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 37 

ABSTRACT 38 

The Mg-suite represents an enigmatic episode of lunar highlands magmatism that 39 

presumably represents the first stage of crustal building following primordial differentiation. 40 

This review examines the mineralogy, geochemistry, petrology, chronology, and the planetary-41 

scale distribution of this suite of highlands plutonic rocks, presents models for their origin, 42 

examines petrogenetic relationships to other highlands rocks, and explores the link between this 43 

style of magmatism and early stages of lunar differentiation. Of the models considered for the 44 

origin of the parent magmas for the Mg-suite, the data best fit a process in which hot (solidus 45 

temperature at ≥2 GPa = 1600 to 1800 C) and less dense (ρ 3100 kg/m3) early lunar magma 46 

ocean cumulates rise to the base of the crust during cumulate pile overturn. Some 47 

decompressional melting would occur, but placing a hot cumulate horizon adjacent to the 48 

plagioclase-rich primordial crust and KREEP-rich lithologies (at temperatures of <1300 C) 49 

would result in the hybridization of these divergent primordial lithologies, producing Mg-suite 50 

parent magmas. As urKREEP is not the “petrologic driver” of this style of magmatism, outside 51 

of the Procellarum KREEP Terrane (PKT), Mg-suite magmas are not required to have a KREEP 52 

signature. Evaluation of the chronology of this episode of highlands evolution indicates that Mg-53 

suite magmatism was initiated soon after primordial differentiation (<10 m.y.). Alternatively, the 54 

thermal event associated with the mantle overturn may have disrupted the chronometers utilized 55 

to date the primordial crust. Petrogenetic relationships between the Mg-suite and other highlands 56 

suites (e.g. alkali-suite and magnesian anorthositic granulites) are consistent with both fractional 57 

crystallization processes and melting of distinctly different hybrid sources.  58 

 59 
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 60 

INTRODUCTION 61 

The lunar highlands crust is dominated by numerous “pristine” magmatic lithologies. 62 

These “pristine” igneous rocks include the ferroan anorthosites (FANs) and Mg-rich rocks 63 

(Warren, 1993; Papike et al., 1998). Dowty et al. (1974) recognized that FANs typically have 64 

greater than 90 volume percent plagioclase, very calcic plagioclase (>An96), and pyroxene and 65 

olivine compositions that are relatively iron-rich (Mg# <70, where Mg# = molar 66 

[Mg/Mg+Fe]*100). Recent studies (Norman et al., 2003; Borg et al., 2011; Shearer et al. 2013) 67 

identified FAN rocks with similar mineral compositions but with higher abundances of mafic 68 

minerals (10-20 volume percent). The compositional range for the Mg-rich rocks, however, is 69 

not well-defined and they are a lithologically very diverse group (e.g., Norman and Ryder 1980; 70 

James, 1980; James and Flohr; 1983; Warren, 1986; Papike et al., 1998; Shearer and Papike, 71 

2005; Shearer et al., 2006). Papike et al. (1998) subdivided the Mg-rich highlands rocks into the 72 

magnesian plutonic rocks (also known as (aka) Mg-suite, highlands magnesian suite), alkali 73 

rocks (aka the alkali-suite), and KREEP basalts (see their Table 10). Unlike Heiken et al., 1991), 74 

Papike et al. (1998) grouped these compositionally diverse rocks together because recent 75 

interpretations had petrogenetically linked some of these rocks to each other and to the Mg-suite 76 

(Snyder et al. 1995). The Mg-suite rocks are distinguished from all other Mg-rich rocks based on 77 

their lower alkali element content (e.g. K2O generally less than 0.1 wt%, plagioclase >An90) and 78 

more magnesian mafic silicates (Mg# generally > 78; Fig. 1). The Mg-suite rocks in the Apollo 79 

collection have the paradoxical chemical characteristics of very Mg-rich mafic silicates, which 80 

indicate a primitive parental magma (e.g., Hess, 1994), and highly elevated abundances of 81 

incompatible trace elements (REE, but not alkali elements), indicating an evolved parental 82 
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magma (e.g., Papike et al., 1994; 1996). The Mg-suite rocks are plutonic to hypabyssal in origin 83 

with a range of rock types including ultramafics (e.g., dunites, pyroxenites, harzburgites, and 84 

peridotites), troctolites, spinel troctolites, anorthositic troctolites, norites, and gabbronorites 85 

(Warner et al., 1976a; James and Flohr, 1983; McCallum and O’Brien, 1996; Papike et al., 1998; 86 

Warren, 1993; Shearer and Papike, 2005, Shearer et al., 2006). In the Apollo collection, samples 87 

range from very large single specimens (e.g. 465 grams troctolite 76335) to tiny clasts within 88 

breccias (e.g. < 0.1 gram spinel troctolite clast in 72435). Mg-spinel-bearing lithologies and Mg-89 

anorthosites have been identified in lunar meteorites and through remote-sensing observations 90 

(e.g. Kurat and Brandstatter, 1983; Lindstrom and Lindstrom, 1986; Treiman et al, 2010; Gross 91 

and Treiman, 2011; Pieters et al., 2011), but their relationship to the Mg-suite has not fully been 92 

appreciated. The alkali rocks (alkali-suite)  making up the lunar highlands are distinguished from 93 

the Mg-suite (Papike et al., 1998) by their higher alkali-element content, more sodic plagioclase, 94 

and more Fe-rich mafic silicates (Fig. 1).    95 

It is generally assumed that the Mg-suite was emplaced into the primordial FAN crust 96 

and that they formed layered intrusions (e.g., Warner et al., 1976a; James, 1980; Hess, 1994; 97 

Shearer and Papike, 2005). However, incontrovertible evidence, such as large-scale stratigraphic 98 

layering or clear genetic relationships among samples of different petrologic types, for this 99 

scenario does not exist. On the basis of the Apollo sample suite, the distribution of FANs and 100 

Mg-suite rocks implies a lateral and vertical crustal association rather than an intrusive 101 

relationship (Papike et al., 1998; Shearer and Papike, 2005). Furthermore, while the remnant 102 

magmatic textures and mineral chemistries in the Mg-suite rocks indicate an origin involving 103 

accumulation of crystals during the crystallization of basaltic magmas, there is no evidence for 104 

layering in these samples. 105 
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 In this review, we examine the petrology, geochemistry, chronology, and distribution of 106 

the Mg-suite, using these combined data sets to evaluate models for Mg-suite petrogenesis, its 107 

relationship to other suites of crustal lithologies, and its links to early stages of lunar 108 

differentiation. 109 

PETROLOGY, MINERALOGY, AND GEOCHEMISTRY OF THE MG-SUITE 110 

Definition of the Mg-suite 111 

 The Mg-suite of plutonic highlands rocks has been distinguished from other lunar 112 

magmatic rocks using a variety of textural, mineralogical, and geochemical criteria. Firstly, they 113 

are plutonic to hypabyssal with textures and bulk compositions consistent with the accumulation 114 

of mineral phases (e.g., Haskin et al., 1974). The mineral assemblage generally contains calcic 115 

plagioclase (An98-84) coexisting with Mg-rich mafic silicates (Mg# 95-60; Fig. 1). Secondly, the 116 

Mg-suite in the Apollo sample collection is typified by a KREEP component that is reflected in 117 

elevated REE abundances and LREE/HREE, and low Ti/Sm and Sc/Sm relative to other lunar 118 

lithologies. Olivine in Mg-suite rocks has low abundances of Ni, Co, and Cr for its relatively 119 

high Mg# compared to other lunar lithologies (Shearer and Papike, 2005; Longhi et al., 2010; 120 

Elardo et al., 2011), and plagioclase in the Mg-suite rocks has higher abundances of Ba, Y, and 121 

