the martian hydrosphere and rich in 64 

secondary minerals), chassignites (i.e., dunites and olivine-chromite cumulates containing hydrated 65 

phases), Allan Hills (ALH) 84001 (i.e., ultramafic, orthopyroxenite, rich in carbonates), a polymict, 66 

regolith breccia (i.e., Northwest Africa (NWA) 7034 and paired samples) and the largest suite among 67 

martian rocks, namely shergottites. The latter can be subdivided based on their petrology into: (a) 68 

basaltic (i.e., mafic) shergottites, by far the largest group of martian meteorites and of volcanic 69 

origin, (b) lherzolitic (i.e., wehrlitic) shergottites, characterized by a cumulate texture and thus of 70 

plutonic origin, and (c) olivine-phyric/picritic (i.e., permafic) or olivine-orthopyroxene-phyric 71 

shergottites that are extrusive rocks of magmatic origin. All of these groups share diagnostic isotopic 72 

and petrological features indicative of a martian origin (e.g., McSween et al., 1985). Shergottites can 73 

be further subdivided into enriched, intermediate, and depleted rock types according to their bulk 74 

rock light rare earth element (LREE) depletion, which is generated by different degrees of partial 75 

melting of the martian mantle (e.g., Bridges and Warren 2006, and references therein). 76 

Apatite group minerals (Ca5(PO4)3(Cl,F,OH) and merrillite (Ca18Na2Mg2(PO4)14), if present, are late-77 

stage crystallizing phases and thus major sinks for incompatible trace elements, such as rare earth 78 

elements (REE), but also for the actinides U and Th, making them well-suited for combined chemical 79 

and chronological investigations (e.g., Ward et al., 2017 and references therein). Most Ca-phosphates 80 

in martian rocks are considered to be of magmatic origin, crystallizing prior to degassing of the host 81 

rock and thus can be used as a probe for the content of volatile elements and water in the martian 82 

mantle sources (e.g., McCubbin et al., 2012, 2014; Shearer et al., 2015; Ward et al., 2017). Some Ca-83 
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phosphates, however, may be affected by the assimilation of (Cl-rich) crustal component(s) on Mars 84 

during latest stages of basaltic crystallization, or interaction with Cl-rich crustal fluids/ brines 85 

(Howarth et al., 2016; McCubbin et al., 2016; Williams et al., 2016; Bellucci et al., 2017). 86 

Furthermore, martian apatite is the prime carrier phase for the stable halogens (F, Cl, Br, I) and OH 87 

(e.g., McCubbin et al., 2012, 2014, 2016; Usui et al., 2012 and references therein; Roszjar et al., 2014; 88 

Bellucci et al., 2017). In addition, hydrous amphibole (i.e., kaersutite), biotite, and glass (e.g., 89 

Watson et al., 1994), but also nominal-“anhydrous” merrillite, if present, can take up a certain 90 

amount of volatiles in its crystal structure (e.g., Roszjar et al., 2014; Shearer et al., 2015; Bellucci et 91 

al., 2017; Sarafian et al., 2017; this study), and therefore contribute to the bulk budget of hydrophilic 92 

and incompatible elements of the host rock. Thus, a detailed study of Ca-phosphates using high-93 

spatial resolution techniques can further our understanding on the uptake mechanisms and 94 

evolution of volatile (with halogens in particular) and trace elements in the source region(s) of 95 

martian meteorites. Combined with a chronological record, it enables better evaluation of the 96 

volatile component of the martian mantle and crust and its evolution over time. For this purpose a 97 

case study of the petrological, structural, chemical, isotopic and chronological record of apatite and 98 

merrillite grains in the enriched, basaltic shergottite Ksar Ghilane (KG) 002, first described in Llorca et 99 

al. (2013) has been carried out to better constrain the role of martian phosphates. This sample has 100 

been selected because of its high modal abundance of ~3.4 vol.% of Ca-phosphates, exceeding those 101 

of other martian meteorites and the size of the grains reaching up to ~2 mm (i.e., merrillite).  102 

Since the suite of martian meteorites, except NWA 7034 and paired samples, are strongly affected 103 

by impact(s) as well as thermal metamorphism (e.g., McSween and Harvey, 1993), these two findings 104 

in common makes radiometric dating, i.e., using 147Sm-143Nd and 176Lu-176Hf, 87Rb-87Sr, 235/238U-207/206Pb 105 

and the interpretation of the volatile budget of martian rocks and their source region(s) challenging. 106 

In addition to observed trace elemental and stable isotope heterogeneity between phosphates 107 

derived from various martian source regions (e.g., Bellucci et al., 2017), discrepancies between 108 

chronometers for single martian rocks, notably shergottites, often exist. Discrepancies between 109 

various isotope systems and/or bulk rock vs. internal isochrons (i.e., analyses of separated mineral 110 

fractions and/or single grains from a single sample), and high-spatial resolution analyses of single 111 

crystals, with a significant role of phosphate have been discussed (e.g., Bouvier et al., 2008). It is 112 

known that Ca-phosphates have a relatively high closure temperature of 500 - 600°C for the U-Pb 113 

system (Cherniak et al., 1991). In addition, if disturbance occurred, the degree of disturbance can be 114 

assessed by using the two U decay series (238U-206Pb and 235U-207Pb), providing not only formation age 115 

but also alteration age. Using these great advantages of Ca-phosphates, we address the role of 116 

martian Ca-phosphates in both the volatile budget, potential mantle-crust interaction and 117 

chronology of the host rock. 118 

 119 

2. Methods 120 

Optical microscopy, SEM, and CL investigations         121 

 Textural and mineralogical investigations of merrillite and apatite grains, representative for 122 

the Ca-phosphate population in the enriched basaltic shergottite KG 002 were performed first by 123 

optical and electron microscopy on two thin sections (PL 11154 and PL 11156, WWU Münster 124 

collection). A JEOL JSM 6610-LV scanning electron microscope (SEM) equipped with energy 125 

dispersive spectrometers (EDS; INCA, Oxford Instrument) at the Interdisciplinary Center for Electron 126 

Microscopy and Microanalysis (ICEM) at the WWU Münster and the central research laboratory 127 

department at the NHM Vienna (EDS; Quantax Bruker) were used for detailed petrographic 128 

investigations.  129 

https://www.sciencedirect.com/science/article/pii/001670379190137T?via%3Dihub#!


4 

 

Cathodoluminescence (CL) images were obtained after quantitative analysis of selected grains by  130 

electron microprobe (EPMA) analyses, using the JEOL JSM 6610-LV SEM at the NHM Vienna, 131 

equipped with a MonoCL 4MRU (Gatan) detector system. Qualitative analyses, backscattered electron 132 

(BSE) and CL-imaging were carried out using an acceleration voltage of 20 kV, and a beam current of 133 

15 nA using INCA, Oxford Instruments and Bruker software.   134 

Phosphate sites were investigated prior- and post to ion microprobe analyses by optical microscopy 135 

in transmitted in reflected light (Zeiss Axiophot), to check (i) for cracks and inclusion potentially 136 

affecting chemical and isotope analyses, and (ii) for orientation on the sample and precise 137 

localization of the primary spot location during secondary ion microprobe analyses.  138 

 139 

Structural investigations using Raman spectroscopy      140 

Micro-Raman spectroscopic analyses were carried out on two polished, cleaned thin section of 141 

KG 002 using a confocal Jobin Yvon LabRAM HR Evolution Raman spectrometer at the Institute for 142 

Mineralogy, University of Vienna, Austria. Collected data were processed using the LabSpec 6 143 

(Horiba) software. The 473 nm line of an Nd-YAG laser was used as excitation source with a beam 144 

power of approximately 10 mW at the exit of the laser. The scattered Raman light was collected 145 

using a 100× objective with charge-coupled device detector (CCD) after being dispersed by a grating 146 

of 1800 grooves mm-1 and applying 2× accumulation. The spectrometer slit width was set to 100 µm, 147 

and the hole to 250 µm. The lateral resolution was about 1 µm. The spectrometer was calibrated by 148 

measuring the 520.7 cm-1 band of silicon and the spectral lines of the Ne-lamp immediately before 149 

the sample analyses. 150 

EPMA analyses 151 

Quantitative analyses of apatite and merrillite grains with n = 44 and 31 spots, respecively were 152 

obtained using a JEOL JXA 8900 Superprobe electron probe micro analyzer (EPMA) equipped with 153 

four wavelength dispersive spectrometers at the ICEM, WWU Münster. The EPMA operated at an 154 

acceleration voltage of 15 kV, a beam current of 15 nA, and a focused beam for oxide analysis, 155 

including all major and minor elements beside of F and Cl. Halogen concentrations (F, Cl), plus CaO 156 

and P2O5 were analyzed separately on the same grains but at different spot locations, using an 157 

acceleration voltage of 15 kV, a beam current and 4 nA, and a 10 µm defocused beam. Well 158 

established natural and synthetic standards were used as reference materials. Matrix corrections 159 

were made according to the Фρ(z) procedure of Armstrong (1991). Multiple analyses of different 160 

apatite standards, including Durango and an additional F-rich, in-house apatite, resulted in analytical 161 

uncertainties for each standard of 1 % for CaO, 2 % for P2O5 and 10 % for F and Cl, respectively. 162 

Uncertainties for minor elements (Na2O, K2O, Cr2O3, MgO, TiO2, FeO, Al2O3, SiO2, MnO, Ce2O3) are in 163 

the range of 10 % to 20 %. Detection limits for these elements are generally in the order of 0.05 to 164 

0.1 wt.%. The hydroxyl mole fraction was estimated by difference, assuming to be filled as: XF + XCl + 165 

XOH = 1. Average phosphate composition is given in Table 1. 166 

 167 

Halogen concentrations and stable chlorine isotope analyses using Cameca IMS 1280  168 

Concentrations of F, Cl, Br and I and stable Cl isotopic compositions, reported in standard δ37Cl 169 

notation, where δ37Cl = [(37Cl/35Cl)sample/(37Cl/35Cl)standard−1]∗1000, expressed relative to Standard 170 

Mean Ocean Chloride (SMOC) with a defined value of 0.0 ‰, were measured on a high spatial 171 

resolution in individual apatite and merrillite grains using a Cameca IMS 1280 large radius magnetic 172 

sector multi-collector ion microprobe at the NORDSIM facility located at the Swedish Museum of 173 

Natural History Stockholm, Sweden. Ion microprobe analysis were performed after spectroscopic, 174 

optical and electron microscopy. The procedures used here closely follow those of Kusebauch et al. 175 
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(2015a,b) and Marks et al. (2012) and have previously been applied to martian apatite (Bellucci et al., 176 

2017). Prior to measurement, selected phosphate sites on re-polished and gold-coated thin sections 177 

were pre-sputtered for 120 s on a 25 by 25 μm raster to remove the gold coating and minimize 178 

surface contamination. Analytical conditions for all measurements are as follows: primary beam 179 

(133Cs+ ions) with ~1.8 nA beam current and 10 kV acceleration voltage, low-energy normal-incidence 180 

electron flooding to counteract charge build-up on insulating targets, a field aperture of 2500 µm 181 

resulting in a maximum sampling area of ~15 μm, and a mass resolving power (MRP) of 5000 182 

(M/ΔM). Concentration of secondary ions of 19F-, 35Cl-, 37Cl-, 81Br-, 127I- were simultaneously collected 183 

either on electron multipliers (<106 counts per second (cps)) or Faraday cups (>106 cps) in peak 184 

switching mode by running 40 cycles (four blocks of ten integrations), with a total counting time of 185 

120 s each. Note that fluorine (19F-), iodine (127I-), and phosphorous (31P-) are mono-isotopic and (19F-), 186 

(37Cl-) and (127I-) signals were free of molecular interferences. However, neither 79Br- nor 81Br- can be 187 

resolved from interferences of the CaCl- specie below a MRP <16,000 and without significant 188 

transmission loss. Hence, a combined [81Br + 44Ca-35Cl + 46Ca-37Cl]-peak, which yielded an adequate 189 

flat top at the lower MRP of 5000, was measured and corrected using the intensity of the measured 190 
40Ca-37Cl-peak together with the natural isotopic abundances of Ca and Cl. Ratios of measured peaks 191 

of secondary ions to the reference matrix of 40Ca31P, collected on a Faraday cup, were used to 192 

calculate concentrations for F, Cl, Br, and I using relative sensitivity factors (RSF) determined by 193 

multiple analyses of the Durango apatite reference material during the same session and using the 194 

accepted values of 33500 μg/g F (Marks et al., 2012), 4099 μg/g Cl, 0.84 μg/g Br and 0.73 μg/g I, 195 

respectively (Kusebauch et al., 2015b). Multiple measurements (of n = 12) of Durango apatite in this 196 

session reveal a relative reproducibility (1 σ) of 3 % for F, 4 % for Cl, 11 % for Br and 2 % for I. 197 

