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Mantle source to near-surface emplacement of enriched and intermediate poikilitic shergottites in Mars

Poikilitic shergottites make up >20% of the current martian meteorite collection, with a total of 27 samples. These meteorites are intrusive gabbroic and lherzolitic rocks and represent igneous materials recording important processes in the martian crust. To further constrain petrogenetic relationships amongst enriched and intermediate poikilitic shergottites, we studied a comprehensive suite of poikilitic shergottites -including four newly recovered samples (Northwest Africa [NWA] 11065, NWA 11043, NWA 10961, NWA 10618) -using bulk rock major and trace element compositions, mineral major element compositions, oxygen fugacity (ƒO2) values, crystallization temperatures, phosphorus maps of olivine grains, and quantitative textural analyses. The characteristic bimodal textures (poikilitic and non-poikilitic textures) of poikilitic shergottites record evolving magmatic conditions at different stages of crystallization. Higher temperatures and more reducing conditions during early-stage crystallization are recorded in the poikilitic textures, while lower temperature and more oxidizing conditions are recorded in the non-poikilitic textures during late-stage crystallization. Oxygen fugacity estimates relative to the quartz-fayalite-magnetite (QFM) buffer for early-stage olivine-pyroxene-spinel assemblages of enriched and intermediate poikilitic shergottites suggest decoupling of ƒO2 and the degree of light rare earth element (LREE)-enrichment (i.e., [La/Yb]CI). An increase in ƒO2 exceeding 1 log unit from poikilitic to non-poikilitic textures implies degassing, with possible auto-oxidation, and/or crustal contamination. Quantitative textural analyses support the emplacement of both enriched and intermediate poikilitic shergottites as various shallow intrusive bodies, as well as a potentially widespread emplacement mechanism responsible for a major lithology of the martian crust. In addition, early assemblages of all the poikilitic shergottites likely formed close to the crust-mantle boundary, implying a possible widespread presence of magma staging chambers at these depths. Fractional crystallization and magma storage in these chambers could have resulted in all of the different enriched and intermediate shergottites that have been analyzed from Mars.

INTRODUCTION

Meteorites are currently the only available samples from Mars. They are predominantly basaltic in composition and can be sub-divided into three main groups: 1) chassignites, 2) nakhlites, and 3) shergottites. The latter are the most abundant group comprising ~90% of the current martian meteorite database (e.g., [START_REF] Wadhwa | Petrogenesis of shergottite meteorites inferred from minor and trace element microdistributions[END_REF][START_REF] Barrat | Petrology and chemistry of the Picritic Shergottite North West Africa 1068 (NWA 1068)[END_REF][START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF][START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Bridges | The SNC meteorites: basaltic igneous processes on Mars[END_REF][START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatuk 06319: Implications for enriched components in Martian basalts[END_REF]2011;[START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Borg | Constraints on the composition and evolution of the Martian mantle from isotopic systematics of basaltic shergottites[END_REF][START_REF] Brandon | Evolution of the Martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile Rahib et al[END_REF][START_REF] Gross | Petrography, mineral chemistry, and crystallization history of olivine-phyric shergottite NWA 6234: A new melt composition[END_REF][START_REF] Shearer | Petrogenetic linkages among fO2, isotopic enrichments-depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts[END_REF][START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in Martian magmatism[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Peters | Tracking the source of the enriched martian meteorites in olivinehosted melt inclusions of two depleted shergottites, Yamato 980459 and Tissint[END_REF][START_REF] Ferdous | Evaluating crustal contributions to enriched shergottites from the petrology, trace elements, and Rb-Sr and Sm-Nd isotope systematics of Northwest Africa 856[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Shergottites are classified into four subgroups based on their textural and mineralogical attributes: basaltic, olivine-phyric, poikilitic (previously lherzolitic), and gabbroic. Basaltic and olivine-phyric shergottites represent extrusive rocks (although they might have a more complicated history than previously thought, [START_REF] Liu | New constraints on the formation of Elephant Moraine 79001 Lithology A[END_REF]2016), whereas poikilitic and gabbroic shergottites are thought to be intrusive (e.g., [START_REF] Mcsween | What we have learned about Mars from SNC meteorites[END_REF]e.g., McSween and Treiman, 1998;[START_REF] Goodrich | Olivine-phyric martian basalts: A new type of shergottite[END_REF][START_REF] Bridges | The SNC meteorites: basaltic igneous processes on Mars[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Gross | Primitive olivine-phyric shergottite NWA 5789: Petrography, mineral chemistry, and cooling history imply a magma similar to Yamato-980459[END_REF][START_REF] Jiang | Petrogenesis of Grove Mountains 020090: An enriched "lherzolitic" shergottite[END_REF][START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF][START_REF] Gross | Gabbroic Shergottite Northwest Africa 6963: An intrusive sample of Mars[END_REF]2018;[START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;[START_REF] Udry | Petrogenesis of the NWA 7320 enriched martian gabbroic shergottite: Insight into the martian crust[END_REF]Combs et al., 2018). As Mars is predominantly a basaltic planet, systematic study of shergottites can lend insight into the martian interior, including crustal formation processes.

A geochemical classification scheme has been defined for the shergottites on the basis of their relative enrichments of the light rare earth elements (LREE), comprising three classes: enriched, intermediate, and depleted (e.g., [START_REF] Herd | Oxygen fugacity and geochemical variations in the martian basalts: Implications for martian basalt petrogenesis and the oxidation state of the upper mantle of Mars[END_REF]Jones, 2003, Borg and[START_REF] Borg | A petrogenetic model for the origin and compositional variation of the Martian basaltic meteorites[END_REF][START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Brandon | Evolution of the Martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile Rahib et al[END_REF]Brennecka et al., 2014;[START_REF] Mcsween | Petrology on Mars[END_REF][START_REF] Lapen | Two billion years of magmatism recorded from a single Mars meteorite ejection site[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. The geochemical signatures of the shergottites reflect the distinct magma sources from which these igneous rocks crystallized. At least two distinct magma sources are thought to be responsible for the generation of the three shergottite subgroups: 1) a reduced, unradiogenic (i.e., low initial 87 Sr/ 86 Sr and 187 Os/ 188 Os, high eNd and eHf), incompatible-element depleted source, 2) a more oxidized, radiogenic (i.e., high initial 87 Sr/ 86 Sr and 187 Os/ 188 Os, low eNd and eHf), incompatible-element enriched source, and 3) an intermediate source possibly representing mixing between the enriched and depleted source. The depleted source is thought to have been derived from the mantle, whereas the location of the enriched source is still debated and could be located within the mantle, crust, or both (e.g., [START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Bridges | The SNC meteorites: basaltic igneous processes on Mars[END_REF][START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Brandon | Evolution of the Martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile Rahib et al[END_REF][START_REF] Sarbadhikari | Evidence for heterogeneous enriched shergottite mantle sources in Mars from olivine-hosted melt inclusions in Larkman Nunatak 06319[END_REF][START_REF] Shearer | Petrogenetic linkages among fO2, isotopic enrichments-depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts[END_REF][START_REF] Mcsween | Petrology on Mars[END_REF][START_REF] Peters | Tracking the source of the enriched martian meteorites in olivinehosted melt inclusions of two depleted shergottites, Yamato 980459 and Tissint[END_REF]. To date, poikilitic shergottites have been classified as enriched [(La/Yb)CI > 0.8] and intermediate groups [(La/Yb)CI = ~0.3-0.8] (e.g., [START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Treiman | Comparison of the LEW 88516 and ALHA 77005 martian meteorites: Similar but distinct[END_REF][START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF][START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Liu | Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottite GRV 99027[END_REF][START_REF] Jiang | Petrogenesis of Grove Mountains 020090: An enriched "lherzolitic" shergottite[END_REF][START_REF] Lin | Grove Mountains 020090 enriched lherzolitic shergottite: A two-stage formation model[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF][START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF]Combs et al., 2018), as depleted poikilitic shergottites have not been identified.

Various aspects of the petrologic histories of enriched and intermediate poikilitic shergottites, including their conditions of crystallization, magma mantle/crustal interactions, emplacement, and possible petrogenetic relationships, remain unresolved. Systematic study of these shergottites is key to addressing contentious questions about the origin and evolution of their magmas. Enriched and intermediate poikilitic shergottites are unique amongst shergottites, exhibiting a characteristic bimodal texture (described in detail in section 2) that reflects crystallization at different depths, from the crust/mantle boundary to hypabyssal depths. Evaluating and comparing the chemistry and petrology of poikilitic shergottite bimodal textures allows for the tracking of their parental magma evolution from the interior of Mars up to the surface. Understanding the petrogenesis of poikilitic shergottites also allow them to be placed in context with other shergottites. Thus, systematic study of poikilitic shergottites enable further constraints on martian mantle and crustal dynamics and clarifies possible petrogenetic relationships between the different shergottite textural and mineralogical subgroups.

Using the most comprehensive collection of poikilitic shergottites (11 samples) to date, including four that have not been previously studied [Northwest Africa (NWA) 11065, NWA 11043, NWA 10961, and NWA 10618], we further constrain formation, magmatic evolution, and emplacement of poikilitic shergottites, by presenting bulk rock major-and trace-element data, mineral chemistry, calculated oxygen fugacity (ƒO2) values, crystallization temperatures, and quantitative textural analyses.

POIKILITIC (LHERZOLITIC) SHERGOTTITES

Enriched and intermediate poikilitic shergottites make up ~20% of the entire suite of martian meteorites with 27 samples discovered to date. In addition to a difference in modal abundance of maskelynite (shocked plagioclase), compositional differences of mineral chemistry have been shown between the enriched and intermediate sub-groups. Enriched poikilitic shergottites typically contain Fe-rich olivine and pyroxene and Ca-rich maskelynite compared to their intermediate variants (e.g., [START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Lin | Grove Mountains 020090 enriched lherzolitic shergottite: A two-stage formation model[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;Combs et al., 2018), but they both show the same broad textures. All poikilitic shergottites display a characteristic bimodal texture, consisting of both poikilitic and interstitial non-poikilitic textures, corresponding to two stages of crystallization (e.g., [START_REF] Mcsween | Petrogenetic relationship between Allan Hills 77005 and other achondrites[END_REF][START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Treiman | Comparison of the LEW 88516 and ALHA 77005 martian meteorites: Similar but distinct[END_REF][START_REF] Gleason | Petrography and bulk chemistry of Martian lherzolite LEW88516[END_REF][START_REF] Gillet | Petrology, geochemistry, and cosmic-ray exposure age of lherzolitic shergottite Northwest Africa 1950[END_REF][START_REF] Lin | Grove Mountains 020090 enriched lherzolitic shergottite: A two-stage formation model[END_REF][START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF][START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Jiang | Petrogenesis of Grove Mountains 020090: An enriched "lherzolitic" shergottite[END_REF][START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;Combs et al., 2018). The poikilitic textures consist of coarse-grained (up to 10 mm), early-crystallizing pyroxene oikocrysts that enclose olivine and chromite chadacrysts. The textural terms "oikocryst" and "chadacryst" refer to a large crystal (oikocryst) that contains smaller mineral grains (chadacrysts). The pyroxene oikocrysts of enriched and intermediate poikilitic shergottites are chemically zoned, with low-Ca cores and high-Ca rims. The pyroxene oikocrysts and olivine chadacrysts have higher magnesium number (Mg#s = molar 100*Mg/[Mg+Fe]) relative to those found in the non-poikilitic textures, indicative of their more primitive nature. The non-poikilitic textures, which crystallized after, and interstitial to, the poikilitic textures, comprise abundant olivine, low-and high-Ca pyroxene, maskelynite, with minor phases including apatite, merrillite, sulfides, and Fe-Ti-Cr oxides.