Sr (Papike et al., 1996; 1997; Shervais and McGee, 1998; Zeigler et al., 2008). Fluorapatite is 122 

typically Cl-rich and OH-poor (McCubbin et al., 2011). Whether these trace element 123 

characteristics are typical of all Mg-suite rocks, or only those in the PKT region of the Moon, is a 124 

point of debate that is closely related to petrogenetic models of origin of the Mg-suite. For 125 

example, Mg spinel-rich lithologies and magnesian anorthosites that have been identified in 126 

lunar meteorites (e.g. Takeda et al., 2006; Treiman et al., 2010; Gross and Treiman, 2011) plot 127 

within the Mg-suite field on a plot of Mg# in mafic silicates vs. An in plagioclase (Fig. 1). These 128 
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rocks generally have major element mineral chemistries similar to the Mg-suite, but without 129 

many of their trace element characteristics. Lastly, Mg-suite rocks typically date to ~4.5 – 4.1 130 

Ga, although whether this is representative of the true extent of Mg-suite magmatism is a point 131 

of dispute. 132 

Mg-suite samples in the Apollo collection 133 

Samples that fall within the general compositional ranges of the Mg-suite have been 134 

found at every Apollo landing site with the exception of the Apollo 11 site in Mare 135 

Tranquillitatus (Papike et al., 1998; Shearer and Papike, 2005). Samples of the Mg-suite are 136 

common at the Apollo 14 (Fra Mauro), Apollo 15 (Apennine Mountains), and especially the 137 

Apollo 17 (Taurus-Littrow Valley) landing sites, but are sparser at the Apollo 12 (Oceanus 138 

Procellarum) and Apollo 16 (Cayley Plains) landing sites (Papike et al., 1998). The lithologies 139 

making up the Mg-suite are cumulate igneous rocks and consist of ultramafics, troctolites, Mg-140 

spinel troctolites, norites, and gabbronorites (Warner et al., 1976a; James, 1980; Norman and 141 

Ryder, 1980; Warren, 1993; Papike et al., 1998; Shearer and Papike, 2005). There are some 142 

samples that are classified based on modal abundances as magnesian anorthosites (e.g. 143 

Lindstrom et al., 1984), but in most cases the samples are small and modal abundance 144 

determinations are of questionable accuracy. Additionally, many of the ultramafic samples are 145 

very small (<0.1 g), making the relative importance of ultramafic samples in the Mg-suite 146 

debatable. Mg-suite samples display a near-continuous range in mineralogy from dunites to 147 

gabbronorites that generally approximates a fractional crystallization sequence, and this is also 148 

reflected in mineral chemistry (Snyder et al., 1995; Shervais and McGee, 1998). Similar 149 

mineralogical and geochemical trends are observed in the plutonic cumulate lithologies of 150 

terrestrial layered mafic intrusions such as the Stillwater Complex, Montana (e.g. McCallum et 151 
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al., 1980; Raedeke and McCallum, 1984). Furthermore, the Mg-suite cumulate rocks have 152 

mineralogical and geochemical differences when compared to FANs that have led to the 153 

interpretation that they are derived from different parental liquids (Warner et al., 1976a; Warren, 154 

1986; Shearer and Papike, 2005). Compared to the Mg-suite, the plutonic rocks represented by 155 

the alkali-suite have mafic phases which have lower Mg#s and plagioclase compositions that are 156 

lower in their Ca/(Ca+Na) (Fig.1). The compositional relationship presented in Figure 1 and 157 

incompatible element enrichments have been used as evidence to suggest that fractional 158 

crystallization of the parent magmas to the Mg-suite would produce the alkali-suite lithologies. A 159 

list of Mg-suite samples is shown in Tables 1-5, and their petrography, mineralogy, and 160 

geochemistry are reviewed in the sections below. For brevity, we focus on a few examples of 161 

each lithologic type, but a main reference for each Mg-suite sample can be found in Tables 1-5 162 

and the reader is also directed to the online Lunar Sample Compendium for additional 163 

information and references.  164 

Petrography of the Mg-suite 165 

 Any discussion of rocks derived from the ancient lunar crust needs to consider the 166 

concept of pristinity. Without such considerations, even careful workers may be led to erroneous 167 

interpretations regarding the origin and evolution of the lunar crust, as the effects of ~4.4 Gyr of 168 

impact alteration of ancient crustal samples are not always obvious. Warren and Wasson (1977) 169 

were the first authors to establish a set of criteria for establishing the level of pristinity retained 170 

in ancient lunar crustal samples. Warren (1993) compiled the results of numerous pristinity 171 

quantification efforts with a thorough compilation of non-mare lunar rocks in which he evaluated 172 

their pristinity based on siderophile element abundances, Fe-Ni-metal composition, textural 173 

characteristics, phase homogeneity, incompatible element abundances, plausibility of a rock 174 
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being a mixture, and ages. On the basis of these criteria, Warren (1993) assigned each sample a 175 

value from 9 (high confidence) to 3 (low confidence) reflecting the confidence that the sample 176 

represents a pristine lithology from the ancient lunar crust. Much of the information used here is 177 

from Warren (1993) and the interested reader is referred to that compilation for detailed 178 

information on pristinity assessment.  179 

Ultramafics 180 

 Ultramafic samples of the Mg-suite are rare in the Apollo collection. The only ultramafic 181 

sample with a mass over 0.1 grams is dunite 72415-72418 (58.74 g), collected as several 182 

fragments chipped off of a ~10 cm clast within Boulder 3 at Station 2 during the Apollo 17 183 

mission (spinel troctolite 72435 was chipped from the same boulder). The lack of ultramafic 184 

samples over 0.1 grams besides 72415 and their coarse-grained nature cast doubt on the 185 

significance of other “ultramafic” samples in Table 1. For example, “pyroxenite” 14305c389 is 186 

essentially a single large grain of OPX (Shervais et al., 1984).  187 

Dunite 72415-8 (Fig. 2a) has a modal mineralogy dominated by 93 vol.% olivine with 188 

minor plagioclase, OPX, CPX, Cr-spinel typically occurring in symplectites (see below), Fe-Ni 189 

metal, apatite that sometimes occurs as veining along mineral boundaries (see below), troilite, 190 

and armalcolite (Dymek et al., 1975; Laul and Schmitt, 1975; Ryder, 1992). Olivine (Fo89-86) and 191 

plagioclase (An97-94) have very narrow compositional ranges. 72415-8 has been cataclasized and 192 

in thin section appears as large olivine crystals set in a matrix dominated by crushed olivine (Fig. 193 

2a). The fragmented nature of the olivine, combined with the observation of strain bands, 194 

subgrains, and some maskelynization of plagioclase indicate a complex shock history (Snee and 195 

Ahrens, 1975; Lally et al., 1976). Nevertheless, Warren (1993) assessed 72415-8 at a pristinity 196 
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confidence level of 9, indicating this sample represents a nearly chemically unaltered Mg-suite 197 

lithology. 198 

 Warren et al. (1990) described harzburgite 12033,503, which is roughly 1.4mm across in 199 

thin section. It is dominated by olivine (Fo89.5) and low-Ca pyroxene (En91Wo0.4) with minor Cr-200 

spinel, Fe-Ni-metal, and no plagioclase. They determined that 12003,503 represents an igneous 201 

lithology and assessed it at a pristinity confidence level of 8. Lindstrom et al. (1984) described a 202 

dunite clast (1141,1236) in Apollo 14 breccia 14321. Although the sample proved very friable 203 

upon extraction, the clast contains coarse olivine grains up to 3 mm in diameter with very little 204 

plagioclase native to the clast. Lindstrom et al. (1984) also described magnesian anorthosites and 205 

troctolites from 14321 that may be related to the dunite. Sample 14321c1141 was assessed at a 206 

pristinity confidence level of 6 (Warren, 1993).  207 

Troctolites 208 

 Troctolites are the most abundant Mg-suite sample type in the Apollo collection. They 209 

are perhaps the most studied as well, owing in part to the three large pristine troctolites, 76335, 210 