Secondary ions of 35Cl and 37Cl were collected at a MRP of 2500 (M/ΔM) and measured 198 

simultaneously on two Faraday cups in four blocks of ten integrations resulting in an overall counting 199 

time of 160 s. The magnet field stability was maintained using a nuclear magnetic resonance (NMR) 200 

field sensor operating in regulation mode. Measurements of two apatite reference materials, i.e., 201 

Durango and a pure, synthetic Cl-apatite of known composition with δ37Cl of 0.5 ‰ and 2.0 ‰, 202 

respectively (Kusebauch et al., 2015a) were interspersed in the measurement sequence. To account 203 

for a matrix dependent variation in instrumental mass bias of up to ca. 0.5 % resulting from variable 204 

Cl content, a linear correction based on drift-corrected Cl intensities was applied to all unknown 205 

isotopic compositions relative to intensity and isotopic composition of the bracketing apatite 206 

reference. External precision (1σ) on Durango apatite (n = 22) is 0.14 ‰. Results on halogen 207 

concentration and stable Cl isotopic compositions are reported in Table 2. 208 

We note that complementary analysis of F and Cl concentrations using SIMS in addition to EPMA 209 

technique applying different measurement protocols, not only provide a useful tool to better 210 

evaluate the accuracy of the corresponding analytical techniques, but also enables to compare the 211 

halogen concentrations by probing different sample volumes and depths, probably further allowing 212 

to resolve spatial distribution of these volatile element inside the phosphates grains, acting as major 213 

hosts for the halogens, if present. 214 

 215 

Trace element study using the Cameca IMS 1270  216 

High mass resolution REE analyses were carried out using a Cameca IMS 1270 at the National 217 

Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan. An O- primary beam 218 

of 1-3 nA or 9 nA, with a diameter in the range of 15-30 μm was used for these analyses in small and 219 

large grains, respectively. For an analysis of a symplectite region, a Dynamic Transfer Optical System 220 

(DTOS = 100 %) mode was applied and ion signals were detected from a square region (40 x 40 μm). 221 
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NIST SRM 612 and a synthetic REE glass (REE2001A), which only contains REEs (Hiyagon et al., 2011), 222 

were used for determination of REE concentrations and peak centers of each REE, respectively. A 223 

MRP of ~8500 at 1 % peak height was employed to separate heavy REEs from oxides of LREEs. In the 224 

case of merrillite, all isobaric interferences were mostly resolved and/or these effects were 225 

negligible. Because of low REE concentrations in apatite grains and surrounding phases (e.g., K-rich, 226 

SiO2-normative glass, see Llorca et al., 2013), a peak of 139La+ could not be separated from a 138BaH+ 227 

peak (i.e., MRP >20,000 is required for separation). The magnet was cyclically peak-stepped from 228 

mass 44 (44Ca+) to mass 175 (175Lu+), including 138Ba+, 137BaH+, 139La+, 140Ce+, 141Pr+, 146Nd+, 147Sm+, 229 
153Eu+, 157Gd+, 158Gd+, 159Tb+, 163Dy+, 165Ho+, 166Er+, 167Er+, 169Tm+, 172Yb+, and 173Yb+. The 44Ca+ was used 230 

as a reference signal to calculate REE concentrations. Concentration of an element R can be obtained 231 

using the ion intensity ratio (R+/Ca+)measured, the knowledge of the concentration of Ca in the analysis 232 

spot (determined by SEM-EDS or EPMA), and a RSF defined by (R+/Ca+)measured/(R/Ca)true. Although 233 

RSFs may be different for each mineral due to matrix effects, RSFs for each element were determined 234 

using NIST SRM 612 reference glass in this study. Isotope species of 138Ba and 158Gd data are 235 

corrected using terrestrial isotopic ratios of Knox et al. (1996). Results are reported in Table 3. 236 

 237 

Phosphate chronology obtained by SHRIMP II using U-Pb 238 

Secondary isotope masses of 204Pb, 206Pb, 207Pb and 238U were measured using another ion 239 

microprobe (sensitive high resolution ion microprobe - SHRIMP) installed at Hiroshima University, 240 

Japan. Analytical results are reported in Table 4. Analytical and data reduction procedures followed 241 

the protocol given in Terada and Sano (2012). In short, a 4 - 6 nA O2
- primary beam with an 242 

acceleration voltage of 10 kV was focused to sputter an area of ~30 µm in diameter on the surface of 243 

selected phosphate grains (i.e., six apatite and three merrillite grains). Positive secondary ions were 244 

extracted with 10 kV and detected on a single electron multiplier by peak switching mode. The MRP 245 

was set to ~5800 (M/ΔM at 1 % peak height) at 208Pb for U-Pb analyses. During analyses, the magnet 246 

was cyclically peak-stepped from mass 159 (40Ca2
31P16O3

+) to mass 254 (238U16O+), including 247 

background, all Pb isotopes, 238U and 232Th16O. No significant isobaric interferences in this mass range 248 

were detected. Because all selected grains exhibit very low measured 206Pb/204Pb values of ≤16, 249 

isotope ratios are expressed by linear regression in the 238U/206Pb - 207Pb/206Pb – 204Pb/206Pb 3D space 250 

Tera-Wasserburg Concordia diagram using the Isoplot/Ex software (Ludwig, 2001). Great advantage 251 

of this so-called “total U-Pb isochron method” is that both, chronological information and common 252 

Pb isotopic composition from the intersection with Concordia curve and 207Pb/206Pb-204Pb/206Pb plane 253 

can be derived without any assumption about common Pb evolution over billion years, which is not 254 

well understood (see details in Terada and Sano, 2012). 255 

 256 

3. Results 257 

3.1. Petrological context and microstructural observations 258 

Ksar Ghilane (KG) 002 is a coarse-grained basaltic and chemically enriched shergottite, collected in 259 

January 2010 as a single stone in Tunisia, weighing 538 g (Llorca et al., 2013). The rock is mainly 260 

composed of maskelynitized plagioclase (approximately 52 vol.%) and pyroxene (~37 vol.%); minor 261 

constituents include Fe-rich olivine (~4.5 vol.%), Ca-phosphates (~3.4 vol.%), small amounts of silica 262 

or K-rich, SiO2-normative glass, and traces of pyrrhotite, Ti-magnetite, ilmenite, and baddeleyite 263 

(Llorca et al., 2013). Overall, the sample is heavily shocked, as evidenced by the occurrence of 264 

maskelynite, mosaic extinction of rock-forming pyroxene grains, and local glass pockets containing 265 

partially preserved schlieren-like textures (compare Fig. 5 in Llorca et al., 2013). For estimating the 266 

shock pressure that KG 002 has experienced comparison with similar shock features in other Martian 267 
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meteorites have been made. Similar shock melt pockets were previously described in the 268 

shergottites NWA 1950 and Elephant Moraine (EETA) 79001 (Fritz et al., 2005; Walton and Herd, 269 

2007). Fritz et al. (2005) determined a shock pressure of 39 ± 4 GPa for lithology A of EETA79001. 270 

Further details on texture and mineralogy are reported in Llorca et al. (2013) and will not be 271 

repeated here. It is noted that the modal abundance of Ca-phosphates exceeds those of other 272 

shergottites, as compared to Los Angeles, a highly enriched, basaltic shergottite hosting ~2.7 vol.% 273 

phosphate according to Rubin et al. (2000), in particular. Merrillite is more abundant than apatite 274 

with a ratio of ~2:1 by volume, resulting in a total of 2.55 vol.% merrillite and 0.85 vol.% apatite. 275 

Apparent grain sizes are in the range of ≤25 × 80 µm to 2 mm × 880 µm for merrillite and ≤90 × 75 276 

µm to 595 × 375 µm for apatite. Coexisting Ca-phosphates commonly occur as discrete phases, often 277 

in the same areas in association with a three-phases symplectite, composed of Ca-rich pyroxene, 278 

fayalitic olivine (Fa91-96) and a silica polymorph, along with maskelynite, pyroxene, Ti-magnetite, 279 

pyrrhotite, ilmenite, and K-rich, SiO2-normative glass, but lack intergrowth with each other and/or 280 

indication of replacement reactions. A significantly smaller portion of phosphate grains occurs 281 

entirely enclosed by larger, rock-forming silicates. Typical textural record of KG 002 phosphates, 282 

together with the analytical spots are provided in Figure 1. Both apatite and merrillite mainly occur 283 

as anhedral to irregularly shaped grains and are uniformly distributed throughout the investigated 284 

thin sections. Most Ca-phosphates are devoid of inclusions, but often fractured, crosscut by several 285 

cracks, and appear fresh/devoid of terrestrial weathering in optical light. Some Ca-phosphate grains, 286 

however, with apatite in particular, contain small maskelynite and/or K-rich, SiO2-normative glass 287 

inclusions (e.g., Fig. 1, Ap 7, 11+12). Structural investigations of Ca-phosphates using Raman 288 

spectroscopy and CL imaging revealed that the investigated grains are crystalline and devoid of 289 

significant chemical zoning – at least for luminescence-sensitive elements (Fig. S1 in the supplement). 290 

Only weak patchy zoning in CL is observed for some of the grains. Representative Raman spectra are 291 

shown in Figure 2. Raman spectroscopic observations revealed well-defined spectra and relatively 292 

sharply defined, characteristic Raman bands for both Ca-phosphates when compared to phosphates 293 

from other shergottites, i.e., from EETA79001B and Zagami, and to lunar (OH-bearing) whitlockite 294 

from Wang et al. (1999, 2004; Fig. 2). In addition, Raman spectra of apatite grains in KG 002 are 295 

characterized by the absence of the Raman band at ~810 cm-1, similar to shocked apatite from the 296 

EETA 79001B basaltic (Fig. 2). 297 

 298 

3.2. Chemical and isotopic characteristics 299 

3.2.1 Major- minor and trace elements  300 

Measured CaO and P2O5 concentration in KG 002 apatite (n = 44) are 53.6 ± 0.6 wt.% and 41.2 ± 301 

0.5 wt.%, respectively with an average Ca/P value of 1.65 ± 0.02 reflecting a narrow range in cation 302 

exchange. Most analyzed apatite grains contain minor amounts of FeO (0.59 - 1.67 wt.%), SiO2 (0.26 - 303 

1.58 wt.%) and MnO (<0.02 - 0.12 wt%), and trace amounts of Ce2O3 (0.10 ± 0.03 wt.%), Na2O (0.11 ± 304 

0.05 wt.%), K2O, Cr2O3, MgO, TiO2, and Al2O3 (Table 1). Merrillite grains (n = 31) have CaO and P2O5 305 

concentration of 47.0 ± 0.4 wt.% and 45.3 ± 0.5 wt.%, respectively, and are rich in Na2O (0.99 - 1.35 306 

wt.%) and MgO (0.59 - 1.43 wt.%) with only minor variation in FeO of 4.8 ± 0.3 wt.% and trace 307 

amounts of Ce2O3 of up to 0.15 wt.%, as revealed by EPMA analyses (Table 1). The average merrillite 308 

Mg# [(Mg/(Mg+Fe))*100] of 26.8 ± 4.0 (n = 31), and Na component of single grains with 0.70 - 1.05 309 

atoms per formular unit (a.f.u.; Fig. 3), partially overlap with those observed for the Los Angeles 310 

enriched basaltic shergottite, which shares many similarities to KG 002 (Llorca et al., 2013), and EETA 311 

79001B intermediate basaltic shergottite, reported in Shearer et al. (2015). However, in contrast to 312 

the Na component, Mn in KG 002 merrillite is slightly depleted (i.e., ranging from 0.02 - 0.05 a.f.u.) 313 
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relative to Los Angeles and other basaltic shergottites. No significant enrichment of particular minor 314 

elements is observed, either in phosphate grains located in the late-stage melt pockets or among 315 

grains entirely enclosed in larger, rock-forming silicates. The overall chemical composition of 316 

phosphates in KG 002 is comparable e.g., with Zagami, Shergotty, and Los Angeles shergottites (Zhou 317 

et al., 2013; McCubbin et al., 2014; Shearer et al., 2015). 318 

Ion microprobe (SHRIMP II) analyses revealed that actinide concentrations are in the range of 0.8 319 