A polybaric crystallization model for the formation of poikilitic shergottites was proposed by [START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF] using the enriched poikilitic shergottite NWA 7397, whose bimodal textures record two stages of crystallization at different depths within the martian interior. The poikilitic texture (i.e., pyroxene oikocrysts) is interpreted to have crystallized at a depth equivalent to ~10 kbar pressure or about 85 km, at higher temperatures (~1200 °C) and under more reducing conditions (Quartz-Fayalite-Magnetite -QFM -buffer of -2.0). The non-poikilitic texture crystallized in transit to the martian surface at lower temperatures (~868 °C) and under more oxidizing conditions (QFM -1.1 to -0.3) [START_REF] Musselwhite | Experimental petrology, crystallization history, and parental magma characteristics of olivine-phyric shergottite NWA 1068: Implications for the petrogenesis of "enriched" olivine-phyric shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]. Similar earlyand late-stage crystallization temperatures and ƒO2 values have been reported for enriched poikilitic shergottites NWA 7755 and NWA 10169 [START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF]Combs et al., 2018). Thus, the two textural regions of poikilitic shergottites can be used to track evolving magmatic conditions from the base of the crust up to the surface of Mars. [START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF] proposed that poikilitic shergottites may have formed from the same magma suite and originated from a common igneous body on Mars. However, this suggestion stems from an investigation of intermediate shergottites only, because enriched poikilitic shergottites were not identified until 2010 [START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF]. Enriched and intermediate poikilitic shergottites share similar textural attributes (i.e., a bimodal poikilitic texture) and mineral assemblages (e.g., [START_REF] Mcsween | Petrogenetic relationship between Allan Hills 77005 and other achondrites[END_REF][START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Treiman | Comparison of the LEW 88516 and ALHA 77005 martian meteorites: Similar but distinct[END_REF][START_REF] Goodrich | Olivine-phyric martian basalts: A new type of shergottite[END_REF][START_REF] Lin | Petrogenesis of the new lherzolitic shergottite Grove Mountains 99027: Constraints of petrography, mineral chemistry, and rare earth elements[END_REF][START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Lin | Grove Mountains 020090 enriched lherzolitic shergottite: A two-stage formation model[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;Combs et al., 2018), supporting the interpretation of a common crystallization history. Yet, additional petrological and geochemical characteristics suggest that the enriched poikilitic shergottites may be petrogenetically related to enriched olivine-phyric and basaltic shergottites, rather than to intermediate poikilitic shergottites. For example, some members of the enriched poikilitic shergottites display both crystallization and ejection ages that are comparable to some basaltic and olivine-phyric enriched shergottites. Roberts Massif (RBT) 04261/2 and NWA 4468 are the only enriched poikilitic shergottites that have been analyzed for both crystallization ages and cosmic ray exposure (CRE) ages. They yield 147 Sm-143 Nd crystallization ages of ~150 ± 29 Ma [START_REF] Borg | Preliminary Age of Martian Meteorite Northwest Africa 4468 and Its Relationship to the Other Incompatible-Element-enriched Shergottites[END_REF] and ~179 ± 27 Ma [START_REF] Shih | Rb-Sr and Sm-Nd studies of olivine-phyric shergottites RBT 04262 and LAR 06319: Isotopic evidence for relationship to enriched basaltic shergottites Lunar Planet[END_REF], respectively, and CRE ages of ~3 Ma [START_REF] Nishiizumi | A tale of two shergottites: RBT 04261 and RBT 04262[END_REF][START_REF] Wieler | Noble gases in 18 Martian meteorites and angrite Northwest Africa 7812 -Exposure ages, trapped gases, and a re-evaluation of the Nyquist[END_REF]. Crystallization and CRE ages of RBT 04261/2 and NWA 4468 coincide with crystallization ages (157-203 Ma) and CRE ages (~2.5 Ma) of some enriched basaltic and olivine-phyric shergottites (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Shih | Age and petrogenesis of picritic shergottite NWA1068: Sm-Nd and Rb-Sr isotopic studies[END_REF][START_REF] Borg | Preliminary Age of Martian Meteorite Northwest Africa 4468 and Its Relationship to the Other Incompatible-Element-enriched Shergottites[END_REF][START_REF] Lapen | Lu-Hf isotope systematics of NWA4468 and NWA2990: Implications for the sources of shergottites[END_REF][START_REF] Marks | The relationship of Northwest Africa 4468 to the other incompatible-element enriched Shergottites inferred from its Rb-Sr and Sm-Nd isotopic systematics[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Wieler | Noble gases in 18 Martian meteorites and angrite Northwest Africa 7812 -Exposure ages, trapped gases, and a re-evaluation of the Nyquist[END_REF] (see crystallization ages in Table 1). In addition to crystallization ages, isotopic ratios ( 176 Hf/ 177 Hf, 143 Nd/ 144 Nd, 87 Sr/ 86 Sr, and 187 Os/ 188 Os) have been determined for RBT 04262, NWA 4468, and NWA 10169, yielding similar values as other enriched shergottite sources (e.g., [START_REF] Shih | Age and petrogenesis of picritic shergottite NWA1068: Sm-Nd and Rb-Sr isotopic studies[END_REF][START_REF] Borg | Preliminary Age of Martian Meteorite Northwest Africa 4468 and Its Relationship to the Other Incompatible-Element-enriched Shergottites[END_REF][START_REF] Lapen | Lu-Hf isotope systematics of NWA4468 and NWA2990: Implications for the sources of shergottites[END_REF][START_REF] Marks | The relationship of Northwest Africa 4468 to the other incompatible-element enriched Shergottites inferred from its Rb-Sr and Sm-Nd isotopic systematics[END_REF]Combs et al., 2018;[START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. This possibly suggests a possible genetic relationship between these martian meteorites, where enriched poikilitic shergottites were produced via polybaric crystallization in the interior of Mars and enriched basaltic shergottites formed from the same parental magma after eruption onto the martian surface [START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF].

Intermediate poikilitic shergottites have yielded crystallization ages of 150 Ma to 212 Ma, and similar CRE ages ranging from ~4 Ma to ~4.7 Ma (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Eugster | Ejection ages from krypton-81krypton-83 dating and pre-atmospheric sizes of Martian meteorites[END_REF]Christen et al., 2005;[START_REF] Kong | Cosmic-ray exposure age of Martian meteorite GRV 99027[END_REF]. Although crystallization ages of intermediate poikilitic shergottites overlap with that of enriched shergottites, their CRE ages represent at least one earlier ejection event (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF][START_REF] Misawa | Sm-Nd isotope systematics of lherzolitic shergottite Yamato-793605[END_REF][START_REF] Borg | Preliminary Age of Martian Meteorite Northwest Africa 4468 and Its Relationship to the Other Incompatible-Element-enriched Shergottites[END_REF][START_REF] Lapen | Lu-Hf isotope systematics of NWA4468 and NWA2990: Implications for the sources of shergottites[END_REF][START_REF] Marks | The relationship of Northwest Africa 4468 to the other incompatible-element enriched Shergottites inferred from its Rb-Sr and Sm-Nd isotopic systematics[END_REF][START_REF] Jiang | Petrogenesis of Grove Mountains 020090: An enriched "lherzolitic" shergottite[END_REF][START_REF] Cassata | 40 Ar/ 39 Ar systematics of shergottite NWA 4468[END_REF]. Two other enriched poikilitic shergottites, NWA 6342 and NWA 7397, yield older CRE ages of ~4.5 Ma, which are more consistent with the ejection event found for intermediate poikilitic shergottites (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Wieler | Noble gases in 18 Martian meteorites and angrite Northwest Africa 7812 -Exposure ages, trapped gases, and a re-evaluation of the Nyquist[END_REF]. Thus, the formation and spatial associations between enriched and intermediate shergottites remain weakly constrained.

SAMPLES AND ANALYTICAL METHODS

Samples

Eleven poikilitic shergottite meteorites were obtained for this study, which include NWA 7755, NWA 7397, NWA 4468, NWA 10169, NWA 10618, NWA 10961, NWA 11065, NWA 11043, Allan Hills (ALHA) NWA 4468, NWA 7755, NWA 10618, NWA 10961, NWA 11065, NWA 11043, ALHA 77005, LEW 88516, and RBT 04261/2 were analyzed using the JEOL JXA-8900 EPMA at UNLV, using an accelerating voltage of 15 kV, beam current of 20 nA, beam diameter of 2 µm, and standard ZAF corrections, to conduct ƒO2 and crystallization temperature calculations. To calculate crystallization temperatures and ƒO2 estimates for intermediate NWA 10961, we avoided mineral grains proximal to areas that had been affected by shock. Major element compositions of maskelynite grains were measured in NWA 4468, NWA 10618, NWA 10961, NWA 11065, and NWA 11043, using an accelerating voltage of 15 kV, beam current of 10 nA, beam diameter of 2 µm, and standard ZAF corrections. Peak counting times were 20 s for Na; 30 s for Fe, K, Mg, Si, Mn, Cr, and Ni; 40 s for Ca; 60s for Ti, Al, and P. Calibrations were conducted daily for silicate and oxide phases using the following standards: olivine (Mg, Si), augite (Mg, Fe), ilmenite (Mn, Fe, Ti), plagioclase (Ca, Al, Si), chromite (Cr), Ni-olivine (Ni), apatite (P), albite (Na), and microcline (K). Detection limits were ≤0.01 wt. % for K2O, MgO, Al2O3, CaO, and P2O5 and ≤0.02 wt. % for SiO2, Na2O, FeO, MnO, Cr2O3, TiO2, and NiO.

Elemental X-ray maps of Mg, Ca, Fe, and Si were produced for all twenty thin sections of the eleven poikilitic shergottite samples, using the JEOL JXA-8900 EPMA housed at UNLV, with beam conditions set to 15 kV accelerating voltage, 20 nA beam current, pixel dwell time of 9 ms and step size of 2 µm. The description of phosphorus mapping methods is in the Supplementary material. Modal abundances (vol. %) of mineral phases were calculated in ImageJ software using pixel count analyses of Mg, Ca, Fe, and Si elemental X-ray maps of all thin sections. For samples with more than one thin section, modal abundances are averages. An error of ~5% was estimated for the modal abundances, which is similar to the supervised image classification method conducted by [START_REF] Maloy | Evaluation of image classification routines for determining modal mineralogy of rocks from X-ray maps[END_REF].

Inductively Coupled Plasma -Mass Spectrometry (ICP-MS)

Bulk rock major and trace element concentrations for representative poikilitic shergottites were obtained at the Scripps Isotope Geochemistry Laboratory (SIGL) using a ThermoScientific iCAP Qc ICP-MS. 1.23 g of NWA 7755, 0.50 g of NWA 4468, 1.20 g of NWA 10961, 0.50 g of NWA 7397, 0.30 g of NWA 11065, and 1.41 g of NWA 11043 were crushed individually in an agate pestle and mortar solely used for martian samples. The pestle and mortar was cleaned thoroughly between samples with pure quartz powder and high-purity water. We attempted to crush the maximum amount of material for each sample in order to obtain representative bulk rock compositions. Some analyses correspond to the average of analyses using Paar bomb and Teflon vial (Table A1). The crushed powders were digested (along with standards BHVO-2, AGV-1, and BCR-2 and total procedural blanks) in 4 mL of concentrated HF and 1 mL of concentrated HNO3 for >72 hours on a hot plate. BHVO-2 was used to standardize the analyses. Precision of reference material analyses typically were better than 5% (relative standard deviation). The procedures performed for this analytical technique followed those in [START_REF] Day | Differentiation processes in FeO-rich asteroids revealed by the achondrite Lewis Cliff 88763[END_REF].

Quantitative textural analyses

Quantitative textural analyses, such as crystal size distribution (CSD) analyses and spatial distribution pattern (SDP) analyses (e.g., [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization, II: Makaopuhi lava lake[END_REF][START_REF] Marsh | Crystal size distribution (CSD) in rocks and kinetics and dynamics of crystallization[END_REF]1998;[START_REF] Jerram | The spatial distribution of grains and crystals in rocks[END_REF]2003;[START_REF] Higgins | Measurement of crystal size distributions[END_REF]2006;2011) have been used for extraterrestrial material (e.g., [START_REF] Day | Petrology and chemistry of MIL 03346 and its significance in understanding the petrogenesis of nakhlites on Mars[END_REF][START_REF] Day | On the structure of mare basalt lava flows from textural analysis of the LaPaz Icefield and Northwest Africa 032 lunar meteorites[END_REF][START_REF] Udry | Paired nakhlites MIL 090030, 090032, 090136, and 03346: Insights into the Miller Range parent meteorite[END_REF][START_REF] Ennis | Crystallization kinetics of olivine-phyric shergottites[END_REF][START_REF] Balta | Petrology and trace element geochemistry of Tissint, the newest shergottite fall[END_REF][START_REF] Neal | Distinguishing between basalts produced by endogenic volcanism and impact processes: A non-destructive method using quantitative petrography of lunar basaltic samples[END_REF][START_REF] Fagan | A new lunar high-Ti basalt type defined from clasts in Apollo 16 breccia 60639[END_REF][START_REF] Filiberto | Shergottite Northwest Africa 6963: A Pyroxene-Cumulate Martian Gabbro[END_REF][START_REF] Udry | 1.34 billion-year-old magmatism on Mars evaluated from the co-genetic nakhlite and chassignite meteorites[END_REF]. Quantitative textural analyses were applied to the olivine crystal populations in ten of the poikilitic shergottites within this study (NWA 7755, NWA 7397, NWA 4468, NWA 10169, NWA 10618, NWA 11065, NWA 11043, ALHA 77005, LEW 88516, RBT 04261/2). The total areas of each sample studied are listed in Table 8. Quantitative textural analyses of Northwest Africa 10961 were not measured due its high degree of shock. We conducted CSD and SDP analyses on the olivine populations because olivine is the most abundant phase. Additionally, olivine is an early and prolonged crystallizing phase within poikilitic shergottites, allowing for statistically sound and comprehensive results on their growth histories to be obtained.

Crystal size distribution (CSD) analyses

One thin section of NWA 7755, NWA 7397, NWA 4468, NWA 10169, NWA 10618, NWA 11065, NWA 11043, ALHA 77005, LEW 88516, RBT 04261, and RBT 04262 was used to conduct CSD analyses on the poikilitic and non-poikilitic olivine crystal populations, within these poikilitic shergottites. Photomicrographs of each thin section were taken in cross-polarized light (XPL), plane-polarized (PPL), and reflected light, using a Nikon Eclipse LV100 POL polarizing microscope. The photomicrographs were then manually and automatically mosaicked using Adobe Photoshop â . Individual olivine grain boundaries (i.e., outlines of analyzed areas) and outlines of each thin section area were manually traced in Adobe Illustrator â . Delineation of olivine grains and grain boundaries was done with the aid of a combination of photomicrograph mosaics, backscatter electron images, elemental X-ray maps, and optical microscopy. Olivine grains that intersected the perimeter of the thin section were omitted, as they do not represent complete crystals. Additionally, olivine grains with a short axis of <0.03 mm were discarded due to their near equivalence of the thin-section thickness, which increases the possibility that they are not accurate measurements and are just projections of crystals [START_REF] Higgins | Measurement of crystal size distributions[END_REF]. Digitized images of the grain boundaries and total areas of the thin sections measured were processed using ImageJ, which determined the total number of grains analyzed, XY grain center coordinates, grain long and short axis measurements, grain roundness, and area of each grain. Olivine grain axes measurements were processed using CSDslice software. CSDslice software includes a database containing 703 different crystal shape habits based on known sections and provides a way to stereologically convert the 2-D measured grain populations to true 3-D crystal size distributions [START_REF] Higgins | Measurement of crystal size distributions[END_REF]Morgan and Jerram, 2006). The best matching crystal shape ratios (long-, intermediate-, short-axis ratio) calculated with CSDslice software were subsequently input into CSDcorrections software. CSDcorrections software generates CSD plots, which traditionally show a negative relationship between the natural logarithm of the measured population density and crystal size [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization, II: Makaopuhi lava lake[END_REF][START_REF] Marsh | Crystal size distribution (CSD) in rocks and kinetics and dynamics of crystallization[END_REF]1998;Morgan and Jerram, 2006). Crystal growth rates and magma residence times are related to the slope of the CSD plots, which is defined as m = -1/Gt, where m is the slope, G is the growth rate, and t is the residence time [START_REF] Marsh | Crystal size distribution (CSD) in rocks and kinetics and dynamics of crystallization[END_REF]1998).