76535, and 76536, collected during Apollo 17. The best preserved and most thoroughly studied 211 

troctolite, and perhaps sample of the entire Mg-suite, is sample 76535 (155.5g). It is a coarse-212 

grained, unbrecciated olivine-plagioclase cumulate rock (Fig. 2b) that shows virtually no signs of 213 

impact modification, but extensive subsolidus annealing is apparent (Gooley et al., 1974; Haskin 214 

et al., 1974; Dymek et al., 1975). Plagioclase (An97) and olivine (Fo88), which are present in 215 

roughly cotectic proportions of 60% and 35%, respectively, show virtually no chemical zoning, 216 

and often meet at 120° triple junctions. Grain size in 76535 is typically ~2-3mm (Fig. 2b). OPX 217 

is a minor phase in 76535, making up ~5% of the rock. CPX and chromite are present as well, 218 

but both phases are primarily confined to symplectite assemblages consisting of chromite, CPX, 219 
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and OPX (see below) that are typically in contact with both olivine and plagioclase (Gooley et 220 

al., 1974; Albee et al., 1975; Bell et al., 1975; Dymek et al., 1975; McCallum and Schwartz, 221 

2001; Elardo et al., 2012). McCallum and Schwartz (2001) used the five phase symplectite 222 

assemblage to infer a depth of origin of 40-50 km, and two-pyroxene equilibration temperatures 223 

(i.e. Andersen et al., 1993) fall with the range of 800-900°C (McCallum and Schwartz, 2001; 224 

Elardo et al., 2012). The high apparent degree of equilibration at the temperatures and depths 225 

inferred indicates 76535 has experienced the equivalent of granulite-facies metamorphism, likely 226 

due to slow cooling in the plutonic environment. Other phases in 76535 include troilite, FeNi-227 

metal, apatite, RE-merrillite, baddeleyite, zircon, and pyrochlore, most of which are confined to 228 

mesostasis areas and rare olivine-hosted holocrystalline melt inclusions (Dymek et al., 1975; 229 

Elardo et al., 2012). Elardo et al. (2012) documented veins consisting of CPX and troilite that 230 

were confined almost exclusively to intercumulus OPX grains (see below). 76535 has been 231 

assessed at a pristinity confidence level of 9 by Warren (1993). Its near-perfectly preserved 232 

texture, mineralogy, and composition have led to 76535 being extensively studied (e.g., Gooley 233 

et al., 1974; Haskin et al., 1974; Albee et al., 1975; Bogard et al., 1975; Dymek et al., 1975; 234 

Hinthorne et al., 1975; Huneke and Wasserburg, 1975; Lugmair et al., 1976; Papanastassiou and 235 

Wasserburg, 1976; Caffee et al., 1981; Premo and Tatsumoto, 1992a; McCallum and Schwartz, 236 

2001; Shearer and Papike, 2005; McCallum et al., 2006; Garrick-Bethell et al., 2009; Day et al., 237 

2010; Elardo et al., 2012).  238 

 The other large troctolites from Apollo 17, 76335 and 76536, are very similar in 239 

mineralogy (and bulk composition) to 76535, however they have experienced somewhat greater, 240 

but still relatively mild, degrees of impact modification, and appear to be somewhat more 241 

feldspathic (Papike et al., 1998). 76335 and 76536 are essentially monomict breccias. Given their 242 
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compositional similarities and the coarse-grained nature of the Apollo 17 troctolites (Warren and 243 

Wasson, 1978; Ryder and Norman, 1979), 76335 and 76536 may simply be crushed versions of 244 

76535.  245 

 Troctolites are also found at the Apollo 14 site, and thus far a single troctolite has been 246 

found at each of the Apollo 15 and 16 sites (Table 2). Samples from Apollo 14 are primarily 247 

found as clasts in the impact melt breccias that are common at the Fra Mauro site (Lindstrom et 248 

al., 1984; Shervais et al., 1984; Goodrich et al., 1986; Papike et al., 1998). The largest Apollo 14 249 

troctolite is a clast (9 g) in breccia 14321 (Lindstrom et al., 1984) that has magnesian olivine 250 

(Fo87) and calcic plagioclase (An95) that are unzoned and over 2mm in grain size (although 251 

crushed). Modal abundances of Apollo 14 troctolites are sometimes very feldspathic, and have 252 

been described as magnesian anorthosites (e.g., Lindstrom et al., 1984); however the significance 253 

of this distinction is dubious because of the small size of the clasts. Compositions of olivine 254 

sometimes extend to more Fe-rich compositions (Fo77).  255 

Spinel Troctolites 256 

 The presence of several vol.% Mg-rich pleonaste, or “pink,” spinel differentiates the 257 

spinel troctolites from the troctolites, the latter of which never contain Mg-rich spinel. A list of 258 

Mg-suite spinel troctolite samples in the Apollo collection can be found in Table 3. The spinel 259 

troctolites all occur as clasts within polymict breccias and have been heavily shocked (Warren, 260 

1993), which led to them sometimes being referred to as spinel cataclasites. Two spinel troctolite 261 

clasts (72425,8 and ,30; Fig. 2g, h) contain olivine (Fo74-72) and plagioclase (An94) along with 262 

Mg-rich spinel grains, and one sample (72435,8) contains a single grain of cordierite (Fig. 2; 263 

Dymek et al., 1976). 72435 was chipped from Boulder #3 at Station 2, the same boulder from 264 

which dunite 72415-8 was collected. A spinel troctolite in breccia 15295 also contains cordierite 265 
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along with olivine (Fo91), plagioclase (An94), and pink Mg-rich spinel (Marvin et al., 1989). 266 

Prinz et al. (1973) and Ma et al. (1981) described a spinel troctolite clast in 67435 that retains 267 

cumulus texture. That clast contains olivine (Fo92) and ~5 vol.% spinel poikilitically enclosed by 268 

plagioclase (An97), along with Ni-rich metal (Papike et al., 1998). Due to their small sizes, it is 269 

unlikely that any of the spinel troctolites in the Apollo collection accurately reflect the true 270 

modal abundances and bulk composition of their parental lithologies.  271 

Norites 272 

 The majority of norites in the Apollo sample collection were collected during the Apollo 273 

15 and 17 missions. A list of all Mg-suite norite samples found in the Apollo collection can be 274 

found in Table 4. Two meter-sized noritic boulders were sampled during Apollo 17 at stations 7 275 

and 8. The relatively large samples sizes and the abundance of OPX in these samples (allowing 276 

for more easily obtained mineral isochrons than OPX-poor samples) have led to the norites, 277 

alongside the large troctolite samples, being the most heavily studied members of the Mg-suite.  278 

 The two largest norite samples collected by Apollo 17 are 77075/77215 and 78235-279 

78238. Examples of both norites are shown in Fig. 2c, d. 77075/77215 is one of the most ferroan 280 

samples of the Mg-suite. OPX in this sample is less magnesian (En68-63Wo5-3) compared to most 281 

other occurrences of OPX in Mg-suite samples, and it has CPX exsolution features (Fig. 2d) that 282 

indicate the OPX is inverted pigeonite (Chao et al., 1976; Papike et al., 1998). Most other 283 

occurrences of CPX in norites are in areas interstitial to the cumulus plagioclase and OPX, 284 

indicating it likely crystallized from trapped melt. This norite has minor abundances of FeNi 285 

metal, ilmenite, chromite, troilite, silica, RE-merrillite, and Zr-Ti-Ca-Fe oxide. Inclusions of 286 

either K-feldspar or granitic glass occur in the plagioclase. Sample 77075/77215 has been 287 
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cataclasized and incorporated into an impact melt breccia (the station 7 boulder), however it has 288 

been assessed at a pristinity confidence level of 8 by Warren (1993). 289 

 The combined samples 78235, 78236, and 78238, represent the second largest norite 290 

sample (349.7g) returned during the Apollo missions. These samples were chipped from the top 291 

of the station 8 boulder, whereas norite 78255/6 (48.3g) was chipped from the bottom of the 292 

boulder; however 78235/6/8 and 78255/6 are very similar, if not identical. Sample 78235 has 293 

undergone some degree of shock as indicated by glass veins, some maskelynization of 294 

plagioclase, and some grain shattering, but it still retains a cumulate igneous texture (Fig. 2c). 295 

Plagioclase (An95-93) and OPX (En78Wo3) are the only cumulus phases, however 78235 also 296 

contains trace amounts of CPX, chromite, ilmenite, high Ti-rutile, K-spar, RE-merrillite, apatite, 297 