- 6.0 µg/g U and 1.0 - 6.8 µg/g Th with an average of 2.2 µg/g U (s.d. = 2.0, n = 6) and 2.8 µg/g Th (s.d. 320 

= 2.2, n = 6) in apatite, and 1.0 - 2.3 µg/g U and 14.1 - 29.2 µg/g Th and average values of 1.4 µg/g U 321 

(s.d. = 0.7, n = 3) and 19.7 µg/g Th (s.d. = 8.2, n = 3) in merrillite. This range is consistent with U and 322 

Th concentration of apatite and merrillite from other enriched shergottites, i.e., NWA 4864 and 323 

Zagami, and additional grains in KG 002 analyzed with laser ablation-inductively coupled plasma-324 

mass spectrometry (LA-ICP-MS) by Ward et al. (2017). It is noted that U and Th concentrations are 325 

variable from grain to grain and independent of the grain sizes (cf. Fig. 1), but always positively 326 

correlated (i.e., linear for apatite), consistent with observations for apatite actinide concentration 327 

from meteorites of different source regions/parent bodies (Ward et al., 2017). Thorium 328 

concentrations in merrillite are generally an order of magnitude higher with respect to U within the 329 

same grains and relative to coexisting apatite (Table 4).  330 

Phosphate REE concentrations are given in Table 3 and shown in Figure 4 relative to the bulk rock 331 

signature of KG 002 and Ca-phosphates from other martian meteorite sources. Merrillite grains in 332 

various martian rocks either exhibit unfractionated (flat) REE patterns with ~50× to 1000× CI, e.g., 333 

lherzolitic and some basaltic shergottites including KG 002, a slight depletion in LREE (e.g., in some 334 

basaltic and olivine (Ol)-phyric shergottites, or vice versa LREE enrichments, e.g., in the 335 

orthopyroxenite ALH 84001 (Opx) and the martian polymict regolith breccia NWA 7034, resulting in 336 

fractionated REE patterns (Fig. 4A). Variations in KG 002 merrillite REE concentrations are narrow, 337 

i.e., in the range of ~73 - 331× CI chondrite with slight negative Ce anomaly and overlapping with that 338 

of other basaltic shergottites (Fig. 4A). Apatite REE abundances for basaltic shergottites are within a 339 

range of ~4× to 100× CI and exhibit unfractionated REE patterns distinct to apatite grains from all 340 

remaining martian meteorite groups, which are enriched in LREE (i.e., ~500× to 4000× CI) and 341 

depleted in HREE (i.e., ~8× to 200× CI), resulting in typical fractioned REE patterns (Fig. 4B). The range 342 

of apatite REE concentrations overlaps that of other basaltic shergottites and KG 002 bulk rock 343 

(Llorca et al., 2013), showing unfractionated REE patterns in the range of ~4 - 37× CI chondrite (Fig. 344 

4B). When compared to other rock-forming constituents in KG 002, merrillite is more than one order 345 

of magnitude enriched in REE, confirming its role as a major sink for REEs in the host rock. Lowest 346 

abundances in REE concentrations and fractionated REE patterns were obtained in large maskelynite 347 

grains, K-rich, SiO2-normative glass, three-phase symplectite and pyroxene crystals, with the latter 348 

two exhibiting enrichments in the LREE Ce and Pr, and all coexisting with the Ca-phosphates (Fig.4C; 349 

cf. Fig. 1). Note that in addition to REEs, Ba concentrations were obtained in addition, ranging from 350 

13.5 - 63 µg/g in apatite, 2.75 - 11.3 µg/g in merrillite, and higher concentrations in maskelynite (29 - 351 

137 µg/g), symplectite (49 µg/g), and K-rich, SiO2-normative glass (951 µg/g; Table 3). 352 

 353 

3.2.2. Halogen concentrations and stable chlorine isotopic composition 354 

Based on EPMA data, apatite is halogen-rich, but variable in X-site occupancy. Chlorine and F 355 

concentrations range from 1.27 - 3.35 wt.% and 0.22 - 2.82 wt.%, respectively (Table 1, Fig. 5). Ion 356 

microprobe analyses, in accordance with EPMA results, revealed Cl concentrations in the range of 357 

~11,900 µg/g (Ap5) to ~35,300 µg/g (Ap7) and F concentrations are in the range of ~4,800 µg/g (Ap8) 358 

to ~25,500 µg/g (Ap6). Bromine concentrations are in the range of 50 ± 10 µg/g (Ap5) to 1,140 ± 144 359 
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µg/g (Ap4), and I concentrations span from 0.34 ± 0.01 µg/g (Ap12) to 5.17 ± 0.38 µg/g (Ap6; Table 2, 360 

Fig. 6), excluding some outliers in KG 002 located close to cracks. It is noted that I concentrations are 361 

well within the range of other shergottites, whereas F in particular, but also Br values exceed those 362 

of some other depleted and enriched shergottites, investigated by Bellucci et al. (2017), applying the 363 

same method under similar laboratory conditions (Fig. 7). Halogen ratios vs. halogen concentrations 364 

discriminate KG 002 apatite from other investigated apatite grains in shergottites, independent of 365 

the occurrence or absence of halogen zoning within the grains, as discussed in Bellucci et al. (2017). 366 

Here, halogen concentrations in KG 002 apatite plot in between those of the martian regolith breccia 367 

NWA 7533 that is paired with NWA 7034 and the rim region of Lakman Nunatak (LAR) 12011, which 368 

is another enriched, but Ol-phyric shergottite (Fig. 7). 369 

In addition to apatite as a major sink for halogens, merrillite is another carrier phase for F, Cl, Br, 370 

and I in martian rocks, but exhibits larger scatter and is typically 1-3 orders of magnitude less in 371 

concentration (Figs. 6 and 8). Merrillite in KG 002 exhibit: 0.10 ± 0.01 µg/g (Mer3) to 23 ± 1 µg/g 372 

(Mer4) F, 1.19 ± 0.06 µg/g (Mer1) to 159 ± 14 µg/g (Mer8) Cl, 1.34 ± 0.17 µg/g (Mer7) to 8 ± 1 µg/g 373 

(Mer4) Br, and 0.11 ± 0.01 µg/g (Mer7+8) to 1.92 ± 0.12 µg/g (Mer3) I (Table 2, Figs. 6 and 8). On 374 

average, halogen concentration in Ca-phosphates from KG 002 are: 12,600 ± 3,900 µg/g F, 22,600 ± 375 

6,000 µg/g Cl, 200 ± 200 µg/g Br, 1.26 ± 1.21 µg/g I in apatite (n = 40) and 5 ± 5 µg/g F, 23 ± 38 µg/g 376 

Cl, 3.5 ± 2.0 µg/g Br, 0.4 ± 0.5 µg/g I, and thus with a significantly larger scatter in merrillite (n = 26, 377 

Table 2). 378 

Five grains covering three apatite and two merrillite grains were selected for SIMS profile analysis 379 

from rim to rim and rim to core, respectively, and set manually to avoid hitting on a crack inside the 380 

grains (Fig. 6). These measurements reveal zoning patterns for all halogen species. In apatite, an 381 

increase in F concentration towards the core is observed, whereas Cl and Br concentrations show a 382 

strong systematic covariance and generally decrease towards the core. Although, sharply-defined, 383 

spatially resolved enrichments in halogens towards crystal margins are observed in martian apatite 384 

from other studies (Howarth et al., 2016; McCubbin et al., 2016; Bellucci et al., 2017), it is however 385 

noted that the inversely correlated and rather continuous zoning of F and Cl in apatite from this 386 

study is unlike previous findings. Results for I are more complex and a clear trend is absent, likely due 387 

to the general low I concentrations. Merrillite halogen concentrations vary from grain to grain. 388 

However, as opposed to apatite in KG 002 and if present, a consistent increase in F, Cl, Br and I 389 

concentrations towards the margin of the grains is observed. In case of merrillite #7, which is entirely 390 

surrounded by symplectite (cf. Fig. 1), a progressive enrichment in halogen concentration is present 391 

only towards one side of the grain.  392 

It has been observed that halogen concentrations, with Cl in particular, are correlated with the 393 

δ37Cl isotope composition in martian phosphates (Williams et al., 2016; Bellucci et al., 2017). Apatite 394 

grains in KG 002 consistently have positive δ37Cl values in the range of +0.26 ± 0.14 (Ap 8) to +0.97 ± 395 

0.14 ‰ (Ap7) with an average of +0.67 ± 0.14 ‰ (n = 8, 1σ including propagated external error, Table 396 

2), which discriminates the investigated sample from other enriched and depleted shergottites, 397 

having a light δ37Cl signature between -0.4 ‰ and -5.6 ‰ (Fig. 7). To date, positive δ37Cl values are 398 

observed for apatite in the orthopyroxenite ALH 84001 and the regolith breccia NWA 7034/7533 only 399 

with values in the range of +1.1 to +1.4 ‰ and ~+0.1 to +2.5 ‰ and +8.6 ‰ in a lithic clast of NWA 400 

7034 (Williams et al., 2016; Bellucci et al., 2017). It is further noted that δ37Cl values are variable 401 

within a grain, pointing not only to zonation in halogen concentrations (Fig. 6), but also to a variable 402 

stable chlorine isotopic composition.  403 

 404 
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3.3. Chronology of phosphates 405 

The location of U-Pb isotope analytical spots, together with those for REE and halogen 406 

concentrations are presented for a representative number of Ca-phosphate grains in Figure 1. Values 407 

of 238U/206Pb, 207Pb/206Pb, and 204Pb/206Pb of each selected Ca-phosphate grain, together with their 408 

corresponding U and Th concentrations are reported in Table 4. Values for 204Pb/206Pb and 207Pb/206Pb 409 

are very unradiogenic, spanning from 0.0635 ± 0.0026 and 0.842 ± 0.080 (Ap11, 1σ) to 0.0726 ± 410 

0.0017 and 0.967 ± 0.011 (Ap1) in apatite and only slightly higher in merrillite from 0.0719 ± 0.0020 411 

and 0.937 ± 0.041 (Mer3) to 0.0766 ± 0.0013 and 0.952 ± 0.010 (Mer1). When compared to 412 
204Pb/206Pb and 207Pb/206Pb values obtained in maskelynite grains of KG 002 that yield 0.0814 ± 0.036 413 

and 0.995 ± 0.017 (n = 20), as reported in Bellucci et al. (2018), the Pb isotopic composition of KG 002 414 

phosphates is even less radiogenic (Fig. 9). The U-Pb isotopic composition of six apatite and three 415 

merrillite grains of various sizes and mineral assemblages (Fig. 1) yield a phosphate crystallization 416 

time at 395 ± 240 Ma (2σ, MSWD (mean square weighted deviation) = 1.3, probability = 0.018; Fig. 417 

9). A time difference between apatite and merrillite crystallization could not be resolved. 418 

 419 

4. Discussion 420 

Crystallization time and formation conditions of Ca-phosphates in KG 002 421 

Formation time, conditions, and evolution of the KG 002 enriched shergottite are constrained 422 

using a series of high-spatial resolution analytical techniques focusing on the extraordinary large 423 

merrillite and apatite grains that make up a significant modal constituent of ~3.4 vol.% of the bulk 424 

rock. When compared to various types of martian rocks, where Ca-phosphates occur as widespread 425 

accessory phases, grain sizes are larger and modal abundance is higher in the investigated sample. 426 

With only a few exceptions, e.g., the Los Angeles enriched basaltic shergottite hosting ~2.7 vol.% 427 

phosphates with dominant merrillite (Rubin et al., 2000) and some apatite-laden lithic clasts in the 428 

NWA 7034 regolith breccia (e.g., Santos et al., 2015; McCubbin et al., 2016), both minerals typically 429 

occur in significantly lower modal abundances and usually in trace amounts in martian rocks only. 430 