Spatial distribution pattern (SDP) analyses

Spatial distribution pattern analyses were conducted on the same thin sections, and olivine populations that were examined for CSD analyses. Images of traced olivine grain boundaries were utilized for SDP analyses to obtain the R-value and porosity (% melt or the inverse of the total volume of the studied crystal population in a given sample) of the sample analyzed. The R value is defined as: R = 2(Ö𝜌Σ𝑟)/𝑁, where 𝜌 is the observed population density, r is the distance between the center of a crystal and the center of its nearest neighboring crystal, and N is the total number of crystals measured [START_REF] Jerram | The spatial distribution of grains and crystals in rocks[END_REF]2003). The R-values for each sample were calculated based on the technique demonstrated in [START_REF] Jerram | The spatial distribution of grains and crystals in rocks[END_REF] using the Big-R software available in CSDcorrections. The percentage of melt at the time of formation of the entire olivine population was estimated from olivine modal mineral abundances that were calculated from pixel count analyses of the digitized olivine grain boundary images using ImageJ.

RESULTS

Petrography

Poikilitic textures are comprised of pyroxene oikocrysts that partly or completely enclose multiple olivine and spinel chadacrysts (Fig. 1); except in the case of NWA 11065, where some pyroxene oikocrysts are devoid -or nearly devoid -of mineral inclusions. In all samples, pyroxene oikocrysts are ovoid and range in maximum length from ~3.4 mm (oikocryst of NWA 11043) to ~10.5 mm (oikocrysts of NWA 11065 and NWA 7755). Olivine chadacrysts range in length up to 1.8 mm and are subhedral to anhedral. Olivine chadacrysts of enriched poikilitic shergottites occasionally enclose small (>100 µm) euhedral spinel, while those of intermediate poikilitic shergottites typically do not.

Phases found within non-poikilitic textures include pyroxene, olivine, maskelynite (shocked plagioclase), spinel, ilmenite, phosphates (apatite and merrillite), and sulfides (pyrrhotite) (Fig. 1). Non-poikilitic olivine grains range in maximum length from 1.3 mm (ALHA 77005) to 3.8 mm (NWA 7397). Non-poikilitic olivine are also more abundant, more euhedral, and typically in contact with one another, when compared to poikilitic olivine. Interstitial pyroxenes are subhedral to anhedral and vary considerably in size between individual samples (~50 µm to 1000 µm). Maskelynite grain sizes are variable between samples with a range of ~20 µm to 1500 µm. Phosphate grains exist as laths within non-poikilitic textures, with an average length of ~100 µm. Non-poikilitic spinel are euhedral and spatially associated with non-poikilitic olivine located either within, or adjacent to, olivine grains. Non-poikilitic spinel are also generally larger than poikilitic spinel grains, with lengths up to ~300 µm. Ilmenite grains are found in association with spinel and are fine-grained (<100 µm). Sulfide grains are typically fine-grained in poikilitic shergottites, as is the case for sulfides of this study, with the exception of a ~600 µm long pyrrhotite grain found in one thin section of NWA 10961 (Figs. 2 and3).

As ALHA 77005, LEW 88516, RBT 04261/2, NWA 7397, NWA 7755, and NWA 10169 have all been previously described (e.g., [START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Treiman | Comparison of the LEW 88516 and ALHA 77005 martian meteorites: Similar but distinct[END_REF]Walton and Herd, 2007;[START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;Combs et al., 2018, respectively), we only focus on the results of shock for NWA 4468, NWA 10618, NWA 11043, NWA 11065, and NWA 10961. Pervasive fracturing is apparent in all five shergottites. Olivine grains within NWA 10618, NWA 11043, NWA 11065, and NWA 10961 are darkened to the extent that they are nearly opaque. Shock melt pockets and veins exist in all five samples. The results of shock are most prominent in NWA 10961, where both analyzed thin sections contain transecting ~2 mm to 5 mm wide shock melt zones. We adopt the term "zone" over "vein", as there are offshoots of melt and no single clear melt pathway. The shock melt boundaries are clearly distinguished through a pyroxene oikocryst but have a less sharp contact through the interstitial phases. The host rock and shock melt contacts are gradational, with grain sizes becoming coarser toward interior regions. Opposing walls to the shock melt zones are generally irregular. Olivine is the dominant phase in the shock melt, and grains are micron-sized on average. Along the shock melt boundary within the non-poikilitic texture, olivine boundaries have been recrystallized and incorporated into the shock zone.

We report mineral modal abundances for the 11 samples in Table 2. There are slight variations between previously reported modal abundances and those from this study, which are likely due to the heterogeneous nature of poikilitic shergottites (Table 2; [START_REF] Treiman | Comparison of the LEW 88516 and ALHA 77005 martian meteorites: Similar but distinct[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;Combs et al., 2018). In general, modal abundances for all phases within enriched poikilitic shergottites of this study overlap with those of intermediate, with the most abundant phases being olivine (30 vol.% to 63 vol.%), low-Ca pyroxene (13 vol.% to 44 vol.%), high-Ca pyroxene (8.4 vol.% to 17 vol.%), and maskelynite (3.6 vol.% to 23 vol.%). Minor phosphate (0.4 vol.% to 2.1 vol.%) and spinel (0.1 vol.% to 1.6 vol.%), and trace ilmenite and sulfide are also present. Enriched NWA 11043 contains the greatest abundance of olivine of all analyzed samples, with a modal abundance of 63 vol.%, and the least abundance of low-Ca pyroxene (13 vol.%) (Fig. 2a). Enriched RBT 04261 contains the highest amount of maskelynite (23 vol.%) (Fig. 2b), while intermediate NWA 10961 contains the lowest (3.6 vol.%) (Fig. 2c). Intermediate NWA 10961, ALHA 77005, and LEW 88516 of this study contain notable shock melt abundances of 14 vol.%, 6.4 vol.%, and 4.4 vol.%, respectively (Table 2).

Bulk rock major-and trace-element compositions

Bulk rock major-and trace-element compositions were measured for NWA 10961, NWA 7397, NWA 11065, NWA 7755, NWA 4468, and NWA 11043, and were compared to data previously obtained for ALHA 77005, LEW 88516, RBT 04262, and NWA 10169 (Table 1 andFigs. 4-5) [START_REF] Lodders | A survey of shergottite, nakhlite and chassigny meteorites whole-rock compositions[END_REF][START_REF] Anand | Mineralogy and geochemistry of shergottite RBT 04262[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]Combs et al., 2018). Bulk rock MgO abundances vary between 17.4 wt.% (NWA 11065) to 28.2 wt.% for (ALHA 77005), CaO content between 3.16 wt.% (ALHA 77005) and 5.92 wt.% (NWA 11065), and Cr2O3 between 0.08 and 0.98 wt.% (ALHA 77005) (Fig. 5). Northwest Africa 10961 and NWA 11065 have (La/Yb)CI values of 0.42 and 0.41, respectively. Northwest Africa 4468 has a relatively flat LREE-profile and a (La/Yb)CI value of 1.11. Bulk rock REE patterns of NWA 7397 and NWA 7755 have been calculated by [START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF] and [START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF], respectively, using measured mineral REE compositions and modal abundances. Calculations from [START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF](2015) showed NWA 7397 and NWA 7755 to be enriched poikilitic shergottites [bulk rock (La/Yb)CI = ~1.0 and 1.1, respectively]. The calculated bulk rock (La/Yb)CI for NWA 7397 is lower than our measured value [(La/Yb)CI = 1.21], while that of NWA 7755 is similar to our measured value [(La/Yb)CI = 1.00] (Table 1). Newly recovered NWA 11043 has the greatest (La/Yb)CI value of our samples, with a value of 1.54 (Table 1 andFig. 4). Slight positive Eu anomalies are observed for NWA 11065, NWA 10961, and NWA 11043, with Eu/Eu* [EuCI/(SmCI × GdCI) 1/2 ] values of 1.09, 1.04, and 1.31, respectively, similar to that of NWA 10169 (1.14) (Combs et al., 2018). A slight negative Eu/Eu* anomaly of 0.93 is observed for NWA 7755, which is close to the value of 0.91 for RBT 04262 [START_REF] Anand | Mineralogy and geochemistry of shergottite RBT 04262[END_REF]. In addition, NWA 11043 displays a negative Ce anomaly [Ce/Ce* = CeCI/(LaCI × PrCI) 1/2 ] of 0.61, while NWA 7397 displays a slight positive Ce anomaly of 1.04 (Fig. 4). We also observe elevated concentrations of Ba in NWA 11043 (635 ppm), NWA 7397 (136 ppm), and NWA 7755 (156 ppm), as well as elevated concentrations of Sr in NWA 11043 (~52 ppm), NWA 7397 (56 ppm) NWA 7755 (~43 ppm), NWA 4468 (~44 ppm), NWA 11065 (~31 ppm), and NWA 10961 (~32 ppm) (Table 1). All of poikilitic shergottites show a positive Zr-Hf anomaly and variable Nb-Ta anomaly (anomalies relative to adjacent elements in figure 4: U-La and Sm-Nd, respectively), with NWA 11043 showing a clear negative Nb-Ta anomaly (Fig. 4). Zirconium, Y, and Nb show an overall increase with decreasing Mg# (Fig. A1), with higher Nb concentration in enriched poikilitic shergottites and NWA 11043 Nb content falling within the intermediate shergottite field. V/Sc ratios range from 5.96 to 7.71 for all the poikilitic shergottites. As expected, niobium, Zr, and Y is lower in abundances in samples originating from less enriched (i.e, intermediate in this study) source, similar to the results highlighted by [START_REF] Day | Martian magmatism from plume metasomatized mantle[END_REF] (Fig. A1).

Mineral compositions

Olivine

Major element compositions of poikilitic and non-poikilitic olivine were obtained for intermediate poikilitic shergottites ALHA 77005, LEW 88516, NWA 10961, and NWA 11065, and enriched poikilitic shergottites NWA 4468, NWA 11043, and NWA 10618 (Table 3, Table A2, and Fig. 6). Poikilitic olivine chadacrysts of NWA 10961, ALHA 77005, and LEW 88516 have similar compositions of Fo70-77, Fo71-77, and Fo67-75, respectively (Fig. 6). Olivine major element compositions acquired for intermediate ALHA 77005 and LEW 88516 are in agreement with previous reports (ALHA 77005: Fo69-77 and LEW 88516: Fo62-73) by [START_REF] Mcsween | Petrogenetic relationship between Allan Hills 77005 and other achondrites[END_REF], Treiman et al. (1993), and [START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF], with minor differences likely due to the heterogeneity of coarse-grained, cumulate poikilitic shergottites. Poikilitic olivine chadacrysts of intermediate poikilitic shergottite NWA 11065 have a compositional range of Fo58-68 (Fig. 6). Nonpoikilitic olivines of NWA 10961 (Fo68-71) have a similar compositional range to that of ALHA 77005 (Fo70-74). The non-poikilitic olivine of LEW 88516 and NWA 11065 are more Fe-rich, with compositions of Fo63-67 and Fo54-63, respectively (Fig. 6).

Poikilitic olivine chadacrysts of enriched NWA 4468, NWA 10618, and NWA 11043 have Fo contents of 59-69, 62-66, and 65-70, respectively (Fig. 6). Forsterite content of non-poikilitic olivine of enriched poikilitic shergottites NWA 10618, NWA 4468, and NWA 11043 ranges from 58-66, with NWA 4468 containing non-poikilitic olivine with the lowest Fo and NWA 11043 with the highest (Fig. 6).

Pyroxene

Pyroxene oikocrysts within all studied poikilitic shergottites, display abrupt compositional boundaries between low-Ca cores (Wo3En55Fs21-Wo17En77Fs21) and high-Ca rims (Wo27En53Fs20-Wo38En48Fs14) (Figs. 6 and7). Low-Ca pyroxene oikocryst cores of ALHA 77005 and NWA 10961 have the same average Mg#s as their high-Ca pyroxene oikocryst rims, with values of 78 and 77, respectively, which are also the highest average Mg#s for pyroxene within our study (Tables 4 andA3). Intermediate NWA 11065, however, has the lowest average Mg#s for oikocrysts (low-Ca: Mg# of 70, high-Ca: Mg# of 71). These values closely overlap with those of enriched poikilitic shergottites NWA 4468, NWA 11043, NWA 10618, RBT 04261/2, NWA 7755, and NWA 10169 (Table 4 and Fig. 6) (e.g., [START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF]Combs et al., 2018). The Ti/Al ratios of poikilitic pyroxenes are relatively homogenous with an average of 0.17, with LEW 88156 and ALH 77005 showing the highest ratios (up to 1.35) (Fig. 8).