Fe-metal, baddeleyite, zircon, and troilite (Dymek et al., 1975; Jackson et al., 1975; McCallum 298 

and Mathez, 1975; Steele, 1975; Nyquist et al., 1981; James and Flohr, 1983; Edmunson et al., 299 

2009). The CPX present in 78235 is intercumulus and likely crystallized from trapped melt 300 

rather than from the inversion of pigeonite. Warren (1993) assessed this norite at a pristinity 301 

confidence level of 8.  302 

 The largest norite samples collected prior to Apollo 17 are norite clasts in breccias 303 

collected during Apollo 15. Clast B (~10g) from breccia 15445 is a highly cataclasized norite 304 

clast (Fig. 2e) with intermingled impact melt (Ryder and Bower, 1977; Shih et al., 1993; Shearer 305 

et al., 2012a). This clast has received attention due to its large size and variability in 306 

crystallization ages (Shih et al., 1993). Despite a high degree of shock, infiltration of impact 307 

melt, and possible mixing of lithologies, clast B of 15445 was assessed, at a pristinity confidence 308 

level of 8 by Warren (1993). The cataclasized anorthositic norite (CAN) clast in 15455 (~200g) 309 
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has been described as being very similar in mineralogy and composition to clast B of 15445 310 

(Ryder and Bower, 1977).  311 

Gabbronorites 312 

 Gabbronorites are differentiated from the norites by the presence of CPX as a primary 313 

cumulus phase (James and Flohr, 1983; Papike et al., 1998). The gabbronorites also have a lower 314 

modal abundance of plagioclase than the norites. All samples of gabbronorites in the Apollo 315 

collection are clasts in breccias, all but two of which are under 1 g (Table 5).  316 

The only large gabbronorite sample, clast 82 in 76255, is 300g and is very similar in 317 

mineralogy and composition to 76255 clast 72 (Fig. 2f). These clasts likely sample the same 318 

lithology. This gabbronorite sample contains 39% plagioclase, 4% OPX, and 57% CPX (Warner 319 

et al., 1976b). The plagioclase in 76255 (An86) and other gabbronorites is the most sodic amongst 320 

Mg-suite lithologies (Table 5). Pyroxenes in 76255 have well-developed exsolution lamellae 321 

(Fig. 2f). Augite has an average composition of En44Wo43, whereas the orthopyroxene has an 322 

average composition of En65Wo3 (Warner et al., 1976b). Anderson and Lindsley (1982) and 323 

McCallum and O’Brien (1996) both calculated two-pyroxene equilibration temperatures of about 324 

800° C for 76255, with the latter group inferring a shallow (0.5 km) emplacement depth. The 325 

backscattered electron (BSE) image in Fig. 2f reveals sulfide-rich veining in 76255. This texture 326 

in lunar crustal rocks is the result of secondary alteration resulting from a S-rich vapor (Norman 327 

et al., 1995; Shearer et al., 2011; Elardo et al., 2012), but these features in Apollo 17 samples 328 

have not been studied in detail. 76255 clast 72 has been assessed at a pristinity confidence level 329 

of 7 by Warren (1993).  330 

A number of gabbronorites were also collected at the Apollo 16 site. Sample 67667 331 

contains an unusual amount of olivine (50 vol.%) for relatively evolved Mg-suite samples (James 332 
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and Flohr, 1983). 67667, which has been called a feldspathic lherzolite due to its high abundance 333 

of mafic minerals, is also one of the few Mg-suite samples that contains zoned cumulus minerals 334 

(Papike et al., 1998). Its olivine, for example, is zoned from Fo73 to Fo68, and pyroxene and 335 

plagioclase also show magmatic zoning, indicating a shallow emplacement (James and Flohr, 336 

1983).  337 

Mineralogy of the Mg-suite 338 

Olivine 339 

 Olivine in Mg-suite lithologies spans a narrow range in major element composition with 340 

the only exception being olivine in the gabbronorites (Fig. 3) (Papike et al., 1998; Shearer and 341 

Papike, 2005). The spinel troctolites have olivines with the highest Mg#s among Mg-suite 342 

lithologies, and span a range from Fo93-73. Olivines in the ultramafics and troctolites overlap at 343 

the high end of the range in their olivine Mg#, but olivine in the troctolites reaches lower Mg#s 344 

than in the ultramafics. Olivine in the ultramafics spans a range from Fo90-85 whereas olivine in 345 

the troctolites ranges in composition from Fo90-80. Olivine in the norites does not overlap in 346 

major element composition with the ultramafics and troctolites, ranging from Fo78-70. The 347 

gabbronorites exhibit the widest range in olivine compositions ranging from Fo71-32. Very Mg-348 

rich individual olivine grains in poikilitic melt breccias were studied by Ryder et al. (1997), and 349 

they argued that these grains were derived from Mg-suite lithologies. These individual grains 350 

reached Fo94. The very magnesian olivine compositions found within Mg-suite lithologies 351 

demonstrate that the parental magmas for the Mg-suite were much more primitive in terms of 352 

major element composition than even the most primitive mare basalts and picritic glasses.  353 

 Electron and ion microprobe results (e.g., Ryder, 1983; Shearer and Papike, 2005) have 354 

shown that olivines from almost all Mg-suite lithologies have lower Cr, Ni, and Co contents than 355 
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other lunar lithologies (Figs. 4, 5). Nickel contents of olivine are less than 200 ppm, and in most 356 

cases less than 100 ppm (Fig. 5). In comparison, olivines from mare basalts typically have Ni 357 

contents of 200-700 ppm (e.g., Papike et al., 1999; Karner et al., 2003; Shearer and Papike, 2005; 358 

Longhi et al., 2010; Elardo et al., 2014). The Ni contents of olivine from ferroan anorthosites are 359 

similar to those of the Mg-suite, however the Co contents of ferroan anorthosite olivine are 360 

higher than the Mg-suite and make them distinct. Mare basalt olivine also has distinctly higher 361 

Co contents than those of Mg-suite. Additionally, the Cr contents of Mg-suite olivine are lower 362 

for their Mg# than what would be expected given the trend observed in mare basalts (Fig. 4). 363 

Most Mg-suite olivines contain less than 500 ppm Cr, despite high Mg# (Shearer and Papike, 364 

2005; Elardo et al., 2011; 2012). In contrast, olivines with the highest Mg# in mare basalts 365 

contain 2500-4000 ppm Cr. Yttrium contents of Mg-suite olivines are variable. The more 366 

primitive ultramafics and troctolites have olivine with low Y contents that are typically less than 367 

2 ppm. These values are slightly greater or overlap with the Y contents of mare basalts (Shearer 368 

and Papike, 2005). Norites and gabbronorites, however, have olivine with elevated Y contents. 369 

These olivines range from 4-61 ppm in the norites and 8-13 ppm in the gabbronorites (Shearer 370 

and Papike, 2005). Mg-suite olivines consistently have greater Y contents than olivine in FANs, 371 

which typically contain less than 0.1 ppm Y.  372 

Pyroxene 373 

 Mg-suite samples typically contain both OPX and CPX. However, with the exception of 374 

the gabbronorites, CPX occurs as either an intercumulus phase, or rarely as exsolution lamellae 375 

within OPX. Orthopyroxene in the Mg-suite shows a limited range in major element composition 376 

and very little major element zoning (Fig. 3; Papike et al., 1998). The Mg# of OPX in the 377 

ultramafics ranges from 92-86 and in the troctolites from 91-85. The Mg# of OPX in the spinel 378 
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troctolites ranges from 91-70. Norite OPX ranges in Mg# from 89-67 and gabbronorite OPX 379 

ranges in Mg# from 78-60.  380 

 Papike et al. (1994) measured the REE abundances of OPX in Apollo 14, 15, and 17 381 

norites, and Shearer and Papike (2005) measured Y as a REE proxy in Mg-suite samples of all 382 

types by ion microprobe. The REE patterns of OPX were parallel between samples from 383 

different landing sites. The Y data from Shearer and Papike (2005) showed that OPX in the 384 

norites and gabbronorites is much more enriched in Y (and by extension REEs) than OPX in the 385 

ultramafics and troctolites. Yttrium abundances in norite and gabbronorite OPX ranges from 12-386 