Furthermore, when compared to other proveniences in the inner Solar System, such high modal 431 

abundances of Ca-phosphates were observed in some lunar rock clasts collected during the Apollo 14 432 

mission and in a ferroan anorthositic troctolite clast in the lunar meteorite ALH81005 only (Warren et 433 

al., 1983; Goodrich et al., 1985). The alkali anorthosite clast 14313,70 is hosting 15-20 vol.%, and 434 

another anorthositic troctolite clast in 14305 ~2.8 vol.% whitlockite, each (Warren et al., 1983). The 435 

troctolite clast in the lunar meteorite ALH81005 contains ~3 vol.% Cl-apatite (Goodrich et al., 1985). 436 

However, it is noted that these clasts resemble only small volumes of the corresponding host rocks 437 

and thus are not representative for the bulk sample and therefore probably formed under different 438 

conditions. Therefore, they are hardly comparable with the bulk modal Ca-phosphate abundance in 439 

the KG 002 enriched martian shergottite that formed in a completely distinctive environment. 440 

Although Ca-phosphates are known to occur as widespread accessory minerals in shergottites, 441 

their chronological use is often hampered because all of these samples have undergone some degree 442 

of shock metamorphism as a result of impacts either prior or at the time of the ejection event of the 443 

host rock. Here it is noted that the group of martian shergottites experienced shock pressures in the 444 

regime of 26 to 55 GPa (Fritz et al., 2005). These are, however often confined to areas of glass 445 

pockets and veins, but also account for defects in the crystal lattice of rock forming silicates, leading 446 

to observed mosaicism in pyroxenes and above ~25 GPa to the transformation of plagioclase to 447 

maskelynite, all observed in the investigated KG 002 sample (cf., Llorca et al., 2013). Therefore, 448 

formation of Ca-phosphates is under debate to result from igneous or shock metamorphic 449 
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crystallization or may be even later disturbed by interaction with hydrothermal fluids causing isotope 450 

resetting (e.g., Zhou et al., 2013; McCubbin et al., 2014; Howarth et al., 2015; Bellucci et al., 2017).  451 

Observed shock effects in Ca-phosphates generally include: formation of planar microstructures, 452 

e.g., in apatite from terrestrial impact sites (Cavosie and Centeno, 2014), crystal deformation, known 453 

from merrillite crystals in Apollo 14 breccias (e.g., Snape et al., 2016), intense fracturing and 454 

occurrence of Ca-rich melt veins within the grains and extending away from the crystals, observed in 455 

some shergottites (e.g., Howarth et al., 2015), and the formation of high-pressure polymorphs, such 456 

as tuite (-Ca3(PO4)2), known from within a shock melt vein of the Suizhou L6 chondrite (Xie et al., 457 

2002). In addition, intergrowth or replacement reactions of apatite and merrillite, and sharp chemical 458 

zoning indicative for reaction rims in some martian meteorites is observed, further indicating some 459 

degree of either thermal or hydrothermal alteration (e.g., Shearer et al., 2015, Bellucci et al., 2017).  460 

From these textural, microstructural and chemical evidences for impact shock and secondary 461 

alteration, only (i) intense fracturing of Ca-phosphates and the occurrence of maskelynite inclusions 462 

in some of the grains (Fig. 1), some degree of structural deformation in apatite inferred from Raman 463 

spectroscopic analysis (Fig. 2), and weak patchy zoning, preserved in some grains, as revealed by CL 464 

imaging (Fig. S1) are observed in KG 002. These shock metamorphic features in Ca-phosphates 465 

probably formed simultaneously to the transformation of plagioclase to maskelynite and generation 466 

of intense microstructural defects in pyroxenes (i.e., mosaicism), at the time of 119 ± 30 Ma, 467 

constrained by  bulk rock 40K-40Ar chronology (Llorca et al., 2013). This date is within uncertainty 468 

younger than the obtained U-Pb age of Ca-phosphates with 395 ± 240 Ma (2σ) from this study (see 469 

detailed discussion below) and the Pb model age of maskelynite (i.e., 360 ± 802 Ma (2σ); Bellucci et 470 

al., 2018), and therefore rather indicate a shock metamorphic age than the crystallization time of the 471 

rock, which is in contrast to the previous interpretation (Llorca et al., 2013). In addition, and beside 472 

of clear textural and petrologic evidences of shock metamorphism preserved in KG 002 (cf. 473 

observation in chapter 3.1), typical occurrence of discrete apatite and merrillite grains, together with 474 

their chemical characteristics are indicative for an igneous origin. For instance, they often occur 475 

within symplectite areas and are cogenetic with host igneous minerals, which is e.g., evidenced by 476 

well-defined crystal boundaries between the Ca-phosphates with surrounding phases and crystal 477 

habit of sulfides within these symplectite areas. In addition, indication of amorphization and/or 478 

transformation into high-pressure polymorphs, replacement reactions and intergrowth relations are 479 

all absent. Only intense fracturing of the grains and some degree of crystallographic disordering 480 

(Figs.1 and 2) indicate a certain degree of shock metamorphism. This discriminates Ca-phosphate 481 

characteristics in KG 002 from those formed in high-pressure environments. This is further 482 

constrained by the absence of hydroxyl-rich whitlockite, stable only at temperatures <1050°C, as 483 

discussed in McCubbin et al. (2014; cf. lunar whitlockite Raman spectra, Fig. 2) and the shape of the 484 

phosphate REE patterns that are distinctive to that of the rock-forming silicates - pyroxene and 485 

maskelynite, crystallizing prior to Ca-phosphates (Fig. 4c). Here, it is also noted that the occurrence of 486 

merrillite over whitlockite at the time of crystallization and the lack of indication for the presence of 487 

fluids or brines imply that KG 002 neither experience a long-lasting thermal event, nor secondary 488 

aqueous alteration, both of which could affect the U-Pb systematics in the Ca-phosphates (Fig. 9). 489 

Both, apatite and merrillite in the enriched KG 002 shergottite appeared late in the crystallization 490 

sequence of the host basalt, as confirmed by petrographic observations, as well as the REE and 238U-491 
206Pb record of the grains (cf. Fig. 9). The occurrence of coexisting, but discrete apatite and merrillite 492 

grains hosting maskelynite inclusions (Fig. 1) indicate formation of plagioclase prior to the time of Ca-493 

phosphate crystallization that transformed into maskelynite by a younger event as evidenced by the 494 

crystallization times of phosphates, maskelynite and bulk rock (Llorca et al., 2013; Bellucci et al., 495 
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2018; and this study). Here, according to a shergottite Pb isotopic model by Bellucci et al., (2018), 496 

derived from SIMS analysis of feldspars in a series of Martian meteorites, a two-stage differentiation 497 

history of Mars is implied with a µ1 (238U/204Pb) value of 1.8, consistent with enstatite and ordinary 498 

chondrites and thus probably defining the initial Pb isotopic composition of the Solar System and a 499 

range of (second stage) µ2-values, spanning from 1.4 - 4.7. The latter are interpret as second stage 500 

mantle evolution with mixing of depleted, intermediate and enriched mantle sources on Mars 501 

(Bellucci et al., 2018). According to this model, the KG 002 shergottite with a µ-value of 3.1 may 502 

indicate a mixing of an enriched with more intermediate-to depleted mantle source(s). The Pb 503 

isotope analysis of maskelynite in KG 002 yield a Pb model age of 360 ± 802 Ma (2σ) that is, albeit 504 

imprecise, overlapping with the crystallization time of phosphates at 395 ± 240 Ma (2σ, MSWD = 1.3; 505 

Fig. 9). This time span is within uncertainty older than the bulk rock 40K-40Ar age of 119 ± 30 Ma from 506 

Llorca et al. (2013) and imply a short crystallization interval of feldspars and Ca-phosphates in KG 002 507 

and a later resetting event, which may be of (impact) metamorphic origin. Chronological constraints 508 

may also imply that observed elevated δ37Cl values of KG 002 apatite grains of +0.67 ± 0.14 ‰ (1σ, n 509 

= 8) relative to that of other shergottites (See Figs. 7 and 10) can be explained by mixing and/or 510 

assimilation of different mantle sources. However, this had not necessary to take place in the deep 511 

interior of the martin mantle by mixing of isotopically distinct reservoirs, but maybe also introduced 512 

by assimilation of isotopically evolved material during traverse through the crust and upon cooling, 513 

also discussed  in Williams et al. (2016), Sharp et al. (2016) and Shearer et al (2018).   514 

Therefore, the phosphate chemical and chronological record either reflects crystallization from an 515 

enriched mantle source magma, which may be distinct or admixed with other mantle sources (cf. 516 

Bellucci et al., 2018), when compared to other basaltic shergottites, or result from crystallization 517 

from a completely molten host rock after recent impact bombardment. In the latter case, however, 518 

temperatures must have been above the solidus, causing remelting of bulk rock components (such as 519 

the formation of large glass areas) and a depletion in LREE, which is clearly not observed in KG 002, 520 

as shown in Llorca et al. (2013). Therefore, it  can be deduced that some of the late-forming 521 

shergottite magma sources, with mafic, and in terms of trace element budget, highly-enriched 522 

magma types, are also enriched in volatile and other incompatible elements, resulting in the 523 

observed phosphate and merrillite chemistry. Here it is noted that the KG 002 phosphate date of 395 524 

± 240 Ma (2σ; Fig. 9) is within uncertainties similar to those obtained for the most-recently 525 

crystallized martian basalts, i.e., the shergottites Zagami and Shergotty with 153 ± 81 Ma (Zhou et al., 526 

2013) and 217 ± 110 Ma/204 ± 68 Ma (Sano et al., 2000), respectively (Fig. S2 in the supplement), 527 

which are chemically similar to KG 002 with regards to the bulk rock composition (e.g., Llorca et al., 528 

2013). 529 

According to the high modal abundance of the two Ca-phosphates and a merrillite-to-apatite ratio of 530 

2:1 by volume, it can be deduced that apatite with its REE concentrations in the range of the bulk 531 

rock, contribute only to ~1.6 % to the bulk REE budget. In contrast, merrillite, which is significantly 532 

more enriched in REE (Fig. 4) contribute to ~60 % to the LREE (La-Eu) and ~35 % to the HREE (Gd-Lu) 533 

bulk rock budget, confirming its significance as a major sink for trace elements and further implying 534 

late crystallization from a highly fractionated melt.  535 

In addition, the correlation of Mg# with Na and Mn-sites in merrillite reflects the sequence and 536 

extent of plagioclase (later transformed to maskelynite in KG 002) and pyroxene crystallization 537 

relative to that of merrillite and the source melt composition, discussed in detail in Shearer et al. 538 

(2015). In the case of KG 002, merrillite Na concentrations are well within the range, Mn 539 

concentrations are slightly lower, and Fe concentrations exceed that of other shergottites (Table 1, 540 

Fig. 3). A high Na component in merrillite (Fig. 3A), in agreement with high bulk rock Na2O and Al2O3 541 
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contents of 2.78 wt.% and 14.1 wt.%, respectively (Llorca et al., 2013), and high proportion of 542 

maskelynite, suggest that plagioclase reached the liquidus later than in low-Na merrillite and bulk 543 

rocks, such as observed in QUE 94201 (details in Shearer et al., 2015), and further implies a high Na 544 

activity in the basaltic melt source. High Fe concentrations result from preferred substitution of Fe2+ 545 

over Mn, Sr and REEs in the 8-fold coordinated Ca-site and additional substitution of Fe in the 546 

octahedral Mg-site in the merrillite crystal structure (Fig. 3B). Thus, the merrillite Mg# of 26.8 ± 4.0 (n 547 

= 31) in KG 002 that is partially overlapping with the enriched shergottite Los Angeles with Mg# = 548 

28.2, but higher when compared to the depleted shergottite QUE 94201 with a Mg# of 8.7 according 549 

to Shearer et al. (2015), is consistent with crystallization of Ca-phosphates from a fractionated melt 550 

and post-dating pyroxene formation in KG 002. It is noted that the Cl abundance in merrillite is 551 

generally positively correlated with Br in particular, consistent with observations for apatite in KG 552 

002 (Fig. 8), and within a given range of 1.2 - 90 µg/g, with only one exception, and similar to 553 

merrillite in Shergotty with <1 - ~69 µg/g (McCubbin et al., 2014). This further implies similar 554 

formation conditions of at least some portions of enriched basaltic shergottites. However, in the 555 

study from McCubbin et al. (2014) a correlation of high Cl and H2O values with crystal-internal S, 556 

probably induced by tiny S-rich mineral inclusions has been observed. As such, elevated Cl 557 

concentrations in KG 002 merrillite in particular may be also introduced by irregularly dispersed S 558 

inclusions inside the grains, which, however, could not be resolved in this study as S concentrations 559 

were always below detection limit during EPMA analysis, and S concentrations were not included 560 

using SIMS (i.e., applying ion imaging) analysis. On the other hand, halogen (F, Cl, Br and I) 561 

concentrations in merrillite seem to be systematically enriched towards the margin of the grains (Fig. 562 