Non-poikilitic low-Ca and high-Ca pyroxenes exist as distinct grains and do not exhibit core-to-rim zoning like pyroxene oikocrysts. Non-poikilitic low-Ca pyroxene of enriched and intermediate poikilitic shergottites are typically more Fe-rich than pyroxene oikocryst cores, having average Mg#s ranging from 63-73 and 66-68, respectively (Table 4). Poikilitic and nonpoikilitic high-Ca pyroxene of both geochemical types show more compositional overlap than low-Ca pyroxene in both textures (Fig. 6). Northwest Africa 10961 and ALHA 77005 have identical low-Ca non-poikilitic pyroxene average compositions of En66Fs24Wo10 and similar high-Ca pyroxene compositions of En52Fs16Wo32 and En50Fs15Wo36, respectively (Table 4). Intermediate NWA 11065 has the most Fe-rich non-poikilitic pyroxene of all poikilitic shergottites (low-Ca: En54Fs32Wo13; high-Ca: En52Fs16Wo32) (Fig. 6).

Maskelynite

Maskelynite within NWA 10961, NWA 11065, NWA 4468, and NWA 11043 have similar average compositions, ranging from An50-57Ab42-47Or1-3, and mostly fall within the range of maskelynite compositions of previously analyzed intermediate poikilitic shergottites (Tables 5 andA4 and Fig. 9). Northwest Africa 4468 has the widest maskelynite compositional range of An39-57Ab42-57O2-6, which is similar to the range of maskelynite (An34-56Ab44-57Or2-6) within enriched NWA 10169 (Combs et al., 2018). Although there are some compositional variations among individual maskelynite grains in all five analyzed samples, we do not observe chemical zoning from cores to rims of maskelynite.

Spinel

Spinel chadacrysts of enriched and intermediate poikilitic shergottites are chromites and are generally more Cr-rich, in comparison to the more Ti-rich spinel of the non-poikilitic interstitial textures (Tables 6 andA5 and Fig. 10). Non-poikilitic spinel within enriched poikilitic shergottites is generally more Ti-rich than that of the intermediate poikilitic shergottites (average TiO2: 9.5 wt.% versus 6.4 wt.%). We observe this trend for non-poikilitic spinel of enriched poikilitic shergottites NWA 4468, NWA 11043, and NWA 10618 (with average spinel compositions from Chr51Spn14Ulv36 to Chr44Spn13Ulv43), when compared to spinel of intermediate poikilitic shergottite NWA 10961 (average composition of Chr53Spn14Ulv33). Deviation from this trend is seen when comparing the average non-poikilitic spinel composition (Chr30Spn10Ulv60) of intermediate NWA 11065. Northwest Africa 11065 also has the most Ti-rich spinel grains analyzed in any poikilitic shergottite (Fig. 10).

Oxygen fugacity and crystallization temperature

Olivine-pyroxene-spinel oxybarometry and olivine-spinel geothermometry were utilized to calculate oxygen fugacities (ƒO2) and crystallization temperatures, respectively, of both poikilitic and non-poikilitic textures within NWA 4468, NWA 7755, NWA 10618, NWA 10961, NWA 11065, NWA 11043, ALHA 77005, LEW 88516, and RBT 04261/2. [START_REF] Sack | Importance of considerations of mixing properties in establishing an internally consistent database: Thermochemistry of minerals in the system Mg2SiO4-Fe2SiO4-SiO2[END_REF]1991a;1991b;1994a;1994b;1994c;[START_REF] Ballhaus | High pressure experimental calibration of the olivine-orthopyroxene-spinel oxygen geobarometer: implications for the oxidation state of the upper mantle[END_REF]Wood, 1991; http://melts.ofmresearch.org/CORBA_CTserver/Olv_Spn_Opx/index.php). Measurements of olivine-pyroxenespinel assemblages were conducted where the three phases are in contact with one another, suggesting equilibrium and representative ƒO2 estimates for early-and late-stage crystallization assemblages.

Results of ƒO2 and crystallization temperature calculations are summarized in Table 7 and Figure 11. Table A6 includes all the analyses of the different olivine-pyroxene-spinel assemblage measured. For all samples, an increase in ƒO2, ranging from 1.2 to 2.9 log units, occurs from the poikilitic texture to the non-poikilitic texture. The early-stage ƒO2 for NWA 10961 is the most reduced of all poikilitic shergottites at QFM -4 (Fig. 11 andTable 7). Although early-stage ƒO2 of NWA 10961 is more reduced than other intermediate poikilitic shergottites, later-stage ƒO2 of NWA 10961 (QFM -1.35) is more oxidized than that of ALHA 77005 (QFM -2.18) and LEW 88516 (QFM -1.59) (Table 7). The largest increase of ƒO2 is seen for intermediate poikilitic shergottite NWA 11065, from -3.3 log units below the QFM buffer (poikilitic) to QFM -0.5 (nonpoikilitic). The non-poikilitic ƒO2 of NWA 11065 is also the most oxidized value of all analyzed samples. In addition, poikilitic ƒO2 estimates calculated for intermediate poikilitic shergottite of this study (QFM -3.3 to -4.1) all overlap with previously reported ƒO2 estimates of depleted olivine-phyric and basaltic shergottites, such as Tissint (QFM ~-4.0), Sayh al Uhaymir (SaU) 005 (QFM ~-3.4), and Queen Alexandra Range (QUE) 94201 (QFM ~-3.5) (e.g., [START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Balta | Petrology and trace element geochemistry of Tissint, the newest shergottite fall[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF].

Crystallization temperatures are similar for both textures of enriched and intermediate poikilitic shergottites (Table 7). Poikilitic crystallization temperatures range from 1032 °C to 1101 °C for enriched poikilitic shergottites and from 1089 °C to 1185 °C for intermediate poikilitic shergottites. Non-poikilitic crystallization temperatures are lower than poikilitic temperatures, with ranges of 800 °C to 932 °C for enriched poikilitic shergottites and from 850 °C to 947 °C for intermediate poikilitic shergottites.

Quantitative textural analyses

Olivine crystallization histories and emplacement of enriched and intermediate poikilitic shergottites were investigated using quantitative textural analyses. We measured olivine populations of all poikilitic shergottites within this study for quantitative textural analyses, with the exception of NWA 10961, as the shock melt veins obscure true igneous olivine crystallization histories. Crystal size distribution results are presented in Tables 8, A7, and A8 and Figs. 12-14 and A2-A4. All CSDcorrection data are included in Table A9. Shapes of olivine grains are described as rectangular prisms, thus allowing for statistically significant CSD results to be obtained with populations of 75 grains or more (Morgan and Jerram, 2006). In addition to conducting CSD for all measured olivine grains within each thin section, textural analyses of poikilitic and non-poikilitic olivine grains were measured as separate populations. However, due to the limited number of olivine grains in each textural region, CSD was only applied to poikilitic and non-poikilitic olivine of five enriched (NWA 4468, NWA 10169, NWA 7755, RBT 04262, NWA 11043), and two intermediate (ALHA 77005, NWA 11065) rocks, as they are the only samples that contained 75 or more olivine grains within each textural region (Tables A7 andA8 and Fig. A2). The best-fit ratios (representing the short-intermediate-long axis ratio of the threedimensional crystal shape) of olivine populations of enriched poikilitic shergottites vary from 1.00:1.15:1.60 (squashed rectangle) to 1.00:1.30:2.40 (rectangular), while the intermediate poikilitic shergottites have a variation of 1.00:1.15:1.70 to 1.00:1.25:1.70 (Tables 8, A7, and A8). Nearly all CSD profiles for enriched and intermediate poikilitic shergottites show similar overall negative concave-up sublinear slopes, with the exception being NWA 11043, which displays a negative linear slope (Figs. 12 andA2). All CSD profiles contain a downturn at the smallest grain size bins (≤0.1 mm). For this reason, we have calculated CSD slopes with and without the grains of the smallest olivine grain size bins (≤0.1 mm) (Tables 8, A7, and A8). Overall CSD length profile slopes (excluding smallest grain size bins) for enriched poikilitic shergottites range vary from -3.42 to -8.06, and intermediate poikilitic shergottite CSD slopes vary from -3.32 to -6.75. Intercepts of the CSD length profiles for enriched poikilitic shergottites vary from 3.16 to 5.97, and intermediate poikilitic shergottite CSD intercepts vary from 3.68 to 5.27. We observe a negative correlation between corrected CSD slopes and intercepts for both enriched and intermediate poikilitic shergottites, with paired RBT 04261 and RBT 04262 having the steepest and NWA 10169 having the shallowest slope for enriched poikilitic shergottites; NWA 11065 has the steepest slope, and LEW 88516 has the shallowest slope of intermediate poikilitic shergottites (Tables 8-10; Fig. 13a). A positive correlation is observed between CSD slope and average olivine grain size, with NWA 4468 exhibiting the smallest average grain size and LEW 88516 the largest (Fig. 13b). We observe no correlation between olivine CSD slopes and modal abundances or olivine average sizes and modal abundances (Figs. A4c andA4d). Non-poikilitic olivine populations for NWA 10169, RBT 04262, NWA 11043, ALHA 77005, and NWA 11065 have shallower corrected slopes than their poikilitic counterparts, while NWA 4468 and NWA 7755 non-poikilitic slopes are steeper than their poikilitic slopes (Fig. A2). Overall intercepts for all non-poikilitic olivine populations of all seven samples are greater than those of the poikilitic populations, ranging from 3.63 to 5.52 in comparison to 2.84 to 5.13 (Tables A7 andA8). We observe a general overall negative correlation between corrected slopes and intercepts for both the poikilitic and non-poikilitic populations.

As CSD slopes are related to crystal growth rates and magma residence times [START_REF] Marsh | Crystal size distribution (CSD) in rocks and kinetics and dynamics of crystallization[END_REF]1998), estimates of olivine residence times were calculated, resulting in 46-109 and 66-112 Earth days (Tables 8, A7, and A8) in enriched poikilitic shergottites and intermediate poikilitic shergottites, respectively. Due to the lack of experimental growth rates for olivine in poikilitic shergottite melts, we used a growth rate of ~3.1 × 10 -8 mm/s that was calculated based off of Fe-Mg diffusion profiles from olivine grains of the enriched olivine-phyric shergottite Larkman Nunatak (LAR) 06319 [START_REF] Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatuk 06319: Implications for enriched components in Martian basalts[END_REF]. This growth rate is similar to those calculated for silicate minerals in terrestrial rocks [START_REF] Marsh | On the interpretation of crystal size distribution in magmatic systems[END_REF][START_REF] Jerram | Quantifying the building blocks of igneous rocks: Are clustered crystal frameworks the foundation?[END_REF], as well as in lunar and martian meteorites [START_REF] Day | Petrology and chemistry of MIL 03346 and its significance in understanding the petrogenesis of nakhlites on Mars[END_REF][START_REF] Day | On the structure of mare basalt lava flows from textural analysis of the LaPaz Icefield and Northwest Africa 032 lunar meteorites[END_REF]. However, magma residence times should be used with caution, as they can change considerably with slight variations in growth rates (e.g., [START_REF] Ennis | Crystallization kinetics of olivine-phyric shergottites[END_REF][START_REF] Udry | 1.34 billion-year-old magmatism on Mars evaluated from the co-genetic nakhlite and chassignite meteorites[END_REF]. We observe no clear correlations between reciprocal of residence time and CSD slope/CSD intercept (Fig. A4e). Spatial distribution pattern analyses show that nine of the examined poikilitic shergottites plot within the clustered touching framework field, with the two exceptions of NWA 11065 and NWA 7755 plotting on the boundary, and within the clustered non-touching framework field, respectively (Fig. 14). Phenocryst populations within cumulate rocks typically plot within the clustered touching framework field [START_REF] Jerram | Quantifying the building blocks of igneous rocks: Are clustered crystal frameworks the foundation?[END_REF]. However, olivine grains of NWA 7755 and NWA 11065 are more widely distributed than typical cumulate rocks due to the large lengths of pyroxene oikocrysts within NWA 11065 (10.6 mm) and NWA 7755 (10.8 mm) that surround them (Fig. 6).

DISCUSSION

Olivine crystallization

Kinetic parameters of olivine crystallization

Crystal Size Distribution analyses can be used to better understand kinetic parameters, such as nucleation density, cooling rates, and growth rates of the olivine populations within enriched and intermediate poikilitic shergottites. The nucleation density of a crystal population is related to the y-intercept of a CSD slope, with greater y-intercepts indicating higher nucleation densities [START_REF] Higgins | Textural coarsening in igneous rocks[END_REF]. The y-intercepts of the non-poikilitic olivine population CSD plots are all greater than the poikilitic populations, implying a higher degree of nucleation during the later stages of crystallization than the earlier stages (Fig. 12; Tables A7 andA8). However, lower nucleation densities for the poikilitic populations may be due to resorption of olivine chadacrysts, as also seen by their subhedral to anhedral shapes, rather than an increase in nucleation of olivine during crystallization of poikilitic textures. Lower densities could also be due to loss through early olivine fractionation. As resorption likely affected the morphology and quantity of poikilitic olivine chadacrysts, CSD results for non-poikilitic olivine populations are used when evaluating poikilitic shergottite emplacement (described further in section 5.2.3). Additionally, all of the CSD plots display downturns at the smallest grain size intervals, representing either annealing or cessation of nucleation with continued olivine growth (Figs. 12 and 14) (e.g., [START_REF] Marsh | Crystal size distribution (CSD) in rocks and kinetics and dynamics of crystallization[END_REF][START_REF] Higgins | Textural coarsening in igneous rocks[END_REF].