4794 ppm, whereas Y abundances in OPX from the ultramafics and troctolites range from 0.14-387 

6.50 ppm (Shearer and Papike, 2005). In contrast, OPX in the FANs typically has Y abundances 388 

less than 0.1 ppm.  389 

Plagioclase 390 

 The major element composition of plagioclase in most Mg-suite lithologies is very 391 

limited (Fig. 3). Plagioclase in the ultramafic lithologies is found in low modal abundances (< 5 392 

vol.%) and has very calcic compositions (An94-90). Although plagioclase in the troctolites and 393 

spinel troctolites is far more abundant, it is similarly limited in major element composition (An97-394 

92). The norites (An95-83) and gabbronorites (An96-63) contain wider ranges in plagioclase 395 

composition; however the most calcic plagioclase overlaps in composition with the ultramafics, 396 

troctolites, and spinel troctolites (Papike et al., 1998; Shearer and Papike, 2005). Plagioclase in 397 

the Mg-suite has elevated abundances of Ba, Sr, and Y compared to other lunar lithologies (Fig. 398 

6) such as FANs and mare basalts (Papike et al., 1997), most likely as a result of the KREEP-rich 399 

nature of their parental magmas. The REE abundances of plagioclase in Mg-suite lithologies 400 

have been measured by electron and ion microprobe by Papike et al. (1996), Shervais and 401 
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McGee (1998; 1999), and Shearer and Papike (2005). The REE patterns for the plagioclase from 402 

these studies are LREE-enriched with (LaN/YbN) > 10 with positive Eu anomalies. Inversion of 403 

these data to estimate parent melt compositions yielded extremely high REE concentrations 404 

similar to KREEP (Papike et al., 1996).   405 

Spinels 406 

 Spinels (i.e., Mg-Al-bearing chromites, Mg-rich spinels), rather than Ti-rich oxides (i.e., 407 

ilmenite, ülvospinel, armalcolite), are the dominant oxides found in Mg-suite lithologies. Spinels 408 

in ultramafics, troctolites, norites, and gabbronorites are Mg-Al-chromite, whereas the spinel in 409 

spinel troctolites is a low-Cr Mg-rich (pink) spinel (Fig. 7). The major element compositions of 410 

chromites in the dunites and troctolites show significant overlap, with Cr# (molar Cr/[Cr+Al] 411 

*100) ranging from 72 to 61, and Mg# from 62 to 28 (e.g., Dymek et al., 1975; Haggerty, 1975; 412 

Shervais et al., 1984; Elardo et al., 2012). The chromite found in the norites is the most Fe- and 413 

Cr-rich in the Mg-suite, with Cr# ranging from 99 to 70, and Mg# ranging from 40 to 9 (e.g., 414 

Nehru et al., 1978; James and Flohr, 1983; Lindstrom et al., 1989). Chromites in the 415 

gabbronorites have lower Cr# than chromites in the norites, ranging from 67 to 53 (James and 416 

Flohr, 1983), and have Mg# of 23 to 31 that overlap with the Mg# of norites, but are lower than 417 

the Mg#’s of chromites in the ultramafics and troctolites (Fig. 7).  418 

Phosphates 419 

Phosphate minerals in the Mg-suite make up a very minor modal volume fraction of Mg-420 

suite rocks (<1%). There are two phosphate minerals present in Mg-suite rocks: apatite 421 

[Ca5(PO4)3(F,Cl,OH)] and RE-merrillite [(Mg,Fe)2(Ca18-x(Y,REE)x](Na2-x)(P,Si)14O56 (Dymek et 422 

al., 1975; Lindstrom et al., 1984; Neal and Taylor, 1991; Jolliff et al., 1993; McCallum and 423 

Schwartz, 2001; Jolliff et al., 2006; McCubbin et al., 2011; Elardo et al., 2012). The earlier 424 
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literature has many references to the mineral whitlockite (Mg,Fe)2Ca18(PO4)12(PO3OH)2 in lunar 425 

samples, but all of these reports represent misidentifications of the mineral RE-merrillite 426 

(Hughes et al., 2006; Jolliff et al., 2006; Hughes et al., 2008). The apatite in the Mg-suite ranges 427 

in grain shape from anhedral to euhedral and grain size from sub-micron up to approximately 428 

300µm in the shortest direction (McCubbin et al., 2011). Mg-suite apatite is predominantly 429 

fluorapatite with chlorine abundances ranging from 0.7 to 1.8 wt.% and H2O abundances ranging 430 

from below detection (>25 ppm) to 1800 ppm (Dymek et al., 1975; Jolliff et al., 1993; 431 

McCubbin et al., 2011; Barnes et al., 2014). The chlorine contents of Mg-suite apatite are 432 

elevated when compared to mare basalt and KREEP basalt apatite, and this chlorine enrichment 433 

seems to be an intrinsic geochemical feature of the lunar highlands (McCubbin et al., 2010a; b; 434 

McCubbin et al., 2011; Tartese et al., 2013; Barnes et al., 2014). In addition to elevated Cl 435 

abundances, Mg-suite apatites have isotopically heavier Cl and isotopically lighter H compared 436 

to mare basalts (Barnes et al., 2014; Greenwood et al. 2011; Sharp et al., 2010, 2013; Boyce et 437 

al., 2013). Despite their KREEP-rich nature, Mg-suite rocks have apatite with REE abundances 438 

that are generally lower than REE abundances in apatites from mare basalts (Fig. 8; Jolliff et al., 439 

1993; McCubbin et al., 2010b; McCubbin et al., 2011; Tartese et al., 2013; Barnes et al., 2014; 440 

Elardo et al., 2014). On the surface, this observation seems counter-intuitive, but in many mare 441 

basalts apatite is the primary REE-hosting phase, whereas RE-merrillite is the primary REE-442 

hosting phase in the Mg-suite rocks (McCubbin et al., 2011). In fact, RE-merrillite is present and 443 

more abundant than apatite in all Mg-suite samples that host phosphate minerals (Dymek et al., 444 

1975; Jolliff et al., 1993; McCallum and Schwartz, 2001; Jolliff et al., 2006; McCubbin et al., 445 

2011; Elardo et al., 2012). Although RE-merrillite is more abundant than apatite, fewer RE-446 

merrillite analyses exist in the literature, and little is known about the variation in RE-merrillite 447 
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composition within the Mg-suite. Of the analyses that are available, Mg-suite RE-merrillite 448 

consistently has an elevated Mg#, ranging from 85 to 98 (Neal et al., 1990; Neal and Taylor, 449 

1991; Jolliff et al., 1993; Jolliff et al., 2006; Elardo et al., 2012; McCallum and Mathez, 1975), 450 

whereas RE-merrillite in mare basalts extend to much more Fe-rich compositions with a total 451 

Mg# ranging from 3 to 86 (Griffin et al., 1972; Frondel, 1975; Smith and Steele, 1976; Neal and 452 

Taylor, 1991; Zeigler et al., 2005; Jolliff et al., 2006; Elardo et al., 2014). Additional efforts to 453 

characterize RE-merrillite in lunar samples and its relationship to apatite is a clear topic requiring 454 

further development. 455 

Geochemistry of the Mg-suite 456 

 Mg-suite rocks in the Apollo collection have the divergent chemical characteristics. 457 

Similar to primitive parental magma they have very Mg-rich mafic silicates (Fig. 1). Yet, much 458 

like many evolved parental magma, the Mg-suite has highly elevated abundances of 459 

incompatible trace elements (Fig. 9), but not alkali elements (e.g., Hess, 1984; Papike et al., 460 

1994; 1996). Many of their other chemical characteristics further illustrate this chemical 461 

dichotomy.  462 

The geochemistry of the Mg-suite rocks generally reflects their cumulate mineralogy. 463 

The bulk rock compositions generally have Mg# which range between 50 and 90 (Fig. 10) and 464 

normative plagioclase composition of An (molar Ca/[Ca+Na] x100) between 75 and 100. 465 