6) applying SIMS profile analysis and therefore rather indicate another enrichment process, discussed 563 

below. 564 

 565 

Crystal structural implications 566 

Structural investigations using Raman spectroscopy yield: (i) a prominent double-band at 973 and 567 

957 cm-1 in merrillite spectra of KG 002 that can be assigned to the ν1 symmetric stretching vibration 568 

of the phosphate tetrahedra (Fig. 2). This double band is typical for merrillite of “low REE content” 569 

and absent, e.g., in the lunar rock chips 14161,7373 and 15272,2 that exhibit REE concentrations 570 

about an order of magnitude higher when compared to martian merrillite, resulting in a single 571 

asymmetric band near 968 cm-1 and 962 cm-1, respectively, due to REE fluorescence (Wang et al., 572 

1999; Jolliff et al., 2006). This finding is in agreement with the overall REE concentration of KG 002 573 

merrillite (Table 2, Fig. 4). (ii) Absence of significant band broadening in the Raman spectra, resulting 574 

from high concentration of U and Th that cause metamictization from recoiling α-particles in a crystal 575 

lattice, as observed, e.g., in EETA 79001B and Zagami shergottites, and in lunar whitlockite (Wang et 576 

al., 1999, 2004). This observation is consistent with the generally low actinide concentration in the 577 

Ca-phosphates (Table 2) and the recent crystallization time deduced from the U-Pb record of the 578 

grains (Fig. 9). (iii) Absence of the Raman band at ~810 cm-1 in KG 002 apatite, similar to shocked 579 

apatite from the EETA 79001B basaltic, chemically intermediate shergottite, indicating a certain 580 

degree of structural deformation likely due to shock metamorphism in agreement with petrographic 581 

observations of the sample (Fig. 2; cf. Llorca et al., 2013). (iv) Absence of characteristic, OH-active 582 

Raman bands at 923 cm-1 and between 3200 and 3900 cm-1, confirming the occurrence of hydroxyl-583 

poor merrillite in KG 002, where at least within the sensitivity of the Raman technique given the 584 

applied instrumental set up, a hydroxyl component could not be recorded. In consequence, the 585 

chronological and petrological record of the phosphate grains, i.e., igneous texture and absence of 586 

replacement and reaction features and intense structural deformation features, as further indicated 587 
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in BSE (Fig. 1) and CL imaging (Fig. S1),together with the crystalline structure of the grains, i.e., 588 

absence of significant band broadening and shifting due to impact-induced shock and/or high 589 

temperature metamorphism, as revealed by Raman spectroscopy, again all indicate a one-stage 590 

crystallization, likely in an igneous formation environment rather than impact metamorphic 591 

formation, and a lack of significant secondary disturbance. 592 

 593 

Source melt composition  594 

The composition of the recently formed basaltic source melt of the enriched basaltic KG 002 595 

shergottite can be inferred from the chemical record of apatite and merrillite. (i) Here, the presence 596 

of hydroxyl-poor, but halogen-bearing merrillite in KG 002 (Fig. 7), coexisting with volatile-rich 597 

apatite and often in association with the symplectite, K-rich, SiO2-normative glass, and maskelynite 598 

(cf. Fig. 1), indicate phosphate crystallization from a volatile-rich melt. (ii) Taking a high phosphate 599 

solubility in basaltic melt into account, a highly fractionated melt, further enriched in incompatible 600 

elements such as P and the lithophile REEs in particular is required, as reflected in the chemistry and 601 

formation of up to mm-sized phosphates with a high modal abundance of ~3.4 vol.% in the host rock. 602 

Although the halogen record in apatite in particular indicates crystallization from a fractionated melt 603 

enriched in volatiles, which is consistent with most enriched, basaltic shergottites (Fig. 5), this source 604 

melt was not only enriched in hydroxyl-component, but also in Br and I, which is recorded in the 605 

halogen signatures of both apatite and merrillite (Figs. 7 and 8). Large scatter in apatite halogen 606 

concentrations indicates flexibility of the apatite structure that enables significant chemical variation 607 

due to anion substitution of the chemical occupation of channel sites (F, Cl, OH) in the crystal 608 

structure. The results reveal that apatite grains in KG 002 are highly variable in X-site occupancy and 609 

have elevated Cl and OH concentrations in particular, consistent with apatite deriving from other 610 

basaltic and lherzolitic shergottites (Fig. 5). Ion microprobe analyses further indicate that other 611 

substituting volatile elements on the OH-site include Br and I to a significant amount (Figs. 6 and 7, 612 

Table 2). In addition, the occurrence of hydroxyl-poor, but volatile-element bearing merrillite (Fig. 8) 613 

may also reflect a preferential uptake of the halogens Cl, Br and I into the crystal structure with 614 

respect to a hydroxyl component. (iii) In accordance with the observed Fe-enrichment in large 615 

merrillite crystals, the low Mg# of the bulk rock with a value of 19.5, as recalculated from Llorca et al. 616 

(2013), and the occurrence of large symplectite areas with up to 2 mm, encompassing a modal 617 

abundance of ~10-15 vol.% according to Llorca et al. (2013) and resulting from a breakdown of 618 

pyroxferroite at low pressure and during slow cooling, a ferroan bulk composition of the source melt 619 

is further indicated.  620 

However, it can be inferred that even if the volatile and hydroxyl-components are high in Ca-621 

phosphates (Figs. 5-7, Table 2), the volatile content in the parental magma of the host rock was 622 

significantly lower than the values at the recent crystallization time of apatite and merrillite, because 623 

nucleation of these phases occurred late-stage from the residual, fractionated melt pools at which 624 

incompatible elements, including “water” are enriched. This finding is consistent with that of other 625 

shergottites covering both depleted and enriched melt sources (e.g., McCubbin et al., 2012). 626 

Therefore, a quantification of the water content of the source mantle reservoir on Mars from KG 002 627 

apatite is not useful, consistent with the stable chlorine isotopic record of the grains, discussed 628 

below. However, a recently estimated water content of the enriched shergottite mantle source, 629 

derived from apatite chemistry and overlapping with the halogen record of apatite from KG 002, 630 

suggest a H2O value of 36 -73 ppm for the enriched and a H2O content of 14-23 ppm for the depleted 631 

martian mantle source, respectively (McCubbin et al., 2016). This implies that the martian mantle 632 

was not dry and hydrous melting proceeded until the late Amazonian period.  633 
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Calculated relative volatile abundances of source melts for various martian samples is discussed in 634 

McCubbin et al. (2013), which is based on available apatite/melt partition coefficients for F, Cl, and 635 

OH in a basaltic system. According to this model, apatite grains in KG 002 plot well in the field of H2O 636 

> Cl > F, and therefore crystallization from a volatile-dominated, hydrated melt source can be 637 

inferred, which is consistent with most basaltic shergottites (Fig. 5). Here, it is noted that in a typical 638 

terrestrial magma, early-formed apatite is F-rich evolving to more Cl-rich composition. However, 639 

Filiberto and Treiman (2009) proposed that martian magma sources are more enriched in Cl, i.e., 640 

~2.5× compared to Earth, and may result in an early crystallization of Cl-apatite. Furthermore, 641 

formation of Ca-phosphates in a Cl-rich magma source that is less enriched in water would be 642 

consistent with interpretations from Filiberto et al. (2014) on experimental- and modeling-based 643 

results of scarpolite in a melt inclusion in olivine from the Nakhla martian meteorite. On the other 644 

hand, the U-Pb isotope record of Ca-phosphates in KG 002 revealed a recent crystallization time, i.e., 645 

of  395 ± 240 Ma (2σ, Fig. 9), which may be further indicative for late fractional crystallization 646 

processes on Mars and halogen evolution of the source melt from F to Cl- and H2O-rich instead. This 647 

is again consistent with the halogen record of apatite (Fig. 5), induced by a varying F:Cl:OH in the 648 

source melt due to fractional crystallization, as discussed in McCubbin et al. (2016). 649 

A short-term chemical evolution of the late-stage fractionated melt at the time of phosphate 650 

crystallization in KG 002, which is however not resolved in the 238U-206Pb record of the grains, still be 651 

implied by the halogen record of merrillite and apatite (Fig. 8). Given a critical concentration of 652 

volatiles such as OH and/or the halogens F and Cl required for the formation of apatite from a 653 

basaltic melt (Webster et al., 2009; Sarafian et al., 2017), a nucleation sequence from merrillite to 654 

apatite in KG 002 can be deduced. Here, crystallization and a continuous growth of merrillite account 655 

for the large grain sizes (Fig. 1), accompanied by continuous enrichment in incompatible elements, as 656 

recorded in the halogen zoning pattern of some grains (Figs. 6 and 8). When volatiles and thus also 657 

the halogen concentrations in the melt exceed values represented at the margins of merrillite grains 658 

where the level of halogen incorporation into the crystal structure of merrillite is reached, apatite 659 

grains are likely to nucleate (Fig. 10 and also discussed in Sarafian et al., 2017). In consequence, 660 

apatite crystallization most likely postdates merrillite growth. 661 

 662 

Halogen record and evidence for crust-mantle interaction on Mars 663 

Petrological observations, together with the halogen record of the grains indicate that the KG 002 664 

shergottite is devoid of any replacement and/or equilibrations reactions with fluids or brines (Fig. 1). 665 

Therefore, aqueous alteration at the time of phosphate crystallization is negligible and hydrothermal 666 

phosphate precipitation or recrystallization seems implausible. This finding clearly discriminates Ca-667 

phosphate from this sample to those of some other martian meteorites, where replacement and/or 668 

metasomatic reactions are observed (e.g., Shearer et al., 2015; Bellucci et al., 2017). Potential 669 

processes discussed in Howarth et al. (2016) causing a modification of volatile proportions within the 670 

martian magma are: (i) degassing, as Cl preferentially partitions into the fluid phase relative to F and 671 

is lost from the system, which is not observed here, (ii) introduction of Cl- and REE-rich fluids, 672 

resulting in re-equilibration to more Cl-rich components and which also can be excluded here, and 673 

(iii) interaction with the martian crust that is rich in Cl. The latter assimilation process of crustal 674 

component indeed can explain the halogen and stable chlorine isotope record of apatite in KG 002 675 

(Figs. 7 and 10). 676 

Here, the observed zoning patterns in halogen concentrations of apatite, characterized by rather 677 

continuous but contrary enrichments in F vs. Cl (Fig. 6). They differ with respect to previous findings 678 

of sharply-defined co-enrichments in F and Cl towards crystal margins interpreted to result from 679 
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interaction with crustal fluids (Howarth et al., 2016; McCubbin et al., 2016; Bellucci et al., 2017), and 680 

therefore can be explained by assimilation of volatile-rich crustal material. Thus, variation in apatite 681 

composition within the sample, as shown in Figure 5, indicates a fractional crystallization trend with 682 

crystallization from a highly fractionated melt consistent with the REE record of the grains (Fig. 4), 683 

followed by assimilation of a Cl-rich crustal component (Fig. 10). These findings are again in 684 

agreement with previous findings from e.g., Williams et al. (2016), McCubbin et al. (2016 and refs. 685 

therein) and Bellucci et al. (2017). Such a sequence in fractional crystallization and secondary 686 

alteration is not only recorded in halogen concentrations of apatite grains, but further constrained by 687 

their δ37Cl record (Figs. 7 and 10). Unlike other basaltic, both enriched and depleted, shergottites 688 

(Williams et al., 2016; Bellucci et al., 2017), a positive δ37Cl signature of +0.67 ± 0.14 ‰ (1σ, n = 8) for 689 

apatite grains in KG 002 is observed (Fig. 7), which either points to a different degree and/or 690 

mechanism of isotopic fractionation or a different formation environment of the basaltic 691 

shergottites. Positive δ37Cl values are reported for the orthopyroxenite ALH 84001 with +1.08 ‰ to 692 

+1.4 ‰ and the martian regolith breccia NWA 7533, paired with NWA 7034, with values ranging from 693 