Investigation of olivine cooling rates was conducted using CSD slopes, relative magma residence times, and olivine grain sizes (Tables 8). Paired enriched poikilitic shergottites RBT 04261/2 show similar olivine population slopes as well as the steepest slopes, smallest average olivine grain sizes, and shortest relative magma residence times, implying that the olivine populations cooled the fastest (Tables 8 andA8; Figs. 12, 13, and A2b). Northwest Africa 11043 and NWA 7397 have similar slopes, average grain sizes of olivines, and magma residence times, meaning they experienced similar cooling histories. Northwest Africa 7755 and NWA 4468 cooled slower than the previously mentioned samples. Olivine populations of NWA 10618 and NWA 10169, cooled the slowest, displaying the shallowest slopes, longest magma residence times, and largest olivine average grain sizes. Fastest to slowest cooling of olivine within intermediate poikilitic shergottites is as follows: NWA 11065, ALHA 77005, and LEW 88516.

Physical processes affecting olivine crystallization

The CSD theory assumes that a steady-state, open magmatic system with continuous crystal nucleation and growth will produce a linear relationship between the population density and crystal size [START_REF] Cashman | Crystal size distribution (CSD) in rocks and the kinetics and dynamics of crystallization, II: Makaopuhi lava lake[END_REF][START_REF] Marsh | Crystal size distribution (CSD) in rocks and kinetics and dynamics of crystallization[END_REF]1998;[START_REF] Higgins | Textural coarsening in igneous rocks[END_REF]. Any curvature from the anticipated linear CSD pattern implies physical processes have affected the crystallizing population. An upward curvature of a CSD pattern (i.e., slope flattening at the largest grain sizes) is indicative of olivine accumulation, implying samples with a greater degree of slope flattening have experienced more olivine accumulation. All of the overall poikilitic shergottite olivine CSD plots show a slope flattening at the largest grain size interval, except for NWA 11043 (Fig. 12). Thus, NWA 11043 may have had less olivine accumulation compared to the other samples. Olivine accumulation is also evidenced by the high bulk rock MgO content in all poikilitic shergottites, as also evidenced by the slight positive correlation between bulk MgO and olivine modal abundances.

Additionally, the observed negative correlation between corrected CSD slope and CSD intercept (Fig. 13a) implies that textural coarsening was an active process during olivine crystallization [START_REF] Higgins | Textural coarsening in igneous rocks[END_REF]. As described by [START_REF] Higgins | Textural coarsening in igneous rocks[END_REF], small crystals dissolve and larger crystals grow during textural coarsening. However, this interpretation can only apply to samples that were emplaced in common shallow sills (see section 4.4.3), as similar relationships have been observed in CSD studies of terrestrial igneous gabbro suites that crystallized within the same magmatic body (e.g., [START_REF] Higgins | Textural coarsening in igneous rocks[END_REF][START_REF] Marsh | On the interpretation of crystal size distribution in magmatic systems[END_REF]). Thus, any textural coarsening of enriched poikilitic shergottites would have occurred independently from textural coarsening of intermediate poikilitic shergottites, as the two groups are likely not co-magmatic.

The SDP of olivine populations within enriched and intermediate poikilitic shergottites represent the spatial associations and arrangements of olivine crystals (e.g., [START_REF] Jerram | Quantifying the building blocks of igneous rocks: Are clustered crystal frameworks the foundation?[END_REF]. Nearly all of the analyzed samples fall within the "clustered touching framework" field, albeit closely bordering the "ordered non-touching framework" field (Fig. 14), suggesting olivine populations within these samples were generally produced by agglomeration of individual grains, which were moderately sorted [START_REF] Jerram | Quantifying the building blocks of igneous rocks: Are clustered crystal frameworks the foundation?[END_REF]. The SDP analyses of NWA 11065 and NWA 7755 suggest the olivine populations did not form from agglomeration (Fig. 14). These two samples contain the largest pyroxene oikocrysts (~10 mm) (Figs. 7a and7b), whose growth and entrapment of olivine grains likely impeded the occurrence of olivine grain clustering. Thus, the emplacement history of NWA 11065 and NWA 7755 differs from that of the other analyzed poikilitic shergottites.

Origin, crystallization, and emplacement of enriched and intermediate poikilitic shergottites

Poikilitic shergottite source constraints

Bulk rock (La/Yb)CI ratios may be used as proxies for parental magmas, as REE patterns are largely unaffected by moderate degrees of fractional crystallization (e.g., [START_REF] Wadhwa | Petrogenesis of shergottite meteorites inferred from minor and trace element microdistributions[END_REF][START_REF] Mcsween | QUE94201 shergottite: crystallization of a Martian basaltic magma[END_REF][START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF]. Based on (La/Yb)CI values, we determined that the newly recovered NWA 11043 is an enriched poikilitic shergottite, while NWA 11065 and NWA 10961 are intermediate (Table 1 and Fig. 4). Previously, NWA 11043 was classified as an intermediate poikilitic shergottite (Meteoritical Bulletin Database No 106). We find that Northwest Africa 11043 has the highest (La/Yb)CI of any analyzed poikilitic shergottite sample (Table 1 and Fig. 4). However, this pattern is likely a byproduct of REE remobilization by hot-desert alteration, causing an enrichment of La and associated negative Ce anomaly (Fig. 4) (e.g., [START_REF] Floss | Ce anomalies in the LEW 85300eucrite; evidence for REE mobilization during Antarctic weathering[END_REF][START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Wadhwa | Petrogenesis of shergottite meteorites inferred from minor and trace element microdistributions[END_REF][START_REF] Crozaz | The terrestrial alteration of Saharan shergottites Dar al Gani 476 and 489: A case study of weathering in a hot desert environment[END_REF][START_REF] Crozaz | Chemical alteration and REE mobilization in meteorites from hot and cold deserts[END_REF][START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]Combs et al., 2018). To remove the effect of La on the REE profile of NWA 11043, we compared Pr/Yb to the other poikilitic shergottites. Northwest Africa 11043 exhibits the same Pr/Yb as the other enriched poikilitic shergottites. Northwest Africa 11043 is also akin to enriched poikilitic shergottites, as evidenced by pyroxene and spinel chemistry falling into the enriched poikilitic shergottite envelopes. However, its Zr/Y and Zr/Nb are close to those of the intermediate shergottites (Fig. A1; [START_REF] Day | Martian magmatism from plume metasomatized mantle[END_REF]. In addition, this meteorite has a low Nb-Ta anomaly compared to the other poikilitic shergottites (Fig. 4). Northwest Africa 11043 shows a 187 Os/ 188 Os ratio of 0.1296, plotting within the range of the intermediate shergottites in terms of Os isotopic ratios [START_REF] Paquet | Fractionation of the Highly Siderophile Elements in Shergottite Sulfides[END_REF]. In order to conclusively constrain the source of NWA 11043, additional isotopic compositions of this rock need to be done.

Disparate bulk rock (La/Yb)CI ratios and REE patterns between enriched and intermediate poikilitic shergottites support derivation from at least two separate magmatic sources (Fig. 4), which is also corroborated by distinct isotopic compositions (e.g., 87 Sr/ 86 Sr and e 143 Nd) between the two geochemical groups (e.g., [START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Lapen | Lu-Hf isotope systematics of NWA4468 and NWA2990: Implications for the sources of shergottites[END_REF][START_REF] Shearer | Petrogenetic linkages among fO2, isotopic enrichments-depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts[END_REF]Combs et al., 2018). However, the locations of these possible magma reservoirs within the martian interior are not fully constrained. For instance, the location of the enriched source, either within the mantle and/or crust, is still highly debated, whereas the intermediate signature is thought to either be a product of mixing between enriched and depleted reservoirs during melting, or represent an additional mantle source, potentially formed during magma ocean crystallization (e.g., [START_REF] Wadhwa | Petrogenesis of shergottite meteorites inferred from minor and trace element microdistributions[END_REF][START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF][START_REF] Barrat | Petrology and chemistry of the Picritic Shergottite North West Africa 1068 (NWA 1068)[END_REF][START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Bridges | The SNC meteorites: basaltic igneous processes on Mars[END_REF][START_REF] Symes | The age of the martian meteorite Northwest Africa 1195 and the differentiation history of the shergottites[END_REF][START_REF] Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatuk 06319: Implications for enriched components in Martian basalts[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Sarbadhikari | Evidence for heterogeneous enriched shergottite mantle sources in Mars from olivine-hosted melt inclusions in Larkman Nunatak 06319[END_REF][START_REF] Borg | Constraints on the composition and evolution of the Martian mantle from isotopic systematics of basaltic shergottites[END_REF][START_REF] Brandon | Evolution of the Martian mantle inferred from the 187 Re-187 Os isotope and highly siderophile Rahib et al[END_REF][START_REF] Gross | Petrography, mineral chemistry, and crystallization history of olivine-phyric shergottite NWA 6234: A new melt composition[END_REF][START_REF] Shearer | Petrogenetic linkages among fO2, isotopic enrichments-depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts[END_REF][START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in Martian magmatism[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF][START_REF] Peters | Tracking the source of the enriched martian meteorites in olivinehosted melt inclusions of two depleted shergottites, Yamato 980459 and Tissint[END_REF][START_REF] Ferdous | Evaluating crustal contributions to enriched shergottites from the petrology, trace elements, and Rb-Sr and Sm-Nd isotope systematics of Northwest Africa 856[END_REF][START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF].

Oxygen fugacity constraints can help pin-point the source of shergottites. Oxygen fugacity values obtained for early-crystallizing mineral assemblages in shergottites likely represent shergottite magmatic source redox conditions (e.g., [START_REF] Wadhwa | Redox state of Mars' upper mantle and crust from Eu anomalies in shergottite pyroxenes[END_REF][START_REF] Herd | Oxygen fugacity and geochemical variations in the martian basalts: Implications for martian basalt petrogenesis and the oxidation state of the upper mantle of Mars[END_REF]. Previous studies have suggested that there is a correlation between the degree of LREE-enrichment and magmatic source redox conditions, where the incompatible-element depleted source region is reduced, and the enriched source is more oxidized (e.g., [START_REF] Wadhwa | Redox state of Mars' upper mantle and crust from Eu anomalies in shergottite pyroxenes[END_REF][START_REF] Herd | Oxygen fugacity and geochemical variations in the martian basalts: Implications for martian basalt petrogenesis and the oxidation state of the upper mantle of Mars[END_REF][START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Hui | Petrogenesis of basaltic shergottite Northwest Africa 5298: Closed-system crystallization of an oxidized mafic melt[END_REF]. Our ƒO2 results suggest that there is no correlation between bulk ƒO2 and bulk rock (La/Yb)CI values for poikilitic shergottite geochemical reservoirs. For example, earlystage ƒO2 of enriched poikilitic shergottite NWA 4468 is within uncertainties of early-stage ƒO2 of intermediate NWA 4797, with values of QFM -2.9 (Table 7 and Fig. 11) (e.g., [START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF]. Additionally, early-stage ƒO2 of intermediate poikilitic shergottites overlap with estimates previously found for depleted basaltic and olivine-phyric shergottites, such as QUE 94201, Tissint, and SaU 005 (Fig. 11) (e.g., [START_REF] Balta | Petrology and trace element geochemistry of Tissint, the newest shergottite fall[END_REF][START_REF] Castle | Experimental investigation into the effects of oxidation during petrogenesis of the Tissint meteorite[END_REF]. A lack of correlation between (La/Yb)CI and bulk ƒO2 (i.e., not specifically representing an early or late-stage mineral assemblage) is evidenced by other shergottites, such as poikilitic shergottites NWA 4797 and NWA 10169, gabbroic shergottite NWA 7320, and basaltic shergottite NWA 8657 (e.g., [START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF][START_REF] Shearer | Petrogenetic linkages among fO2, isotopic enrichments-depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF][START_REF] Udry | Petrogenesis of the NWA 7320 enriched martian gabbroic shergottite: Insight into the martian crust[END_REF][START_REF] Howarth | Petrogenesis of basaltic shergottite Northwest Africa 8657: Implications for fO2 correlations and element redistribution during shock melting shergottites[END_REF]Combs et al., 2018). Despite the lack of correlation of bulk ƒO2 and La/Yb, there is a correlation between the ƒO2 early-stage poikilitic assemblage and LREE enrichment, as also illustrated in Fig. A5 for olivine-phyric shergottites. The parental melt(s) of enriched poikilitic shergottites formed at redox conditions similar to shergottites that are believed to be mantle-derived (e.g., depleted olivine-phyric shergottite Dar al Ghani (DaG) 476: QFM -2.56; [START_REF] Herd | Oxygen fugacity of martian basalts from electron microprobe oxygen and TEM-EELS analyses of Fe-Ti oxides[END_REF], implying enriched shergottites also originated from a mantle source. Based on the reduced nature of the intermediate poikilitic shergottites (Table 7 and Fig. 11), which show close affinity in ƒO2 to depleted shergottites, the intermediate reservoir likely resides within the mantle. The ƒO2 of the poikilitic textures are ~1 log unit below QFM of the ƒO2 estimated for olivine-phyric megacrysts (Fig. A5; Castle andHerd, 2016, Herd, 2019), demonstrating different redox conditions during their formation or possibly different sources between the different subgroups.