Olivine-rich lithologies generally have higher Mg#, but their normative plagioclase composition 466 

exhibits overlap between olivine-rich and olivine-poor lithologies. The Mg-suite generally have 467 

less than 0.1 wt. % K2O. Compared to the ferroan anorthosites, the Mg-suite has lower Ti/Sm 468 

and lower Sc/Sm (Fig. 10a and b). These values are similar to other KREEP-rich magmatic- 469 

(KREEP basalts, monzogabbros) and impact-produced (e.g. fragmental breccias) lithologies.  470 
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 The whole rock REE abundances of the Mg-suite exhibit a wide range of variations that 471 

include both positive and negative Eu anomalies, variable REE concentrations from 0.4 to 400 x 472 

chondrite La abundances, and variable (La/Lu)Chondrite (1.1 to 3.5) (Fig. 9). Some of these 473 

variations are likely the product of unrepresentative sampling during the analyses (e.g., variable 474 

amounts of trapped intercumulus melt) and the cumulate nature of the samples (e.g., the amount 475 

of cumulate plagioclase will control the Eu anomaly), and do not directly reflect the composition 476 

of the parental melt. Compared to FANs, the Mg-suite rocks are characteristically higher in REE 477 

and generally do not have large positive Eu anomalies. The olivine-bearing Mg-suite rocks from 478 

Apollo 17 generally have lower REE abundances than the olivine-poor varieties. The Apollo 14 479 

olivine-rich rocks have higher REE abundances compared to similar Apollo 17 rocks. The 480 

norites generally have higher REE abundances than the Apollo 17 troctolites and most of the 481 

gabbronorites. Among the norites, there is a slight inverse correlation between Mg# and 482 

incompatible element abundances. Papike et al. (1998) observed that several of the gabbronorites 483 

have significantly different Ti/Sm (approaching chondritic values of 3600) than the other Mg-484 

suite lithologies (Fig. 10). They concluded that this is evidence for the gabbronorites being 485 

distinctly different from other members of the Mg-suite (James and Flohr, 1983; Papike et al., 486 

1998). Some caution should be taken from this conclusion as most of the gabbronorite lithologies 487 

from the Apollo collection are very small clasts (< 300 mg) and therefore may not represent 488 

representative compositions of the gabbronorites  489 

 Mineral/melt partition coefficients for the REEs have been used to calculate parental melt 490 

compositions for the Mg-suite rocks based on plagioclase and OPX REE contents (Papike et al. 491 

1994; 1996; Shearer and Papike, 2005). Parental melts for the norites, gabbronorites, and Apollo 492 

14 troctolites had similar REE abundances to high-K KREEP. However, Shearer and Papike 493 
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(2005) noted that plagioclase in many other troctolites are consistent with REE abundances 494 

similar to low-Ti mare basalts.   495 

 The Th content of the Mg-suite is elevated compared to the FANs and many of the mare 496 

basalts (Fig. 10c), however they are significantly lower than the KREEP basalts or the quartz-497 

monzodiorites (QMD). The difference between the Mg-suite rocks and KREEP basalts and 498 

QMD should not be so surprising in that the former represent the accumulation of low Th 499 

mineral phases. Using the partitioning behavior of Th between mafic silicates (pyroxene, olivine) 500 

and basaltic melt (Hagerty et al., 2006), the calculated Th content of the melts parental to the 501 

Mg-suite are similar to the KREEP basalts.  502 

 Elements that are more compatible than the REE and Th in basaltic systems also illustrate 503 

an interesting contrast between the Mg-suite and mare basalts (Hagerty et al., 2006). Although 504 

the Mg# for the mafic silicates and bulk rock of the Mg-suite is higher than the mare basalts, Cr, 505 

Ni, and Co concentrations are generally lower in the Mg-suite rocks (Fig. 10d, e, f).  The 506 

differences in these elements between the more primitive mare basalts (pyroclastic glasses) and 507 

the Mg-suite lithologies have been interpreted to indicate that parental magmas of this two 508 

magmatic suites were derived from significantly different lunar mantle sources (Shearer and 509 

Papike, 2005; Longhi et al., 2010; Elardo et al., 2012) These three elements in the Mg-suite 510 

overlap with KREEP basalts and QMD lithologies. 511 

Candidate Mg-suite samples from the lunar meteorite collection  512 

There are a number of lithologies found within lunar meteorites as clasts within breccias 513 

which have some chemical characteristics similar to Mg-suite lithologies collected during the 514 

Apollo missions. However, to date, there are no whole-rock samples in the lunar meteorite 515 

collection that have been convincingly argued to be members of the Mg-suite (Korotev, 2005). 516 
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Some of the uncertainty in classifying lithologies in lunar meteorites as Mg-suite lithologies 517 

stems from uncertainty in the petrogenesis of the Mg-suite itself, e.g., is KREEP involvement a 518 

defining characteristic of all Mg-suite parental magmas? Additionally, the provenance and 519 

pristinity of clasts in lunar brecciated meteorites is often difficult to assess, as mixing of 520 

lithologies due to impacts and thermal annealing have been widespread processes in the lunar 521 

crust (although these processes equally affect breccia clasts in returned samples). Below, we 522 

discuss a few examples of lithologies from lunar meteorites that we consider candidates for 523 

inclusion in the highlands Mg-suite.  524 

Dhofar 489 – Magnesian Anorthosite and Spinel Troctolite Clasts 525 

 The brecciated feldspathic lunar meteorite Dhofar 489 contains clasts of both magnesian 526 

anorthosite and spinel troctolite that have geochemical characteristics similar to the Mg-suite 527 

(Takeda et al., 2006). Both lithologies have plagioclase with a composition of An96. The spinel 528 

troctolite (4.1 x 1.3 mm in size) has olivine with Mg# of ~82-85 and the magnesian anorthosite 529 

(3 x 1.3 mm in size) has olivine with Mg# of ~75-79. The mineral major element compositions 530 

in the spinel troctolite are consistent with it being part of the Mg-suite, if it can be considered a 531 

pristine crustal lithology, which is debatable (Takeda et al., 2006). The magnesian anorthosite 532 

clast plots in the gap between the Mg-suite and ferroan anorthosite fields in Fig. 1. Many lunar 533 

granulites and other polymict samples plot within this gap; however such lithologies have been 534 

argued to represent impact-derived compositions (e.g., Lindstrom and Lindstrom, 1986), and this 535 

may be the case for magnesian anorthosites as well (Treiman et al., 2010). Dhofar 489 also has 536 

an age contemporaneous with Mg-suite magmatism. Ar-Ar dating indicates the breccia formed at 537 

~4.23 Ga (Takeda et al., 2006), suggesting the spinel troctolite and magnesian anorthosite clasts, 538 

if igneous in origin, formed during the time numerous Mg-suite magmas were intruding the lunar 539 
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crust. Furthermore, Dhofar 489 has some of the lowest abundances of incompatible trace 540 

elements (i.e., Th, REEs) among lunar feldspathic breccias, indicating it may have been derived 541 

from an area away from the Procellarum KREEP Terrane and possibly from the far side 542 

highlands (Takeda et al., 2006), although it should be noted that lighologies with low abundances 543 

of incompatible trace elements are also found within the Procellarum KREEP Terrane. If the 544 

spinel troctolite and magnesian anorthosite clasts in Dhohar 489 can be linked to the same 545 

magmatic events that produced the Mg-suite, it would imply that KREEP is the passenger rather 546 

than the driver of Mg-suite magmatism, and is likely a global magmatic event, rather than being 547 

confined to the Procellarum KREEP Terrane.  548 

ALHA 81005 – Anorthositic Spinel Troctolite Clast 549 

 A single 350 x 150 μm clast containing 49% plagioclase, 30% spinel, 15% olivine, and 550 

6% pyroxene in lunar meteorite ALHA 81005,9 was described by Gross and Treiman (2011). 551 

The spinel in this clast is an Mg-Al-rich spinel that is very similar in composition (Mg# of 65, 552 

Cr# of 6) to other Mg-suite spinel troctolites collected during the Apollo missions (e.g., Fig. 7). 553 

Olivine and pyroxene in the clast have Mg# of 75 and 78, respectively, whereas plagioclase is 554 

very calcic in composition (An 96). These mafic mineral and plagioclase compositions indicate 555 

that this anorthositic spinel troctolite clast has mineral compositions consistent with the Mg-suite 556 