~+0.1 to +2.5 ‰ and +8.6 ‰ in a lithic clast and for which interaction or equilibration with crustal 694 

fluids have been discussed (Williams et al., 2016; Bellucci et al., 2017). However, in case of NWA 695 

7034/7533, apatite is dominant and only one single merrillite discovered so far is partially replaced 696 

by Cl-apatite (McCubbin et al., 2016), in contrast to Ca-phosphates in the KG 002 shergottite.  697 

Given the heavier δ37Cl signature of KG 002 apatite (Fig. 7), the stable isotopic record further 698 

distinguishes this sample from other young basaltic shergottites with negative δ37Cl values, i.e., of -699 

0.2 to -5.6 ‰ and which show evidence for assimilation of a Cl-rich crustal component of up to 2 % 700 

during the latest stages of basalt crystallization discussed in Williams et al. (2016) and Bellucci et al. 701 

(2017). There are two scenarios accounting for the more fractionated δ37Cl signature in KG 002 702 

apatite, together with the elevated halogen concentrations in particular and when compared to 703 

other shergottites (Fig. 7): (i) Different magma sources or variable degrees of magma source 704 

fractionation exist to account for the chemical range observed for enriched shergottites, which is 705 

further supported by the variable crystallization times of shergottites (Fig. 9), (ii) or varying degrees 706 

of interaction with the martian atmosphere and/or crustal material occurred. In the latter case, the 707 

KG 002 shergottite with its unfractionated REE pattern, distinct from that of the LREE-depleted 708 

shergottites (Fig. 3), would imply a slightly higher degree of assimilation of enriched martian crustal 709 

material, consistent with the δ37Cl record (Fig. 10). Such a higher level of assimilation of crustal 710 

material in KG 002 with an estimate of ~3.5 % when compared to other shergottites, following the 711 

assimilation-fractional crystallization formation proposed by Williams et al. (2016), is not only implied 712 

by elevated Cl concentration and the more fractionated δ37Cl record of apatite grains as proposed 713 

earlier (Fig. 10), but also evidenced by higher enrichments in F, Br and I in the grains in Figure 7. 714 

Here, it is noted that in this case the volatile record in Ca-phosphates of KG 002 is not useful for 715 

estimating the halogen concentration in the martian mantle, likewise to many other enriched basaltic 716 

shergottites (e.g., McCubbin et al., 2016). Therefore, our preferred interpretation based on the 717 

detailed chemical and structural investigation of Ca-phosphates in KG 002 is an igneous 718 

crystallization from a highly fractionated, hydrated and ferroan mantle source, rich in REEs, and 719 

volatile elements including halogens and Na, which formed at 395 ± 240 Ma (2σ). The heaver δ37Cl 720 

signature of KG 002 of +0.67 ± 0.14 ‰ (1σ), when compared to other enriched basaltic shergottites, 721 

together with the complex halogen record of the grains, result from interaction with a volatile-rich 722 

martian crustal reservoir and is in accordance with an assimilation-fractional crystallization 723 

formation. 724 

 725 
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5. Conclusions 726 

1. The petrological context of the Ca-phosphate grains in KG 002, i.e., the absence of replacement or 727 

equilibration reactions and typical association with symplectite, indicate an igneous formation 728 

environment, making secondary alteration by interaction with hydrothermal fluids or brines unlikely. 729 

2. High modal abundance and large grain sizes of coexisting Ca-phosphates, variable X-site occupancy 730 

in apatite, together with observed enrichment in lithophile REEs, in agreement with that of other 731 

enriched shergottites, are all consistent with a fractional crystallization trend and crystallization from 732 

a fractionated incompatible element- enriched (i.e., hydrous, REE- and volatile-element rich) source 733 

melt in the martian mantle.  734 

3. The heavier δ37Cl signature of +0.67 ± 0.14 ‰ (1σ, n = 8), discriminating KG 002 from that of other 735 

basaltic, enriched and depleted shergottitescan be explained by a slightly higher degree of ~3.5 % 736 

assimilation of a Cl-rich martian crustal reservoir according to present models. 737 

4. Halogen zonation profiles, where Cl and Br behave covariant, as observed for both apatite and 738 

merrillite, and opposite to F, observed in apatite in particular, can be explained by a short-term 739 

crystallization sequence of the two phosphate species by igneous formation processes.5. 740 

Microstructural analysis by Raman spectroscopy reveal well-defined spectra for apatite and 741 

merrillite, confirming the occurrence of hydroxyl-poor merrillite, weak if any effects induced by 742 

metamictization, and only weak evidence for shock metamorphism postdating late phosphate 743 

crystallization. 744 

6. The Pb isotopic composition of six apatite and three merrillite grains is highly unradiogenic and the 745 

measured 238U-206Pb record yields a phosphate crystallization time at 395 ± 240 Ma (2σ), similar to 746 

other enriched basaltic shergottites. 747 
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Table 1. EPMA data of average chemical composition of Ca-phosphates in KG 
002. Results in wt%. Uncertainties are given as s.d. values. Analysis include 
multiple spots derived from 17 merrillite and 26 apatite grains total. *BDL = 
below detection limit. 

 
Merrillite (n = 31) Apatite (n = 44) 

Na2O 1.25 ± 0.09 0.11 ± 0.05 
K2O 0.06 ± 0.02 0.03 ± 0.01 
Cr2O3 BDL* 0.05 ± 0.02 
MgO 0.98 ± 0.15 0.04 ± 0.01 
P2O5 45.3 ± 0.5 41.2 ± 0.5 
CaO 47.0 ± 0.4 53.6 ± 0.6 
MnO 0.10 ± 0.03 0.07 ± 0.02 
SiO2 BDL* 0.70 ± 0.29 
TiO2 BDL* 0.07 ± 0.02 
FeO 4.8 ± 0.3 0.99 ± 0.23 
Al2O3 0.2 ± 0.3 0.2 ± 0.1 
Ce2O3 0.09 ± 0.02 0.10 ± 0.03 
SO3 BDL* 0.15 ± 0.05 
Cl - 2.22 ± 0.58 
F - 1.04 ± 0.60 
H2O - 0.71 ± 0.22 
O=F,Cl - 0.94 ± 0.18 
Total 99.6 ± 0.4 99.9 ± 0.6 

Cations based on 56 oxygens for merrillite and 26 oxygens for apatite 
Na 0.88 ± 0.07 0.03 ± 0.02 
K 0.03 ± 0.01 0.003 ± 0.003 
Cr - 0.001 ± 0.002 
Mg 0.53 ± 0.08 0.008 ± 0.005 
P 14.0 ± 0.1 5.99 ± 0.04 
Ca 18.4 ± 0.2 9.88 ± 0.09 
Mn 0.03 ± 0.01 0.010 ± 0.004 
Si - 0.12 ± 0.05 
Ti - 0.004 ± 0.004 
Fe 1.46 ± 0.08 0.14 ± 0.04 
Al 0.03 ± 0.08 0.02 ± 0.03 
Ce 0.01 ± 0.01 0.03 ± 0.03 
S - 0.019 ± 0.007 

Total 35.41 ± 0.08 35.41 ± 0.09 

Cl - 0.65 ± 0.17 
F - 0.56 ± 0.32 
OH - 0.79 ± 0.22 
Total (OH)+F+Cl - 2.00 

Mg# 26.8 ± 4.0 - 
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Table 2. SIMS results of halogen concentration, given in µg/g and δ37Cl (‰ vs. SMOC) of phosphate grains in KG 
002.  

 Apatite  F ± 2σ Cl ± 2σ Br ± 2σ I ± 2σ   Merrillite  F ± 2σ Cl ± 2σ Br ± 2σ I ± 2σ 

Ap3 12103 ± 1040 20205 ± 1147 76 ± 15 0.79 ± 0.05 
 

Mer1-1 0.67 ± 0.05 11 ± 1 7 ± 1 0.14 ± 0.01 

Ap4-1 8543 ± 364 28822 ± 1140 1140 ± 144 0.68 ± 0.02 

 

Mer1-2 0.58 ± 0.04 1.19 ± 0.06 2.71 ± 0.53 0.13 ± 0.01 

Ap4-2 10792 ± 429 24564 ± 1195 158 ± 20 0.53 ± 0.04 

 

Mer2-1 3.46 ± 0.40 70 ± 4 4.53 ± 0.88 0.57 ± 0.05 

Ap4-3 12773  ± 468 21039 ± 950 139 ± 17 1.02 ± 0.11 

 

Mer2-2 2.52 ± 0.19 17.90 ± 0.82 7 ± 1 0.29 ± 0.02 

Ap4-4 16193 ± 727 18271 ± 879 132 ± 18 1.44 ± 0.16 

 

Mer 3 0.10 ± 0.01 2.01 ± 0.11 2.02 ± 0.40 1.92 ± 0.12 

Ap4-5 17498 ± 736 15930 ± 747 83 ± 10 1.25 ± 0.15 

 

Mer4-1 21 ± 2 90 ± 12 8 ± 1 1.59 ± 0.06 

Ap4-6 11680 ± 467 24826 ± 1108 255 ± 32 0.98 ± 0.15 

 

Mer4-2 3.90 ± 0.18 15 ± 1 1.83 ± 0.25 0.17 ± 0.02 

Ap4-7 10134 ± 838 23161 ± 1180 171 ± 33 0.47 ± 0.03 

 

Mer4-3 3.66 ± 0.18 2.80 ± 0.17 1.75 ± 0.22 0.11 ± 0.01 

Ap4-8 9998 ± 808 25124 ± 1361 134 ± 26 2.92 ± 0.39 

 

Mer4-4 3.84 ± 0.19 2.76 ± 0.16 1.90 ± 0.25 0.12 ± 0.01 

Ap5-2 16985 ± 1263 11928 ± 563 50 ± 10 4.41 ± 0.38 

 

Mer4-5 3.81 ± 0.20 2.62 ± 0.15 2.00 ± 0.27 0.13 ± 0.01 

Ap5-3 14707 ± 1116 13207 ± 685 248 ± 52 4.78 ± 0.34 

 

Mer4-6 4.33 ± 0.17 3.58 ± 0.20 2.06 ± 0.27 0.13 ± 0.01 

Ap6-1 18309 ± 1347 19869 ± 1052 87 ± 17 2.55 ± 0.19 

 

Mer4-7 8.34 ± 0.30 25 ± 2 3.30 ± 0.42 0.29 ± 0.01 

Ap6-2 25566 ± 1883 13207 ± 685 58 ± 11 5.17 ± 0.38 

 

Mer4-8 23 ± 1 63 ± 9 7 ± 2 0.74 ± 0.03 

Ap7-1 6260 ± 235 35282 ± 1629 557 ± 71 1.18 ± 0.03 

 

Mer7-1 5.96 ± 0.25 75 ± 9 6.21 ± 0.90 0.28 ± 0.01 

Ap7-2 7871 ± 315 32423 ± 1524 277 ± 35 0.63 ± 0.03 

 

Mer7-2 4.53 ± 0.16 2.99 ± 0.15 2.55 ± 0.33 0.13 ± 0.01 

Ap7-3 9203 ± 338 29296 ± 1373 229 ± 29 0.93 ± 0.13 

 

Mer7-3 4.77 ± 0.17 12.82 ± 0.68 3.51 ± 0.44 0.27 ± 0.01 

Ap7-4 10975 ± 444 28491 ± 1399 209 ± 26 0.51 ± 0.02 

 

Mer7-4 4.69 ± 0.26 4.80 ± 0.46 3.41 ± 0.43 0.15 ± 0.01 

Ap7-5 12863 ± 454 26332 ± 1178 183 ± 23 0.48 ± 0.02 

 

Mer7-5 3.75 ± 0.14 3.43 ± 0.15 3.10 ± 0.39 0.16 ± 0.01 

Ap7-6 14416 ± 660 26395 ± 1398 191 ± 25 0.48 ± 0.02 

 

Mer7-6 8.32 ± 0.34 13.25 ± 0.56 4.14 ± 0.54 1.25 ± 0.05 

Ap7-7 14048 ± 595 28083 ± 1350 208 ± 28 0.62 ± 0.02 

 

Mer7-7 3.80 ± 0.14 3.64 ± 0.24 2.99 ± 0.46 0.13 ± 0.01 

Ap7-8 14369 ± 595 28382 ± 1412 186 ± 24 0.46 ± 0.02  
Mer7-8 3.85 ± 0.14 4.45 ± 0.27 2.46 ± 0.31 0.14 ± 0.01 

Ap7-9 13044 ± 527 26631 ± 1304 174 ± 22 0.42 ± 0.01  
Mer7-9 3.46 ± 0.15 2.44 ± 0.13 1.34 ± 0.17 0.13 ± 0.01 

Ap7-10 11675 ± 461 26952 ± 1310 177  ± 22 0.64 ± 0.05  
Mer7-10 0.64 ± 0.05 3.01 ± 0.17 3.03 ± 0.60 0.13 ± 0.01 

Ap7-11 11361 ± 925 25732 ± 1219 140 ± 60 0.45 ± 0.08 
 

Mer7-11 0.60 ± 0.05 1.45 ± 0.07 2.14 ± 0.42 0.11 ± 0.01 

Ap7-12 12812 ± 1001 24894 ± 1227 140 ± 60 0.48 ± 0.09 
 

Mer8-1 0.66 ± 0.05 1.65 ± 0.07 1.61 ± 0.31  0.11 ± 0.01 

Ap7-13 13262 ± 923 26643 ± 1239 160 ± 70 1.42 ± 0.20 
 

Mer8-2 1.86 ± 0.13 159 ± 14 2.68 ± 0.53 0.25 ± 0.02 

Ap8-1 4831 ± 362 28224 ± 1264 732 ± 142 0.72 ± 0.05 
 

     

Ap8-2 7473 ± 538 26597 ± 1239 157 ± 30 1.91 ± 0.13 
 

Apatite δ37Cl (‰ vs. SMOC). Uncertainties are 1σ that  

Ap9 6351 ± 435 16178 ± 721 822 ± 159 2.46 ± 0.35 
 

include propagated external error. 