Poikilitic shergottites of this study show an increase in ƒO2 from the poikilitic texture (early-stage crystallization) to the non-poikilitic texture (late-stage crystallization), with increases ranging from 1.2 to 2.0 log units below the QFM buffer for enriched poikilitic shergottites, and 2.0 to 2.9 log units for intermediate poikilitic shergottites (Table 7 and Fig. 11). The increase of ƒO2 during crystallization and ascent can be explained by different factors. Throughout crystallization, Fe 3+ becomes enriched in the melt and is incorporated into late-stage phases, such as spinel, causing higher ƒO2 values to be found for late-stage melts. This process is known as auto-oxidation, and past modeling has shown that auto-oxidation can account for an increase in ƒO2 of ~1 log unit (Peslier et al., 2010;[START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF]. Previous studies concluded that enriched, intermediate, and depleted shergottite magmas underwent substantial changes in ƒO2 during crystallization (e.g., [START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF]Shearer et al., 2006;Peslier et al., 2010;[START_REF] Gross | Primitive olivine-phyric shergottite NWA 5789: Petrography, mineral chemistry, and cooling history imply a magma similar to Yamato-980459[END_REF][START_REF] Shearer | Petrogenetic linkages among fO2, isotopic enrichments-depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts[END_REF]. Commonality of ƒO2 changes >1 log unit amongst shergottites has led to the idea that late-stage degassing is common with shergottite parental magmas, in addition to autooxidation, and/or assimilation of oxidized crust supporting fluids being present in the martian interior (e.g., Peslier et al., 2010;[START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF][START_REF] Balta | Magmatic history and parental melt composition of olivine-phyric shergottite LAR 06319: Importance of magmatic degassing and olivine antecrysts in Martian magmatism[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;[START_REF] Mccubbin | Heterogeneous distribution of H2O in the martian interior: Implications for the abundance of H2O in depleted and enriched mantle sources[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF][START_REF] Howarth | Trace elements in olivine and the petrogenesis of the intermediate, olivine-phyric shergottite NWA 10170[END_REF][START_REF] Howarth | Petrogenesis of basaltic shergottite Northwest Africa 8657: Implications for fO2 correlations and element redistribution during shock melting shergottites[END_REF]Combs et al., 2018;[START_REF] Herd | Reconciling redox: making spatial and temporal sense of oxygen fugacity variations in martian igneous rocks[END_REF].

Two-stage crystallization of poikilitic shergottites

Enriched and intermediate poikilitic shergottites have similar textures and mineral assemblages, with implications for a two-stage crystallization model for both types, as previously described for other poikilitic shergottites (e.g., [START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF][START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF]2015;Combs et al., 2018). Textural relationships (e.g., bimodal textures), mineralogical differences between the two textural domains, dynamic crystallization temperatures, and ƒO2 values, suggest formation models similar to that of Howarth et al. (2014) (Tables 3, 4, 6, and 7;Figs. 1, 6, 10 and 11). Pyroxene oikocrysts enclosed chromite and olivine, within both enriched and intermediate poikilitic shergottites, and crystallized and accumulated early, as demonstrated by higher Mg#s of poikilitic pyroxene and olivine than their non-poikilitic counterparts (Tables 3 and4). Poikilitic olivine chadacrysts are typically subhedral to anhedral, with irregular grain boundaries, consistent with instability of olivine in the parental melt, leading to resorption, and a peritectic reaction forming pyroxene (i.e., olivine + melt = pyroxene) (Bard et al., 1986). This reaction has also been suggested to occur in other poikilitic shergottites (e.g., RBT 04262; Usui et al., 2010, NWA 7397;Howarth et al., 2014, and NWA 10169;Combs et al., 2018). More evolved interstitial melts, which would later crystallize to form non-poikilitic textures, subsequently entrained cumulus pyroxene oikocrysts, as well as cumulus olivine and chromite grains that were not enclosed by pyroxene. Evolved interstitial melts co-crystallized intergrowths of non-poikilitic pyroxene and maskelynite during transport to the martian surface. Late-stage phosphate, spinel, ilmenite, and sulfide phases crystallized as part of non-poikilitic textures, following non-poikilitic pyroxene and interstitial maskelynite crystallization. Lower Mg#s of non-poikilitic olivine and pyroxene, as well as higher TiO2 concentrations of non-poikilitic spinel help justify more evolved melts being required to form non-poikilitic mineral assemblages.

Although similar crystallization sequences are apparent for both geochemical types, the liquidus phases are different between the two, with spinel as the liquidus phase for enriched poikilitic shergottites and olivine for intermediate. Enriched poikilitic shergottites typically contain poikilitic olivine with spinel inclusions, whereas intermediate poikilitic shergottites have only spinel adjacent to olivine. These mineral association observations are coupled with differing poikilitic ƒO2 values between enriched and intermediate types. Magmatic ƒO2 of poikilitic textures of intermediate poikilitic shergottites suggests reduced magmatic environments, which may have inhibited spinel growth, allowing olivine to crystallize first (e.g., [START_REF] Castle | Experimental investigation into the effects of oxidation during petrogenesis of the Tissint meteorite[END_REF]. A difference in crystallization sequences for enriched and intermediate poikilitic shergottite assemblages is also seen in the literature, where chromite has been interpreted to crystallize after olivine in intermediate poikilitic shergottites (e.g., [START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF][START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF][START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF]. Thus, the parental magma composition(s) that formed the intermediate poikilitic shergottites are similar to, but distinguishable from that of the enriched poikilitic shergottites.

The low Ti/Al ratios of poikilitic pyroxenes, including high-Ca and low-Ca pyroxenes, suggest a crystallization depth possibly corresponding to or near the base of the martian crust for nearly all studied poikilitic shergottites (Figure 8, [START_REF] Wieczorek | Thickness of the Martian crust: Improved constraints from geoid-to-topography ratios[END_REF][START_REF] Musselwhite | Experimental petrology, crystallization history, and parental magma characteristics of olivine-phyric shergottite NWA 1068: Implications for the petrogenesis of "enriched" olivine-phyric shergottites[END_REF]. Note that the pyroxene Ti-Al geobarometer was originally calibrated for terrestrial pressures, thus an exact pressure cannot be determined for martian magma compositions [START_REF] Musselwhite | Experimental petrology, crystallization history, and parental magma characteristics of olivine-phyric shergottite NWA 1068: Implications for the petrogenesis of "enriched" olivine-phyric shergottites[END_REF]. The intermediate poikilitic shergottites LEW 88516 and ALH 77005, and to a lesser extent NWA 4468, show higher Ti/Al, likely due to plagioclase fractionation during pyroxene crystallization. Plagioclase co-crystallization is confirmed by slight negative Eu anomalies in pyroxene oikocrysts from previous studies [START_REF] Lundberg | Rare earth elements in minerals of the ALHA77005 shergottite and implications for its parent magma and crystallization history[END_REF][START_REF] Harvey | Petrography, mineral chemistry, and petrogenesis of Antarctic Shergottite LEW88516[END_REF][START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF]. The possible similar crystallization depths for the poikilitic textures suggest that magma ponding is likely facilitated at the base of the martian crust. Cumulates with similar mineralogies as those found in the poikilitic textures might be common and widespread on Mars. These chambers could result in all of the different enriched and intermediate shergottites that have been analyzed.

Poikilitic shergottites spatial relationships in the martian crust

Using quantitative textural analyses, in conjunction with bulk rock and mineralogical investigations of the members of enriched and intermediate poikilitic shergottites, we describe here constraints on their possible petrogenesis. The spatial and magmatic relationships in the martian crust of the various poikilitic shergottites are represented schematically in Figure 15, as well as their links with other shergottites (described in section 5.3). As demonstrated above, enriched and intermediate poikilitic shergottites were derived from different sources and possibly magmatic plumbing systems. Here we propose distinct enriched poikilitic shergottite emplacement location(s) in the martian crust from that of members of the intermediate type (Fig. 15). To constrain the emplacement of enriched and intermediate poikilitic shergottites of this study, we use CSD data of non-poikilitic olivine populations of enriched and intermediate poikilitic shergottites (Tables 8 andA8; Figs. 13, A2-A4), as non-poikilitic olivine populations are representative of emplacement histories. As mentioned above, most poikilitic olivine populations are too small for statistically significant CSD analyses or have been resorbed. relative magma residence times), CSD intercepts, and olivine average sizes, (Tables 8 andA8; Figs. 12, 13, and A2). Thus, we are proposing that RBT 04261/2, NWA 4468, and NWA 10618 were emplaced in the same sill/hypabyssal igneous body, which possibly also included NWA 7755, and either two or three other igneous bodies included NWA 10169, NWA 11043, and NWA 7397 (Fig. 15).

Intermediate poikilitic shergottites: Previous work proposed that stratigraphic relationships between intermediate poikilitic shergottites in a common igneous block (e.g., [START_REF] Warren | Yamato-793605, EETA79001, and other presumed Martian meteorites; compositional clues to their origins[END_REF]Wadhwa et al., 1999;[START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF][START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF]Kurihara, 2008, Walton et al., 2012), using modal abundances and chemical compositions of cumulus and intercumulus phases. These studies suggested that the differences in these parameters result from spatial variation in cooling rates. [START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF] proposed a shallower emplacement depth for LEW 88516 compared to ALHA 77005, based on a greater degree of compositional variation of olivine within LEW 88516 due to a lower degree of subsolidus re-equilibration. However, using CSD results, we observe that LEW 88516 shows a longer relative magma residence time and larger average olivine grain size than ALHA 77005 (i.e., LEW 88516 would have been emplaced deeper than ALHA 77005) (Tables 8 andA7; Figs. 12, 13, and A2). In addition, [START_REF] Goodrich | Spinels and oxygen fugacity in olivine-phyric and lherzolitic shergottites[END_REF] and [START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF] suggested that LEW 88516 experienced higher degrees of subsolidus reequilibration than ALHA 88516, based on spinel compositions and ƒO2 data, contrary to the lower degree proposed by [START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF]. Combining CSD results with distinct mineralogical data and isotopic data of ALHA 77005 and LEW 88516 (e.g., distinct olivine P-maps; Fig. A6, and distinct eNd values; ALHA 77005: +11.1 and LEW 88516: +8.2; [START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF], facilitates the interpretation that the two rocks did not crystallize in the same shallow sill (e.g., [START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF] (Fig. 15). They likely crystallized concurrently in the same volcanic complex on Mars, with intermediate poikilitic shergottites, such as Grove Mountain (GRV) 99027 and Y-793605, as seen by their similar Sm-Nd crystallization ages (~179 -185 Ma) (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF]Misawa et al., 2006;[START_REF] Shih | Sm-Nd and Rb-Sr studies of lherzolitic shergottite Yamato 984028[END_REF] and CRE ages (~4.0 -5.0 Ma) (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Kong | Cosmic-ray exposure age of Martian meteorite GRV 99027[END_REF] (Fig. 15).

Based on the near-identical La/Yb patterns of NWA 11065 and NWA 10961 (0.41 and 0.42), they likely originated from a common source that was moderately depleted in the LREE, which may also be the source of ALHA 77005 (Fig. 4). However, to produce Fe-rich non-poikilitic pyroxene and olivine of NWA 11065 (Fig. 6), a significant amount of fractional crystallization of Mg-rich pyroxene and olivine would be required. Thus, NWA 11065 may have been derived from the same source region as NWA 10961 and ALHA 77005, but from a different, more evolved volcanic system (Fig. 15). Poikilitic olivine compositions of NWA 11065 (Fo58-68) are more Ferich than intermediate poikilitic shergottites NWA 10961 (Fo70-77), ALHA 77005 (Fo71-77), and LEW 88516 (Fo67-75), supporting early crystallization in a distinct magmatic chamber (Fig. 15). Quantitative textural analyses were not conducted for NWA 10961 as shock melting greatly affected the morphology of olivine grains; thus, we cannot use CSD or SDP information to constrain its emplacement relative to other intermediate poikilitic shergottites. However, based on bulk rock trace element data (Table 2 and Fig. 4) and mineral compositions alone, there is possibility that NWA 10961 was emplaced with ALHA 77005 (Fig. 15). Therefore, we are proposing that at least three different igneous bodies were required for the emplacement of intermediate poikilitic shergottites.

Although enriched and intermediate poikilitic shergottites are petrographically similar, many lines of evidence suggest their emplacement in various shallow sills. Emplacement of enriched and intermediate poikilitic shergottites in different locations on Mars is also supported by the variation in ejection ages seen for them (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Eugster | Ejection ages from krypton-81krypton-83 dating and pre-atmospheric sizes of Martian meteorites[END_REF]Christen et al., 2005;[START_REF] Kong | Cosmic-ray exposure age of Martian meteorite GRV 99027[END_REF][START_REF] Nishiizumi | A tale of two shergottites: RBT 04261 and RBT 04262[END_REF][START_REF] Wieler | Noble gases in 18 Martian meteorites and angrite Northwest Africa 7812 -Exposure ages, trapped gases, and a re-evaluation of the Nyquist[END_REF]. Differing CRE ages but overlapping crystallization ages could mean that a widespread emplacement mechanism was occurring concurrently on Mars, resulting in the formation of poikilitic shergottites, hence widespread formation of an important lithology of the martian crust.

Petrogenetic links with other shergottites

Isotopic and trace compositions as well as mineralogies can help constrain the link between poikilitic shergottites with the other shergottite sub-types, such as basaltic, olivine-phyric, and gabbroic shergottites. Using isotopic compositions, CRE ages, mineralogies, and textures of the poikilitic shergottites and the possibly linked basaltic and olivine-phyric shergottites, we propose a model of emplacement of these different rocks presented in Figure 15. Based on distinct model 176 Lu/ 177 Hf source compositions, two geochemically enriched sources have been proposed to be responsible for the generation of young (~150 Ma -225 Ma) enriched shergottites (e.g., Lapen et al., 2009;Combs et al., 2018;[START_REF] Udry | Petrogenesis of the NWA 7320 enriched martian gabbroic shergottite: Insight into the martian crust[END_REF]. Enriched poikilitic shergottites NWA 10169, NWA 4468, and RBT 04261/2, enriched basaltic shergottites Shergotty and Zagami, and enriched olivine-phyric shergottite LAR 06319, are likely derived from one enriched source (hereafter, referred to as Enriched Source I; Fig. 15), while enriched basaltic shergottites Los Angeles and NWA 856, and enriched gabbroic shergottite NWA 7320 are thought to be derived from a second enriched source (i.e., Enriched Source II; Fig. 15) (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Brandon | Rb-Sr and Sm-Nd isotope systematics of shergottite NWA 856: crystallization age and implications for alteration of hot desert SNC meteorites[END_REF][START_REF] Borg | Preliminary Age of Martian Meteorite Northwest Africa 4468 and Its Relationship to the Other Incompatible-Element-enriched Shergottites[END_REF][START_REF] Debaille | Martian mantle mineralogy investigated by the 176 Lu-176 Hf and 147 Sm-143 Nd systematics of shergottites[END_REF][START_REF] Lapen | Lu-Hf isotope systematics of NWA4468 and NWA2990: Implications for the sources of shergottites[END_REF][START_REF] Shafer | Trace element systematics and 147 Sm-143 Nd and 176 Lu-176 Hf ages of Larkman Nunatak 06319: Closed-system fractional crystallization of an enriched shergottite magma[END_REF][START_REF] Lapen | A Younger Age for ALH84001 and Its Geochemical Link to Shergottite Sources in Mars[END_REF][START_REF] Udry | Petrogenesis of the NWA 7320 enriched martian gabbroic shergottite: Insight into the martian crust[END_REF]Combs et al., 2018).