(Fig. 1; Warner et al., 1976a), although it would be the most Fe-rich spinel troctolite yet 557 

discovered. However, the use of the Mg# vs. An# plot is intended for pristine lithologies from 558 

the lunar crust and the anorthositic spinel troctolite clast in ALHA 81005 may not represent such 559 

a lithology. Gross and Treiman (2011) suggested that the clast might originate as a crystallization 560 

product of an impact melt sheet or as the result of the interaction of a picritic magma with the 561 
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anorthositic crust. Additional age and incompatible trace element data would be useful in 562 

assessing the potential relationship of this clast to the Mg-suite.  563 

MIL 090034/70/75 and MIL 090036 – Troctolite and Gabbro Clasts 564 

 The samples MIL 090034/70/75 are three paired anorthositic regolith breccias and MIL 565 

090036 is a similar breccia (not paired with the former 3 samples), all of which contain various 566 

lithic clasts and mineral fragments that have been suggested to be derived from Mg-suite 567 

lithologies (Liu et al., 2011). The clasts documented by Liu et al. (2011) range in size from ~100 568 

μm x ~75 μm up to ~600 μm x 400 μm. Some clasts were described as troctolites and gabbros 569 

(Liu et al., 2011); however the small size of the clasts and limited number of mineral grains 570 

suggest they may not be representative of their parental rock. Nevertheless, olivine and pyroxene 571 

grains in the clasts and in the matrix have very Mg-rich compositions indicative of Mg-suite 572 

lithologies. Olivines range in composition from Fo91-59, with the Fe-rich end of the compositional 573 

range sometimes limited to rims on Mg-rich grains. Pyroxene compositions reach En87Wo4 at the 574 

Mg-rich end of the compositional range; however compositions as Fe-rich as En29Wo6 are also 575 

observed. The Mg-rich olivines and pyroxenes in clasts in MIL 090034/70/75 and MIL 090036 576 

have compositions that overlap the most primitive Mg-suite lithologies such as the Apollo 17 577 

troctolites and dunites. Plagioclase compositions, including those found in association with Mg-578 

rich mafic silicates, range from An97-91. On a plot of the Mg# of mafic minerals vs. An in 579 

plagioclase, some lithologies in MIL 090034/70/75 and MIL 090036 would plot in the Mg-suite 580 

field (Fig. 1); however, the question of whether these clasts represent pristine igneous lithologies 581 

or rather are mixtures of different lithologies juxtaposed by impact processes/melting is 582 

paramount. The bulk rock chemistry of MIL 090034/70/75 and MIL 090036 indicate a 583 

significant KREEP component (Liu et al., 2011; Shirai et al., 2012), which lends some degree of 584 
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credence to the argument that the Mg-rich lithologies in these meteorites are derived from Mg-585 

suite lithologies. However, additional mineral trace element analyses are needed to determine if 586 

the potential Mg-suite clasts themselves include a KREEP component.  587 

 Post-crystallization alteration of Mg-suite rocks  588 

Following emplacement and crystallization of Mg-suite magmas, the cumulate 589 

mineralogy was subjected to varying degrees of subsolidus reequilibration, reheating and 590 

recrystallization due to impact, and post-crystallization alteration due to mobility of elements in 591 

the lunar crust. Several of these alteration features are illustrated below.  592 

Chromite symplectites 593 

 Dunite 72415-72418 and troctolite 76535 contain chromite symplectites (Fig. 11), or 594 

wormy intergrowths of chromite and two pyroxenes (Gooley et al., 1974; Albee et al., 1975; Bell 595 

et al., 1975; Dymek et al., 1975; McCallum and Schwartz, 2001; Elardo et al., 2012). Of the two 596 

samples, 76535 best preserves original textural relations between the symplectites and cumulus 597 

minerals; 72415-72418 has been cataclasized and this has partially obscured textural 598 

relationships. Albee et al. (1975) and Dymek et al. (1975) favored a model in which the 599 

symplectites are the product of the crystallization of trapped interstitial melt, a process shown to 600 

produce similar textures in terrestrial layered mafic intrusions (e.g., Holness et al., 2011). Gooley 601 

et al. (1974), Bell et al. (1975), and McCallum and Schwartz (2001) suggested that the 602 

symplectites formed as a product of the high-pressure breakdown reaction of olivine and 603 

plagioclase to OPX, CPX, and spinel (i.e., Kushiro and Yoder, 1966) where the source of Cr was 604 

either pre-existing cumulus chromite or the diffusion of Cr out of olivine. However, Elardo et al. 605 

(2012) conducted a detailed petrologic study of the symplectites, cumulus minerals, and melt 606 

inclusions and concluded that the previously proposed symplectite formation mechanisms were 607 
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inconsistent with textural relationships and mineral chemistry. Melt inclusion pyroxenes and 608 

cumulus olivine contain levels of Cr that are inconsistent with chromite saturation in the parental 609 

magma, and the sparse occurrence of symplectites and the lack of evidence for a Cr2+ oxidation 610 

reaction are inconsistent with the remobilization of cumulus chromite and/or diffusion of Cr out 611 

of olivine. Elardo et al. (2012) proposed a model in which the symplectites in 76535 are the 612 

product of infiltration metasomatism by exogenous, chromite-saturated melt. Elardo et al. (2012) 613 

also suggested that infiltration from a melt may provide enough heat to reset or delay closure of 614 

radioisotope chronometers, resulting in a younger date for 76535 than its true crystallization age.  615 

Sulfide-pyroxene intergrowths 616 

 Elardo et al. (2012) documented veins consisting of CPX and sub-micron grains of 617 

troilite in troctolite 76535 (Fig. 12). The veining is not pervasive throughout the rock; it is 618 

primarily confined to intercumulus OPX grains and is typically not found within olivine and 619 

plagioclase. The boundaries between the CPX-troilite veins and intercumulus OPX are irregular, 620 

indicating a reaction texture. Elardo et al. (2012) suggested two possible formation models for 621 

the CPX-troilite veins in 76535. First, they could be direct crystallization products of the 622 

metasomatic melt responsible for crystallizing chromite in symplectite assemblages. 623 

Alternatively, the veins could be the result of S-rich vapor streaming in the lunar crust. Shearer et 624 

al. (2012b) invoked S-rich vapor streaming to explain sulfide replacement textures in olivine in 625 

other highlands lithologies, and Elardo et al. (2012) suggested that a similar process may have 626 

acted on 76535, perhaps after its excavation from the lower crust during a period of slow cooling 627 

in an ejecta blanket (McCallum et al., 2006).  628 

Troilite replacement of olivine 629 
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Numerous studies have identified the replacement of mafic silicates with troilite in both 630 

magnesian-suite and FAN suite lithologies (Roedder and Weiblen, 1974; Norman, 1981; 631 

Lindstrom and Salpas, 1983; Norman et al., 1995; Shearer et al., 2012a,b). In the Mg-suite clasts 632 

such as the olivine-rich gabbronorite in 67915, low-Ca pyroxene-troilite intergrowths occur 633 

along the perimeter of the olivine and along fractures in the olivine. The troilite in the 634 

intergrowths is wormy in texture, and the long dimension length of the troilite ranges from < 635 

1µm to 10µm (Fig. 13). These textural relationships (i.e. morphology of pseudomorphs, 636 

intergrowths of pyroxene-troilite) indicate that the reaction that is represented is that of olivine 637 

being replaced by troilite + low-Ca pyroxene. In this reaction, the fayalite component in the 638 

olivine reacts with sulfur to produce troilite via the reaction:  639 

2 Fe2SiO4 + S2 = 2 FeSiO3 + 2 FeS + O2.                                                     (1) 640 

In addition to the occurrences of troilite as veins and intergrowths with pyroxene, “wormy” 641 

shaped troilite will rarely occur adjacent to composite Fe-metal-oxide grains. The sulfide veining 642 

and replacement features are restricted to individual clasts and do not cut across the matrix 643 

surrounding the clasts, and thus predate the breccia-forming event. 644 

This process occurs in the relatively shallow lunar crust on a scale that involves vapor 645 

interaction with multiple plutonic lithologies of various ages and compositions. These reactions 646 

occur at distinct conditions of fS2, fO2, and temperature. The reacting vapor is S-rich, and low in 647 