Ap12-1 11006 ± 427 23446 ± 1099 150 ± 19 0.69 ± 0.02  
Ap7-1 0.90 ± 0.14    

Ap12-2 15531 ± 602 15208 ± 720 79 ± 10 1.58 ± 0.31  
Ap7-2 0.88 ± 0.14    

Ap12-3 15784 ± 623 13660 ± 637 70 ± 9 0.39 ± 0.03  
Ap7-3 0.97 ± 0.14    

Ap12-4 14379 ± 571 18266 ± 821 103 ± 13 1.97 ± 0.07 

 

Ap8-1 0.26 ± 0.14    

Ap12-5 11297 ± 443 22435 ± 1083 143 ± 18 1.92 ± 0.10   Ap8-2 0.64 ± 0.14    

Ap12-6 16103 ± 655 14189 ± 672 71 ± 9 0.50 ± 0.02  Ap11-1 0.66 ± 0.14    

Ap12-7 17263 ± 706 12082 ± 600 58 ± 7 0.39 ± 0.01  Ap11-2 0.28 ± 0.14    

Ap12-8 14738 ± 608 16239 ± 795 82 ± 11 0.39 ± 0.02  Ap11-2 0.77 ± 0.14    

Ap12-9 13761 ± 591 18531 ± 932 97 ± 12 0.34 ± 0.01  average 0.67 ± 0.14    

Ap12-10 9875 ± 378 23720 ± 1094 147 ± 18 0.57 ± 0.03       

Ap12-11 8012 ± 299 27260 ± 1241 223 ± 28 1.10 ± 0.05       

Grain sizes (µm) are: Ap3: 145 × 104, Ap4: 1300 × 220, Ap5: 245 × 108, Ap6: 130 × 116, Ap7: 443 × 300, Ap8: 155 × 80, Ap9: 163 
× 143, Ap12: 225 × 205, Mer1: 416 × 180, Mer2: 183 × 56, Mer3: 135 × 60, Mer4: 1150 × 175, Mer7: 630 × 163, Mer8: 1720 × 
315. 
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Table 3. Trace element concentration of KG 002 constituents obtained by SIMS, relative to bulk rock (WR) data from Llorca et al. (2013). Results are given in µg/g and 
uncertainties are 2σ.    

  Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Ap1 62.7 (0.7) 2.2 (0.2) 4.5 (0.3) 0.7 (0.1) 4.3 (0.4) 1.9 (0.3) 1.0 (0.1) 2.4 (0.4) 0.48 (0.07) 3.8 (0.4) 0.82 (0.09) 2.8 (0.4) 0.39 (0.06) 3.0 (0.4) 0.34 (0.08) 

Ap5 63 (2) 4.9 (0.6) 10 (1) 2.0 (0.4) 14 (2) 5 (1) 2.2 (0.4) 6 (1) 0.9 (0.2) 6 (1) 1.0 (0.2) 2.7 (0.8) 0.3 (0.1) 1.9 (0.8) 0.2 (0.1) 

Ap7-a 24.8 (0.3) 2.9 (0.1) 6.1 (0.2) 1.24 (0.09) 7.9 (0.4) 3.1 (0.3) 0.76 (0.06) 3.3 (0.3) 0.49 (0.05) 3.0 (0.2) 0.53 (0.05) 1.2 (0.2) 0.15 (0.03) 0.9 (0.2) 0.11 (0.03) 

Ap7-b 30.0 (0.4) 3.3 (0.2) 6.5 (0.3) 1.2 (0.1) 8.5 (0.5) 3.4 (0.3) 0.86 (0.08) 3.7 (0.4) 0.48 (0.06) 3.0 (0.3) 0.63 (0.07) 1.4 (0.2) 0.17 (0.03) 1.1 (0.2) 0.10 (0.04) 

Ap8 40.9 (0.5) 2.2 (0.1) 4.7 (0.3) 0.77 (0.09) 4.6 (0.4) 1.6 (0.2) 0.79 (0.07) 1.9 (0.3) 0.32 (0.05) 2.5 (0.3) 0.42 (0.05) 1.1 (0.2) 0.17 (0.03) 1.1 (0.2) 0.12 (0.04) 

Ap9 26 (1) 4.5 (0.7) 8 (1) 1.5 (0.4) 9 (2) 3 (1) 1.2 (0.3) 4 (1) 0.5 (0.2) 6 (1) 0.7 (0.2) 2.0 (0.8) 0.3 (0.2) 3 (1) 0.3 (0.2) 

Ap10 18.4 (0.7) 3.5 (0.4) 7.7 (0.7) 1.5 (0.3) 10 (1) 3.7 (0.7) 1.3 (0.2) 4.0 (0.8) 0.5 (0.1) 3.2 (0.6) 0.6 (0.1) 1.5 (0.4) 0.18 (0.07) 1.4 (0.5) 0.2 (0.1) 

Ap11-a 19.0 (0.4) 2.6 (0.2) 4.8 (0.3) 0.8 (0.1) 5.6 (0.4) 2.5 (0.3) 0.73 (0.08) 2.4 (0.3) 0.40 (0.06) 2.4 (0.3) 0.41 (0.06) 1.0 (0.2) 0.15 (0.03) 0.9 (0.2) 0.19 (0.05) 

Ap11-b 13.5 (0.3) 3.4 (0.2) 6.4 (0.3) 1.3 (0.1) 9.5 (0.6) 4.0 (0.4) 0.96 (0.09) 4.5 (0.5) 0.75 (0.08) 3.8 (0.4) 0.60 (0.07) 1.6 (0.3) 0.20 (0.04) 1.1 (0.2) 0.14 (0.0) 
  

               Mer1 11.3 (0.3) 52.8 (0.7) 94 (1) 16.8 (0.4) 110 (2) 41 (1) 12.2  (0.3) 46 (1) 7.4 (0.2) 56 (1) 10.5 (0.3) 25.7 (0.9) 3.4 (0.2) 23.8 (0.9) 2.1 (0.2) 

Mer3 5.9 (0.4) 48 (1) 83 (2) 13.9 (0.7) 77(3) 29 (2) 11.8 (0.6) 33 (2) 6.0 (0.4) 45 (2) 9.7 (0.5) 25 (2) 4.0 (0.3) 30 (2) 2.3 (0.3) 

Mer4 2.75 (0.08) 55.2 (0.5) 98.4 (0.7) 18.0 (0.3) 110 (1) 41.2 (0.7) 11.9 (0.2) 47.4 (0.8) 7.2 (0.1) 52.3 (0.8) 9.7 (0.2) 25.6 (0.6) 2.94 (0.09) 21.8 (0.6) 1.8 (0.1) 

Mer5 8.7 (0.2) 63.6 (0.9) 111 (1) 21.5 (0.5) 126 (2) 46 (1) 13.5 (0.3) 55 (2) 7.8 (0.2) 58 (1) 10.6 (0.3) 29 (1) 3.4 (0.2) 24 (1) 2.0 (0.2) 

Mer6 7.3 (0.3) 56.8 (0.9) 98 (1) 18.1 (0.5) 108 (2) 39 (1) 12.4 (0.4) 45 (1) 6.8 (0.3) 53 (1) 9.8 (0.3) 27 (1) 3.4 (0.2) 24 (1) 2.0 (0.2) 

Mer7 6.5 (0.7) 67 (3) 126 (5) 22 (2) 126 (7) 51 (4) 14 (1) 60 (5) 7.8 (0.8) 59 (4) 12 (1) 28 (3) 4.0 (0.6) 26 (3) 2.1 (0.6) 

Mer8-a 3.0 (0.1) 59.1 (0.7) 104 (1) 19.3 (0.4) 113 (2) 42.9 (0.9) 12.7 (0.3) 49 (1) 7.5 (0.2) 53 (1) 9.9 (0.2) 26.0 (0.8) 3.7 (0.1) 24.9 (0.8) 1.9 (0.1) 

Mer8-b 3.3 (0.1) 62.4 (0.8) 111 (1) 20.1 (0.4) 120 (2) 45 (1) 13.3 (0.3) 51 (1) 7.7 (0.2) 58 (1) 10.7 (0.3) 28.9 (0.9) 3.6 (0.2) 26 (1) 2.2 (0.2) 
  

               Msk-1 137 (2) 0.8 (0.2) 0.2 (0.1) 0.06 (0.06) 1.7 (0.6) 0.9 (0.4) 0.7 (0.2) 0.2 (0.2) 0.01 (>0.01) 0.04 (>0.04) 0.05 (0.05) 0.07 (>0.07) 0.01 (>0.01) 0.16 (>0.16) 0.14 (0.05) 

Msk-2 29 (1) 0.08 (0.08) 0.3 (0.2) 0.03 (>0.03) 1.4 (0.5) 1.1 (0.5) 0.7 (0.2) 0.4 (0.3) BDL 0.1 (0.1) 0.15 (0.08) BDL 0.07 (0.006) 1.0 (0.5) 0.5 (0.2) 
  

               Px-1 11.3 (0.7) 0.4 (0.2) 22 (1) 2.6 (0.4) 0.3 (0.3) 0.5 (0.3) 0.10 (0.07) 0.2 (0.2) 0.17 (0.08) 0.5 (0.3) 0.12 (0.7) 0.3 (0.2) 0.4 (0.1) 0.7 (0.4) 0.06 (>0.06) 

Px-2 18.9 (0.6) 0.3 (0.1) 15.2 (0.8) 2.0 (0.2) 0.4 (0.2) 0.2 (0.1) 0.19 (0.06) 0.2 (0.1) 0.06 (0.03) 0.6 (0.2) 0.12 (0.05) 0.5 (0.2) 0.11 (0.05) 1.2 (0.4) 0.09 (0.06) 

  
               Sympl 49.0 (0.6) 0.12 (0.4) 6.5 (0.3) 0.82 (0.09) 0.4 (0.1) 0.30 (0.09) 0.04 (0.02) 0.3 (0.1) 0.06 (0.02) 0.33 (0.09) 0.11 (0.03) 0.4 (0.1) 0.05 (0.02) 0.7 (0.2) 0.10 (0.04) 

  
               Glass 951 (14) 0.5 (0.2) 0.9 (0.3) 0.09 (0.09) 1.7 (0.7) 1.4 (0.6) 0.3 (0.1) 0.8 (0.5) 0.09 (0.07) 1.1 (0.5) 0.2 (0.1) 1.0 (0.5) 0.4 (0.2) 2.1 (0.8) 0.6 (0.3) 

 KG 002 WR 112.9 2.11 6.31 0.74 3.66 1.37 0.76 2.13 0.44 2.91 0.6 1.77 0.25 1.68 0.24 

BDL = below detection limit; Ap = apatite, Mer = merrillite, Msk = maskelynite, Px = pyroxene, Sympl = three-phase symplectite, Glass = K-rich, SiO2-normative glass, a + b correspond to 

two different SIMS spots at the same grains and 1 + 2 to spots at different grains 
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Table 4. SHRIMP II results on U and Th concentrations and U-Pb isotopic composition of single apatite 
and merrillite grains in KG 002. Uncertainties on isotope ratios are given within 1σ. 