Previous studies suggest that young (~170 Ma -212 Ma) intermediate shergottites originate from two spatially-associated mantle sources based on ejection ages and isotopic compositions (Intermediate Source I and Intermediate Source II of Fig. 15) (e.g., [START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF][START_REF] Misawa | Sm-Nd isotope systematics of lherzolitic shergottite Yamato-793605[END_REF]Ping et al., 2007;[START_REF] Misawa | Rb-Sr, Sm-Nd, and Ar-Ar isotopic systematics of lherzolitic shergottite Yamato 000097[END_REF][START_REF] Liu | Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottite GRV 99027[END_REF][START_REF] Shih | Sm-Nd and Rb-Sr studies of lherzolitic shergottite Yamato 984028[END_REF][START_REF] Wieler | Noble gases in 18 Martian meteorites and angrite Northwest Africa 7812 -Exposure ages, trapped gases, and a re-evaluation of the Nyquist[END_REF]. For example, intermediate poikilitic shergottites ALHA 77005, Y000027/000047/000097, and GRV 99027 have similar e 143 Nd values of +11.1, +11.7, and +12.2, respectively [START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF][START_REF] Misawa | Rb-Sr, Sm-Nd, and Ar-Ar isotopic systematics of lherzolitic shergottite Yamato 000097[END_REF][START_REF] Liu | Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottite GRV 99027[END_REF], indicative of origination from the same source region (Intermediate Source I; Fig. 15). Intermediate poikilitic shergottites LEW 88516 and Y-793605 have slightly lower e 143 Nd values (+8.2 and +9.7, respectively), suggesting a similar, but distinct, source from previously mentioned intermediate poikilitic shergottites (Intermediate Source II; Fig. 15) (e.g., [START_REF] Borg | Constraints on the petrogenesis of Martian meteorites from the Rb-Sr and Sm-Nd isotopic systematics of the lherzolitic shergottites ALHA77005 and LEW 88516[END_REF][START_REF] Misawa | Sm-Nd isotope systematics of lherzolitic shergottite Yamato-793605[END_REF]. Additionally, newly recovered intermediate poikilitic shergottites NWA 11065 and NWA 10961, showing parallel bulk rock REE patterns to intermediate poikilitic shergottites (e.g., ALHA 77005 and GRV 99027) (Fig. 4), exhibit similar REE compositions to intermediate basaltic (e.g., NWA 480; [START_REF] Barrat | Petrology and chemistry of the Picritic Shergottite North West Africa 1068 (NWA 1068)[END_REF] and olivine-phyric (e.g., NWA 6234; [START_REF] Chin | Geochemistry of intermediate olivinephyric shergottite Northwest Africa 6234, with similarities to basaltic shergottite Northwest Africa 480 and olivine-phyric shergottite Northwest Africa 2990[END_REF][START_REF] Gross | Petrography, mineral chemistry, and crystallization history of olivine-phyric shergottite NWA 6234: A new melt composition[END_REF] shergottites (e.g., Fig. 4). Phosphorus maps of olivine within NWA 11065 are distinct from that of ALHA 77005 (Fig. A6), but are very similar to P patterns of olivine megacrysts within intermediate olivine-phyric NWA 6234 (Fig. 4; [START_REF] Gross | Petrography, mineral chemistry, and crystallization history of olivine-phyric shergottite NWA 6234: A new melt composition[END_REF], suggesting possible crystallization of NWA 11065 and NWA 6234 from the same magmatic plumbing system (Fig. 15). Thus, an origin from a common intermediate source is possible (Intermediate Source I; Fig. 15).

Previous isotopic and mineralogical studies have demonstrated that different petrographic shergottite sub-types can form from fractionation within the same magmatic system (e.g., [START_REF] Chin | Geochemistry of intermediate olivinephyric shergottite Northwest Africa 6234, with similarities to basaltic shergottite Northwest Africa 480 and olivine-phyric shergottite Northwest Africa 2990[END_REF]Treiman and Filiberto, 2014;Combs et al., 2018). Poikilitic shergottites likely represent crystal fractionation from a parental magma with olivine-phyric shergottite-like compositions, where ascent of magma producing olivine-phyric shergottites occurs prior to formation and accumulation of poikilitic pyroxene oikocrysts. Basaltic shergottites were likely produced from parental melts similar to olivine-phyric shergottites, by either loss of olivine due to fractionation, or lack of olivine entrainment, forming low-Al basalts, and further pyroxene fractionation leading to the formation of high-Al basalts (e.g., [START_REF] Shearer | Petrogenetic linkages among Martian basalts: Implications based on trace element chemistry of olivine[END_REF][START_REF] Sarbadhikari | Petrogenesis of olivine-phyric shergottite Larkman Nunatuk 06319: Implications for enriched components in Martian basalts[END_REF]2011;[START_REF] Chin | Geochemistry of intermediate olivinephyric shergottite Northwest Africa 6234, with similarities to basaltic shergottite Northwest Africa 480 and olivine-phyric shergottite Northwest Africa 2990[END_REF]Treiman and Filiberto, 2014). Thus, textural and mineralogical differences between basaltic, olivine-phyric, and poikilitic shergottites may arise due to magma tapping (from their respective geochemical reservoirs), with crystallization occurring at different evolutionary stages. Isotopic analyses and fractional crystallization modeling will better confirm these relationships. The lack of depleted poikilitic shergottites possible signify that 1) there is bias sampling of the poikilitic shergottites; or 2) the two depleted volcanic centers from which the meteorites that were ejected at ~1.1 and 3 Myr [START_REF] Lapen | Two billion years of magmatism recorded from a single Mars meteorite ejection site[END_REF] did not include sills with poikilitic shergottites. Although staging chambers for depleted shergottites likely formed at the crust/mantle boundary, similar to enriched and intermediate shergottites, the poikilitic earlystage assemblages might have emplaced at depths that would not have allowed for ejection from Mars.

SUMMARY

We have conducted a comprehensive study on the formation and petrogenetic links amongst enriched and intermediate poikilitic shergottites. Through textural and geochemical investigations of members of enriched and intermediate poikilitic shergottites, new constraints on their possible petrogenesis and emplacement are revealed:

• Members of enriched and intermediate poikilitic shergottites have similar emplacement mechanisms and crystallization histories, and thus might have been prevalent on Mars during the Late Amazonian. • We show that enriched and intermediate poikilitic shergottites were not emplaced in a common sill but rather were emplaced in various sills/shallow intrusive igneous bodies, in the martian crust, potentially at different geographic locations on Mars, as evidenced by varying CRE ages for poikilitic shergottites (e.g., [START_REF] Nyquist | Ages and Geologic Histories of Martian Meteorites[END_REF][START_REF] Eugster | [END_REF][START_REF] Wieler | Noble gases in 18 Martian meteorites and angrite Northwest Africa 7812 -Exposure ages, trapped gases, and a re-evaluation of the Nyquist[END_REF] (Fig. 15). Figure 6. Pyroxene quadrilateral and olivine major element compositions for enriched (NWA 11043, NWA 10618, and NWA 4468) and intermediate (NWA 11065 and NWA 110961) poikilitic shergottites. Compositional fields for the intermediate poikilitic shergottites are from [START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF] and [START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF]. Compositional fields for the enriched poikilitic shergottites are from [START_REF] Bingkui | A New Martian Meteorite from Antarctica: Grove Mountains (GRV) 020090[END_REF], [START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF] (NWA 11065 and NWA 110961). Intermediate poikilitic shergottite fields from NWA 4797 [START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF]; enriched poikilitic shergottite fields from RBT 04261/2, GRV 020090, and NWA 7755 [START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Jiang | Petrogenesis of Grove Mountains 020090: An enriched "lherzolitic" shergottite[END_REF][START_REF] Howarth | Evidence for the exsolution of Cl-rich fluids in martian magmas: Apatite petrogenesis in the enriched lherzolitic shergottite Northwest Africa 7755[END_REF].

Figure 11. Oxygen fugacities (ƒO2) relative to the QFM buffer versus relative REE enrichment (i.e., [La/Yb]CI). Early-stage poikilitic ƒO2 of intermediate poikilitic shergottites (NWA 10961, NWA 11065, ALHA 77005, and LEW 88516) overlap with previous ƒO2 values of depleted shergottites (e.g., [START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF][START_REF] Balta | Petrology and trace element geochemistry of Tissint, the newest shergottite fall[END_REF][START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF]. Data for NWA 10169 and NWA 7397 from Combs et al. (2018) and [START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF], respectively. Depleted shergottite fields from [START_REF] Herd | Oxygen fugacity of martian basalts from electron microprobe oxygen and TEM-EELS analyses of Fe-Ti oxides[END_REF][START_REF] Herd | The oxygen fugacity of olivine-phyric martian basalts and the components within the mantle and crust of Mars[END_REF], [START_REF] Balta | Petrology and trace element geochemistry of Tissint, the newest shergottite fall[END_REF], and [START_REF] Castle | Experimental petrology of the Tissint meteorite: Redox estimates, crystallization curves, and evaluation of petrogenetic models[END_REF]. Intermediate shergottite fields from [START_REF] Herd | Oxygen fugacity and geochemical variations in the martian basalts: Implications for martian basalt petrogenesis and the oxidation state of the upper mantle of Mars[END_REF], [START_REF] Goodrich | Spinels and oxygen fugacity in olivine-phyric and lherzolitic shergottites[END_REF], [START_REF] Lin | Petrogenesis of the new lherzolitic shergottite Grove Mountains 99027: Constraints of petrography, mineral chemistry, and rare earth elements[END_REF], [START_REF] Walton | Northwest Africa 4797: A strongly shocked ultramafic poikilitic shergottite related to compositionally intermediate Martian meteorites[END_REF]. [START_REF] Gross | Petrography, mineral chemistry, and crystallization history of olivine-phyric shergottite NWA 6234: A new melt composition[END_REF], [START_REF] Howarth | Trace elements in olivine and the petrogenesis of the intermediate, olivine-phyric shergottite NWA 10170[END_REF]. Enriched shergottite fields from Peslier et al. (2010), [START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF]. [START_REF] Jiang | [END_REF]Hsu et al. (2012), Howarth et al. (2014), Combs et al. (2019). Modified after Combs et al. (2019). A9.