Grain # U (µg/g)       Th (µg/g) 238U/206Pb  232Th/204Pb  208Pb/204Pb  207Pb/206Pb  204Pb/206Pb  

Ap-1 1.4 2.0 0.95 ± 0.51 16 ± 10 33.1 ± 1.7 0.967 ± 0.011 0.0726 ± 0.0017 

Ap-7 1.0 1.5 1.29 ± 0.08 31 ± 8 33.5 ± 1.5 0.938 ± 0.018 0.0711 ± 0.0027 

Ap-8 6.0 6.8 2.41 ± 0.49 55 ± 11 33.3 ± 1.8 0.887 ± 0.038 0.0674 ± 0.0024 

Ap-9 2.8 3.6 0.20 ± 0.32  13 ± 21 34.0  ± 1.0 0.963 ± 0.012 0.0715 ± 0.0020 

Ap-10 0.8 1.0 0.68 ± 0.52 20  ± 18 35.6 ± 5.9 0.888 ± 0.109 0.0623 ± 0.0055 

Ap-11 1.1 1.7 1.94 ± 0.79 41 ± 18 35.1 ± 2.8 0.842 ± 0.080 0.0635 ± 0.0026 

        
Mer-1 1.0 15.9 1.03 ± 0.32 195 ± 60 33.4 ± 0.7 0.952 ± 0.010 0.0766 ± 0.0013 

Mer-3 2.3 29.2 0.62 ± 0.37 202 ± 114 36.3 ± 1.8 0.937 ± 0.041 0.0719 ± 0.0020 

Mer-8 1.0 14.1 1.18 ± 0.29 208 ± 51 n.a. 0.948 ± 0.014 0.0754 ± 0.0019 

*n.a. = not analyzed; for comparison 204Pb/206Pb and 207Pb/206Pb values of KG 002 maskelynite grains (n = 20; 2σ) 
are 0.0814 ± 0.0036 and 0.995 ± 0.017 (Bellucci et al., 2018), within uncertainty consistent with that of phosphates 
with 204Pb/206Pb = 0.007 ± 0.004 and 207Pb/206Pb 1.005 ± 0.056 (cf. Supplement Fig. S3). 
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Figure Captions 969 

Fig. 1 Exemplary BSE and reflected light images of coexisting apatite (Ap) and merrillite (Mer) in KG 970 

002, investigated for REE and halogen concentrations, U-Pb and δ37Cl isotopic composition. Grains 971 

are typically associated with surrounding three-phase-symplectite (Sympl) composed of olivine, Ca-972 

pyroxene and silica polymorph, olivine (Ol of Fa91-96), Ti-magnetite (Ti-Mag), pyrrhotite (Po), SiO2-973 

normative K-rich, SiO2-normative glass (glass), maskelynite (Msk) and pyroxene (Px) similar to other 974 

basaltic shergottites. Note that large grain sizes of phosphates grains in KG 002, with merrillite in 975 

particular, exceeding that of other enriched shergottites (Llorca et al., 2013). Symbols indicate spot 976 

locations for: (1) REE analysis: grey triangles, (2) halogen concentrations: light grey ellipses, (3) U-Pb 977 

isotopes: black ellipses, (4) δ37Cl isotopic composition: white diamonds. Profile analysis were 978 

obtained for some grains, revealing zonation in halogen concentrations. 979 

Fig. 2 Typical Raman spectra apatite (Ap) and merrillite (Mer) in KG 002 compared to Zagami, and 980 

EETA 79001B basaltic shergottites, and (high-REE) lunar whitlockite from 14161,7373 (monzogabbro, 981 

Apollo 14) from Wang et al. (1999, 2004) and Jolliff et al. (2006). Characteristic Raman band positions 982 

are similar among these samples, except lunar hydrous whitlockite. Note that the absence of the 983 

Raman band at ~810 cm-1 in KG 002 apatite is similar to that in shocked apatite from EETA 79001B, 984 

indicative a certain degree for structural deformation likely due to shock metamorphism. 985 

Significantly band broadening, as observed in apatite from EETA 79001B (Wang et al., 2004) is absent 986 

in KG 002 apatite. 987 

Fig. 3 Merrillite (Ca18Na2Mg2(PO4)14) Mg# relative to (A) Na- and (B) Mn-sites (in atoms per formula 988 

unit), relative to literature data summarized in Shearer et al. (2015). Merrillite grains in KG 002 have 989 

an average Mg# of 26.8 ± 4.0 (n = 31) in agreement with that of Los Angeles enriched, basaltic 990 

shergottite, but defining the lowermost values for enriched basaltic shergottites. Na contents are 991 

well within the field of enriched shergottites and Mn contents are slightly lower, again defining the 992 

lowermost values.  993 

Fig. 4 Rare earth element patterns for (A) apatite and (B) merrillite grains, and leachates in martian 994 

rocks, (C) and rock-forming constituents. Range of REEs in Ca-phosphates is shown relative to 995 

literature data from: Lundberg et al. (1988, 1990), Harvey et al. (1993), Wadhwa et al. (1994, 2004), 996 

McSween et al. (1996), Wadhwa and Crozaz (1998), Greenwood et al (2003), Terada and Sano (2004), 997 

Lin et al. (2005, 2013), Barrat and Bollinger (2010), Usui et al. (2010), Jiang and Hsu (2012), Lin et al. 998 

(2013). Note that martian merrillite, if present, is the prime carrier phase for REE in martian rocks, 999 

resulting in REE abundances of >2000× CI chondrite. Bulk rock (WR) REE pattern of KG 002 from 1000 

Llorca et al. (2013) is shown for comparison. (A) merrillite either exhibit unfractionated (flat) REE 1001 

patterns, e.g., in lherzolitic and some basaltic shergottites including KG 002, a slight depletion in 1002 

LREE, e.g., in some basaltic and olivine (Ol)-phyric shergottites, or vice versa LREE enrichments, e.g., 1003 

the orthopyroxenite ALH 84001 (Opx) and the only martian polymict regolith breccia NWA 7034, 1004 

resulting in fractionated REE patterns. (B) Apatite REE abundances for basaltic shergottites, including 1005 

KG 002, are within a range of ~4× to 100× CI and exhibit unfractionated REE patterns, distinct to 1006 

apatite from all remaining martian meteorite groups that exhibit fractioned REE patterns. Panel (C) 1007 

indicate REE patterns of major rock-forming constituents from KG 002, relative to the bulk rock (WR). 1008 

Chondrite reference values are taken from Barrat et al. (2012). 1009 
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Fig. 5 Ternary diagram of apatite X-site occupancy (mol%) from KG 002 using EPMA data and 1010 

calculated as XOH = 1- XF - XCl. It is noted that the OH-site maybe also (at least partially) occupied by Br 1011 

and I (see Table 2). Apatite in basaltic shergottites exhibit the most pronounced variability in X-site 1012 

occupancy, even within a sample, whereas in nakhlites, chassignites, and lherzolitic shergottite 1013 

samples their X-site occupancy is limited in OH component by stoichiometry. Chassignites exhibit the 1014 

strongest tendency towards the incorporation of F. Apatite in the regolith breccia (NWA 7034 and 1015 

paired samples) in general exhibits the strongest enrichment in Cl and the orthopyroxenite (Opx) ALH 1016 

84001 is intermediate in X-site component. Apatite composition in KG 002 (white, dashed dots) is 1017 

well within the field of basaltic shergottites. Calculated relative volatile abundances of the 1018 

corresponding melt in a basaltic system from McCubbin et al. (2013) and a modeled fractional 1019 

crystallization trend (arrow) from McCubbin et al. (2016) are indicated.  1020 

Fig. 6 Profile analysis of halogen, i.e., F, Cl, Br, and I concentrations obtained using a Cameca IMS 1021 

1280 in typical apatite and merrillite grains from KG 002 enriched shergottite, shown in Fig. 1. 1022 

Zoning pattern are present in most grains, which a general enrichment in halogens towards the 1023 

margin of the grains. Note the reverse zoning in F and Cl, but systematic covariance in Br and Cl 1024 

within the grains. Spot locations close to cracks and unusually rich in halogen concentrations are in 1025 

brackets. Uncertainties are given as 2σ. 1026 

Fig. 7 Halogen ratios (Cl/F, Cl/Br, and Cl/I) vs. halogen concentrations and Cl concentration (in 1027 

µg/g) vs. δ37Cl (vs. SMOC in ‰) in KG 002 apatite, obtained by SIMS. Apatite δ37Cl composition of 1028 

other martian meteorites from Williams et al. (2016) and Bellucci et al. (2017) and the Earthˈs mantle 1029 

value from Sharp et al. (2007, 2013) are indicated. Both, the halogen concentration and the δ37Cl 1030 

(i.e., of +0.67 ± 0.14 ‰, 1σ) signatures of apatite in KG 002 is distinct to that of other shergottites, 1031 

either enriched or depleted, sources, but closer to that of the martian regolith breccia NWA 1032 

7533/7034 and the orthopyroxenite ALH 84001. According to Williams et al. (2016), δ37Cl in apatite 1033 

from other enriched shergottites are light with, i.e., Los Angeles: -0.4 to -0.6 ‰, Robert Massif (RBT) 1034 

04261: -2.8 to -3.5 ‰ and LAR 06319: -2.8 to -3.8 ‰. Note that NWA 7533/7034 has a larger spread 1035 

in δ37Cl ranging from +0.1 to +2.5 ‰, plus a single measurement at +8.6 ‰ in a lithic clast (Williams 1036 

et al., 2016).  1037 

Fig. 8 Relation of merrillite and apatite halogen concentrations. Note that merrillite (Mer) is more 1038 

abundant in KG 002 and typically exceeds grain sizes of apatite (Ap). The margins of merrillite are 1039 

more enriched in halogens, whereas I concentrations are within the and even overlapping with that 1040 

from apatite. 1041 

Fig. 9 Tera-Wasserburg, total U-Pb isochron diagram for apatite (n = 6) and merrillite (n = 3) grains 1042 

in KG 002 plotted in a 3D concordia projection from the measured 238U/206Pb-207Pb/206Pb-1043 
204Pb/206Pb space parallel to the best-fit linear regression of the raw data. Given uncertainties are 1044 

1σ. The dashed curve illustrates the evolution (concordia) line in the U-Pb system, revealing an 1045 

intersection at 395 ± 240 Ma (2σ),  consistent with that of other enriched basaltic shergottites. 1046 

Fig. 10 Model for martian mantle-crust interaction, taken from Williams et al. (2016), modified and 1047 

extended for apatite in KG 002 with δ37Cl of +0.67 ± 0.14 ‰ (1σ) and an average La/Sm (cf. Table 3) 1048 

of 1.05 (n = 9). In this concept of assimilation-fractional crystallization (AFC), δ37Cl values are not a 1049 

variant of fractional olivine crystallization (black solid lines), but sensitive to mixing with Cl-rich 1050 



29 

 

crustal material (dashed gray lines) on Mars, shown for enriched and depleted reservoirs given an 1051 

estimated martian crustal composition and appropriate partition coefficients, further explained in 1052 

Williams et al. (2016). Values in percentage indicate the amount of assimilated material. This model 1053 

covers some basaltic enriched shergottites (light gray circles), olivine-phyric shergottites (dark gray 1054 

circles) and the augite basalt NWA 8150 (black circle). It is noted that although the LREE signatures, 1055 

i.e., La/Sm values of most basaltic, enriched shergottites is narrow, Shergotty with a light δ37Cl value, 1056 

likely represent an unaltered mantle-derived basalt, whereas Los Angeles has been affect by 1057 

interaction with a Cl-rich, isotopically heavy crustal assimilant, which is further discussed in 1058 

McCubbin et al. (2016). According to this concept, a light martian mantle δ37Cl value of -3.8 ‰ can be 1059 

deduced, the Cl-isotopic composition of most shergottites can be explained by addition of ~2 % Cl-1060 

rich crustal assimilant, and a slightly higher degree of interaction with a crustal reservoir for KG 002 1061 

of ~3.5 % in implied to account for its heavier apatite δ37Cl signature.  1062 
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