Figure 13. Crystal size distribution analyses for enriched and intermediate poikilitic shergottites; Non-poikilitic olivine crystal size distribution data is used for all poikilitic shergottites, except in the case of RBT 04261, NWA 7397, and LEW 8856, where total olivine population data is used, as their olivine populations had less than 10 poikilitic olivine grains. a) Crystal size distribution slope (>0.1 mm) versus intercept; b) Crystal size distribution slope (>0.1 mm) versus olivine average size (mm). Non-poikilitic olivine crystal size distribution data is used for all poikilitic shergottites, except in the case of RBT 04261, NWA 7397, and LEW 8856, where total olivine population data is used as their olivine populations had less than 10 poikilitic olivine grains. Figure 15. Schematic petrogenetic model for emplacement of enriched and intermediate poikilitic shergottites, and their relationships to other enriched and intermediate shergottites, which crystallized concurrently during the Late Amazonian (~150 Ma -225 Ma) (e.g., [START_REF] Shih | Chronology and petrogenesis of young achondrites, Shergotty, Zagami, and ALHA77005: Late magmatism on a geologically active planet[END_REF] 
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 1 FIGURE CAPTIONS Figure 1. Mg X-ray maps of a) enriched poikilitic shergottite NWA 4468,2 and b) intermediate poikilitic shergottite ALHA 77005, 207, representing the characteristic bimodal textures of enriched and intermediate poikilitic shergottites. Poikilitic textures (P) outlined in red and non-poikilitic textures (NP) in blue. Px = pyroxene, Ol = olivine, Msk = maskelynite.Figure 2. Composite X-ray map images (Ca = red, Fe = green, Mg = blue) of a) enriched poikilitic shergottite NWA 11043, b) enriched poikilitic shergottite RBT 04261, and c) intermediate poikilitic shergottite NWA 10961. Poikilitic textures (P), non-poikilitic textures (NP), Px = pyroxene, Ol = olivine, Msk = maskelynite, Pyr = pyrrhotite. Maskelynite appears as dark red as phosphates are extremely enriched in Ca compared to maskelynite.Figure 3. Backscatter electron (BSE) image of ~600 µm long pyrrhotite grain within NWA 10961 bordering a shock melt boundary.Figure 4. a) CI-chondrite normalized (McDonough and Sun, 1995) trace element profile with envelopes from Tait and Day (2018) and b) rare earth element (REE) profiles for enriched and intermediate poikilitic shergottites. Zr-Hf and Nb-Ta anomalies are highlighted by the red dashed lines. Data for enriched poikilitic shergottite NWA 10169 from Combs et al. (2018); RBT 04262 from Anand et al. (2008). Data for enriched basaltic shergottite Los Angeles from Jambon et al. (2002). Data for intermediate poikilitic shergottites ALHA 77005 from Smith et al. (1984); LEW 88516 from Lodders (1998); GRV 99027 from Lin et al. (2005). Data for intermediate basaltic shergottite NWA 480 from Barrat et al. (2002). Data for intermediate olivine-phyric shergottite NWA 6234 from Filiberto et al. (2012). Enriched and intermediate shergottites are represented in dark and light grey envelopes, respectively.Figure6. Pyroxene quadrilateral and olivine major element compositions for enriched(NWA 11043, NWA 10618, and NWA 4468) and intermediate(NWA 11065 and NWA 110961) poikilitic shergottites. Compositional fields for the intermediate poikilitic shergottites are from[START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF] and[START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF]. Compositional fields for the enriched poikilitic shergottites are from[START_REF] Bingkui | A New Martian Meteorite from Antarctica: Grove Mountains (GRV) 020090[END_REF],[START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF].Figure modified after Combs et al. (2018). The olivine composition order (from top to bottom) is the name as indicated in the pyroxene caption.Figure 7. Calcium X-ray maps of a) intermediate NWA 11065 and b) enriched NWA 7755, showing pyroxene phases within poikilitic (large [~10 mm] zoned pyroxene oikocrysts) and nonpoikilitic (irregularly zoned non-poikilitic pyroxene grains) textures. Inset maps showing textural zones in detail. P = poikilitic texture; NP = non-poikilitic texture; lcp = low-Ca pyroxene; hcp = high-Ca pyroxene. White dashed lines delineate textural boundaries. Figure 8. Titanium versus Al (afu) in enriched (circle) and intermediate (triangle) poikilitic pyroxenes, including low-Ca (solid symbols) and high-Ca (open symbols). Isobars are calibrated experimentally from Nekvasil et al. (2004) and Filiberto et al. (2010). Most poikilitic pyroxenes
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 8 FIGURE CAPTIONS Figure 1. Mg X-ray maps of a) enriched poikilitic shergottite NWA 4468,2 and b) intermediate poikilitic shergottite ALHA 77005, 207, representing the characteristic bimodal textures of enriched and intermediate poikilitic shergottites. Poikilitic textures (P) outlined in red and non-poikilitic textures (NP) in blue. Px = pyroxene, Ol = olivine, Msk = maskelynite.Figure 2. Composite X-ray map images (Ca = red, Fe = green, Mg = blue) of a) enriched poikilitic shergottite NWA 11043, b) enriched poikilitic shergottite RBT 04261, and c) intermediate poikilitic shergottite NWA 10961. Poikilitic textures (P), non-poikilitic textures (NP), Px = pyroxene, Ol = olivine, Msk = maskelynite, Pyr = pyrrhotite. Maskelynite appears as dark red as phosphates are extremely enriched in Ca compared to maskelynite.Figure 3. Backscatter electron (BSE) image of ~600 µm long pyrrhotite grain within NWA 10961 bordering a shock melt boundary.Figure 4. a) CI-chondrite normalized (McDonough and Sun, 1995) trace element profile with envelopes from Tait and Day (2018) and b) rare earth element (REE) profiles for enriched and intermediate poikilitic shergottites. Zr-Hf and Nb-Ta anomalies are highlighted by the red dashed lines. Data for enriched poikilitic shergottite NWA 10169 from Combs et al. (2018); RBT 04262 from Anand et al. (2008). Data for enriched basaltic shergottite Los Angeles from Jambon et al. (2002). Data for intermediate poikilitic shergottites ALHA 77005 from Smith et al. (1984); LEW 88516 from Lodders (1998); GRV 99027 from Lin et al. (2005). Data for intermediate basaltic shergottite NWA 480 from Barrat et al. (2002). Data for intermediate olivine-phyric shergottite NWA 6234 from Filiberto et al. (2012). Enriched and intermediate shergottites are represented in dark and light grey envelopes, respectively.Figure6. Pyroxene quadrilateral and olivine major element compositions for enriched(NWA 11043, NWA 10618, and NWA 4468) and intermediate(NWA 11065 and NWA 110961) poikilitic shergottites. Compositional fields for the intermediate poikilitic shergottites are from[START_REF] Mikouchi | Northwest Africa 1950: Mineralogy and comparison with Antarctic lherzolitic shergottites[END_REF] and[START_REF] Mikouchi | Mineralogy and petrology of paired lherzolitic shergottites Yamato 000027, Yamato 000047, and Yamato 000097: Another fragment from a Martian "lherzolite" block[END_REF]. Compositional fields for the enriched poikilitic shergottites are from[START_REF] Bingkui | A New Martian Meteorite from Antarctica: Grove Mountains (GRV) 020090[END_REF],[START_REF] Usui | Petrology and trace element geochemistry of Robert Massif 04261 and 04262 meteorites, the first examples of geochemically enriched lherzolitic shergottites[END_REF][START_REF] Howarth | Two-stage polybaric formation of the new enriched pyroxene-oikocrystic, lherzolitic shergottite, NWA 7397[END_REF].Figure modified after Combs et al. (2018). The olivine composition order (from top to bottom) is the name as indicated in the pyroxene caption.Figure 7. Calcium X-ray maps of a) intermediate NWA 11065 and b) enriched NWA 7755, showing pyroxene phases within poikilitic (large [~10 mm] zoned pyroxene oikocrysts) and nonpoikilitic (irregularly zoned non-poikilitic pyroxene grains) textures. Inset maps showing textural zones in detail. P = poikilitic texture; NP = non-poikilitic texture; lcp = low-Ca pyroxene; hcp = high-Ca pyroxene. White dashed lines delineate textural boundaries. Figure 8. Titanium versus Al (afu) in enriched (circle) and intermediate (triangle) poikilitic pyroxenes, including low-Ca (solid symbols) and high-Ca (open symbols). Isobars are calibrated experimentally from Nekvasil et al. (2004) and Filiberto et al. (2010). Most poikilitic pyroxenes

Figure 10 .

 10 Spinel Ulv-Chr-Spn ternary diagram for enriched poikilitic shergottites (NWA 10618, NWA 11043, NWA 4468) and intermediate poikilitic shergottites
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 12 Crystal size distribution profiles (CSDcorrection calculated crystal size vs. ln(population density) for a) olivine grains in enriched and intermediate poikilitic shergottites, b) intermediate poikilitic shergottites LEW 88516, ALHA 77005, and NWA 11065, and c) enriched poikilitic shergottites NWA 10169, NWA 10618, NWA 7755, NWA 7397, NWA 11043, NWA 4468, RBT 04261, and RBT 04262. All CSDcorrection data, including errors, are presented in Table

Figure 14 .

 14 Spatial distribution pattern analyses of olivine in enriched and intermediate poikilitic shergottites with porosity (% melt) versus R-value. RDSL = Random Sphere Distribution Line. Most poikilitic shergottites plot on the clustered touching framework field, except NWA 11065 and NWA 7755 falling in the non-touching framework field.

  77005, Lewis Cliff (LEW) 88516, and Roberts Massif (RBT) 04261/2. The NWA meteorites were purchased through private meteorite dealers, while ALHA 77005, LEW 88516, and RBT 04261/2 were obtained on loan from the ANSMET collection. Analyses were conducted on one polished thin section for NWA 7755, NWA 11065, NWA 11043, and RBT 04261/2; two polished thin sections for NWA 7397, NWA 10169, NWA 10618, NWA 10961, ALHA 77005, and LEW 88516; and three polished thin sections for NWA 4468. 3.2 Electron microprobe analyses Major element compositions were obtained for: 1) olivine grains of NWA 4468, NWA 10618, NWA 10961, NWA 11065, NWA 11043, ALHA 77005, LEW 88516, 2) pyroxene grains of NWA 4468, NWA 10618, NWA 10961, NWA 11065, NWA 11043, and ALHA 77005, and 3) spinel grains of NWA 4468, NWA 10618, NWA 10961, NWA 11065, NWA 11043. Major element compositions of co-existing olivine, low-Ca pyroxene, and spinel mineral assemblages of

  • A late-stage oxidation event is common amongst enriched and intermediate poikilitic shergottites, as well as other shergottite subgroups, resulting from degassing and autooxidation. With further study of magmatic ƒO2 of early-stage mineral assemblages of shergottites, stronger evidence for decoupling of relative LREE-enrichment (i.e., [La/Yb]CI) and magmatic source ƒO2 is evident. • Based on bulk rock REE patterns, phosphorus zoning in olivine, and previous isotopic studies, petrographic sub-types (basaltic, poikilitic, olivine-phyric, and gabbroic) of shergottites show clear petrogenetic affinities amongst their respective enriched and intermediate geochemical classes, and thus, are probably linked. • Pyroxene minor element compositions show that early assemblages of all poikilitic shergottites likely formed close to the crust-mantle boundary, implying a possible widespread presence of magma staging chambers at these depths. These chambers could result in all of the different enriched and intermediate shergottites that have been analyzed. evidence for solar cosmic ray-produced neon in shergottites and other achondrites. Meteorit. Planet. Sci. 51, 407-428. Wones D. R. and Gilbert, M. C. (1969) The fayalite-magnetite-quartz assemblage between 600 and 800 C. Am. J. Sci. 267, 480-488. Wood B. J. (1991) Oxygen barometry of spinel peridotites: Rev. Min., 25, 417-431.
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Enriched poikilitic shergottites: Multiple non-poikilitic CSD parameters for RBT 04261/2 and NWA 4468 are similar, including best-fit ratios, olivine average grain sizes, and CSD patterns (Tables 8 andA8; Figs. 12a and13b), lending support to their emplacement in a common shallow intrusive body (Fig. 15), which concurs with their near identical poikilitic and non-poikilitic olivine compositions (Usui et al., 2010; this study), and identical Lu/Hf source compositions that suggest an origin from a common magmatic system (Lapen et al., 2009). Additionally, based on similar crystallization ages, similar REE patterns, and near identical 176 Lu/ 177 Hf source compositions, NWA 10169 has been interpreted to come from the same enriched source as RBT 04261/2 and NWA 4468 (Combs et al., 2018). This may mean NWA 10169 was emplaced with RBT 04261/2 and NWA 4468, though significantly differing best-fit ratios for olivine (Tables 8 andA8) are more in favor of a separate emplacement location for NWA 10169 (Fig. 15). If NWA 10169 was emplaced with RBT 04261/2 and NWA 4468, it would have been emplaced at a greater depth based on its olivine average size, CSD slope, and relative magma residence time (Tables 8 andA8; Figs. 13). Thus, we would expect NWA 10169 to exhibit a higher degree of compositional equilibration and compaction than RBT 04261/2 and NWA 4468, which we do not observe (Figs. 7 and 14; this study, Fig. 6 in Combs et al., 2018). Although NWA 10169 may not have been emplaced with RBT 04261/2 and NWA 4468, poikilitic olivine grains in these samples likely began crystallizing in the same staging chamber (Fig. 16), as seen by their near identical compositions and similar early-stage ƒO2 values (Table 7 and Fig. 11) (Usui et al., 2010; Combs et al., 2018; this study). Enriched poikilitic shergottites NWA 7755 and NWA 10618 likely began crystallization in the same magmatic system as NWA 10169, NWA 4468, and RBT 04261/2 (Fig. 14), based on mineral, magmatic ƒO2, and bulk rock REE compositional similarities (Figs. 4, 6, 11). Quantitative textural analyses of NWA 7755 and NWA 10618 also suggest potential emplacement with RBT 04261/2 and NWA 4468 (Tables A7 and9; Figs. 12, 13, and A2). Northwest Africa 7755 and NWA 10618 have identical best-fit ratios that are similar to that of NWA 4468 and RBT 04261/2 (Tables 8 andA8), as well as nearly-parallel CSD patterns (Figs. 12 and14b). NWA 10618 has larger olivine average sizes, greater relative magma residence times, and shallower slopes than RBT 04261/2, NWA 7755, and NWA 4468 (see section 4.3.1) (Tables 8 and10 ; Figs. 12, 13a, 13b, and A2), implying possible deeper emplacement in the same sill (Fig. 15). However, based on SDP data, it is possible that NWA 7755 was emplaced in an additional sill, separate from the other enriched poikilitic shergottites, as it is the only poikilitic shergottite to plot entirely within the "non-touching framework" field (Fig. 14). If we consider NWA 7755 to have emplaced with RBT 04261/2, NWA 4468, and NWA 10618, then NWA 10618 would be the deepest of the four samples, which is also supported by its smallest compositional range of olivine, suggesting highest degree of equilibration (Fig. 6). Northwest Africa 10618 also shows greatest degree of olivine compaction (Fig. 13), further supporting greatest emplacement depth (Fig. 15). The emplacement depth sequence, from shallowest to deepest emplacement, would be: RBT 04261/2, NWA 7755, NWA 4468, and NWA 10618 (Tables 8 andA8; Figs. 12, 13, and A2).

Enriched shergottite NWA 7397 has a CRE age that is similar to that of intermediate poikilitic shergottites (~4.5 Ma; Wieler et al., 2016), implying an emplacement location on Mars associated with intermediate poikilitic shergottites, rather than with enriched endmembers (Fig. 15). With all of the previous observations considered, in addition to CSD data (i.e., distinct CSD profile morphology and differing best-fit-ratio) and mineralogical data (i.e., distinct total olivine population modal abundance; Table 1) for NWA 11043, we suggest either an additional emplacement location for NWA 11043 or emplacement with NWA 7397. Although NWA 11043 shows some dissimilarities to NWA 7397, the two have concordant CSD slopes (thus similar