H. The reduction of oxides in the clasts was not a product of H-streaming as has been suggested 648 

for similar textures in lunar rocks (e.g. Sharp et al. 2013; Taylor et al. 2004), but more likely 649 

related to “S-streaming”. Important S species in this vapor were COS, S2 and CS2. These vapors 650 

had the capability to transport other elements such as Fe and minor chalcophile-siderophile 651 

elements. However, a proportion of the minor elements making up the troilite (Fe, Ni, Co) did 652 
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come directly from the olivine being replaced. The heat source driving the transport of elements 653 

is closely tied to the emplacement of magmas into the shallow lunar crust. These magmas could 654 

be related to episodes of either Mg-suite magmatism or the earliest stages of mare magmatism. 655 

These intrusions were probably the source for the S. The process that drove the derivation of the 656 

S-rich volatiles from these intrusions was also instrumental in fractionating the isotopic 657 

composition of S from 0‰ in the magmas to -5‰ in the vapor phase. This fractionation was not 658 

controlled by the proportions of SO2
-2 to H2S in the vapor phase, but more likely COS, S2 and 659 

CS2 species (Shearer et al., 2012b; McCubbin et al. This Volume). 660 

Phosphate veins  661 

Apatite veins cut across olivine grains in dunites collected from the Apollo 17 site. This 662 

veining has not been examined in any substantial detail. The veins extend along fractures in the 663 

olivine and are 100s of micrometers in length and up to 10 micrometers in width (Fig. 14). The 664 

apatite in the veins have 0.2 to 0.6 wt.% Cl. The textures suggest that the apatite was mobilized 665 

following extensive episodes of brecciation experienced by the dunite. It is uncertain if the 666 

apatite represents mobilized apatite from the mesostasis in the original dunite cumulate or 667 

transport of an apatite component from outside the cumulate horizon.  668 

Depth of Emplacement for Mg-suite rocks 669 

 The estimation of depth of emplacement for the Mg-suite rocks is somewhat difficult and 670 

subjected to substantial error because of the low pressure gradient (~0.05 kbar/km) in the lunar 671 

crust and the scarcity of minerals whose compositions, textures, and stabilities are sensitive to 672 

low-pressure regimes of the lunar crust. Given these difficulties, the thermobarometry 673 

calculations that have been made suggest that the Mg-suite plutons have been emplaced in 674 

numerous crustal environments. Many of these temperatures and pressures reflect subsolidus 675 
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conditions tied to recrystallization or pyroxene exsolution textures. For troctolite 76535, 676 

McCallum and Schwartz (2001) calculated a recrystallization temperature and pressure for OPX 677 

+ CPX + Cr-spinel symplectites (Fig. 11) at the boundaries between primary magmatic olivine 678 

and plagioclase of about 800-900 C and 220-250 MPa. This is equivalent to a depth of 42-50 679 

km. Cataclastic spinel  cordierite troctolite clasts were identified in Apollo 15 and 17 breccias 680 

(e.g., Fig. 2h) by Dymek et al. (1976), Herzberg (1978), and Marvin et al. (1989). Herzberg 681 

(1978) defined the cordierite to spinel boundary as representing the univariant equilibrium 682 

forsterite+cordierite  enstatite+spinel. Baker and Herzberg (1980) concluded that the spinel-683 

bearing troctolites reflect emplacement (and reequilibration) depths of between 12 to 32 km. 684 

McCallum and Schwartz (2001) reevaluated the temperature and depth of formation for the 685 

spinel-bearing troctolite assemblages and calculated equilibrium temperatures of 600-900 C at 686 

minimum pressures of 100-200MPa (20-40 km). Although these calculations imply an 687 

emplacement depth for the Mg-suite in the lower lunar crust, there are other observations that 688 

suggest the Mg-suite magmas were also emplaced in shallower crustal regimes (McCallum and 689 

O’Brien, 1996; McCallum, et al., 2006; Shearer et al., 2012a,b). 690 

 On the foundation of numerous terrestrial observations, McCallum and co-workers 691 

(McCallum and O’Brien, 1996; McCallum, et al., 2006) developed an approach to quantitatively 692 

determine the depth of origin for lunar crustal rocks by measuring the width, spacing, 693 

crystallographic orientation, structural state, and composition of exsolution lamellae in 694 

pyroxenes (Fig. 15). These exsolution characteristics can be exploited to calculate cooling rates 695 

that can then be used to calculate a depth of burial assuming specific models for thermal 696 

conductivities and lunar crustal cooling. Using pyroxenes from Apollo 16 and 17 breccias, 697 

McCallum and O’Brien (1996) were able to calculate depth of emplacement for a series of lunar 698 
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plutonic rocks. For gabbronorite clasts in breccia 76255, they calculated pyroxene exsolution in 699 

host-augite and host-pigeonite exsolved between 1130 and 800 C at a depth of approximately 700 

0.5 km. They calculated similar conditions for the emplacement of an alkali suite sodic 701 

ferrogabbro clast from the Apollo 16 site (67915). Using a similar approach, Shearer et al. 702 

(2012b) calculated a crystallization depth of an olivine-rich gabbronorite clast in 67915 (referred 703 

to as a ferroperidotite by Roedder and Weiblen, 1974) of less than 1 km (Fig. 15). On the basis of 704 

observed Fe-Mg gradients in olivine and CaO content of olivine, Ryder (1992) concluded that 705 

the Apollo 17 dunite (72415) was emplaced at shallow, hypabyssal environments in the lunar 706 

crust perhaps at depths less than 1 km. This is curious as chromite symplectites similar to those 707 

observed in troctolite 76535 have also been identified in this dunite. Perhaps a reasonable 708 

interpretation of these apparent divergent conclusions, is that both the Mg-suite magma was 709 

emplaced and the symplectites formed within the deep lunar crust (Elardo et al., 2012). The Fe-710 

Mg gradients were superimposed on the olivine at much shallower depths following excavation 711 

and rapid cooling.  712 

GLOBAL DISTRIBUTION OF THE MG-SUITE 713 

Given that the Apollo and Luna sample sites are all located near the Moon’s equator on 714 

the nearside (Fig. 16), and that lunar meteorites are derived from unknown locales, we are forced 715 

to rely on global remote sensing datasets in order to infer the distribution of the Mg-suite. 716 

Fortunately with the improvement over nearly two decades worth of global lunar remote sensing 717 

data, it is possible to assess the distribution of surface exposures of lithologies that could be 718 

interpreted as outcrops of Mg-suite rocks. Based on the understanding of Apollo samples (see 719 

above sections), remotely identifying possible Mg-suite materials is accomplished using near-720 

infrared (NIR) spectral data. Because of the sensitivity of the NIR wavelength range to 721 
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compositional variability within olivine- and pyroxene-bearing mineral assemblages (Burns, 722 

1970; Adams, 1974, 1975; Pieters, 1993), it is possible to identify possible exposures of Mg-723 

suite material on the lunar surface. Near-infrared spectroscopy is a powerful tool in delineating 724 

olivine and pyroxene compositions. A number of approaches enable the identification of specific 725 

mineral assemblages on the surface, one of the most powerful being the Modified Gaussian 726 

Model (MGM; Sunshine et al., 1990). The MGM is used to characterize continuum-removed 727 

spectra of the Moon that are then compared to well-characterized laboratory spectra of lunar and 728 

synthetic mafic minerals of known composition, including the full diversity of pyroxene and 729 

olivine compositions (e.g., Klima et al., 2007, 2011a,b; Isaacson and Pieters, 2010). This detailed 730 

characterization enables a remote assessment of the surface mineralogy and an estimation of its 731 

composition (Klima et al., 2011b; Issacson et al., 2011) and in turn the identification of surfaces 732 

that are consistent with Mg-suite materials. Additionally, with ~0.5° per pixel (~15km per pixel) 733 

thorium data from the Lunar Prospector mission (Lawrence et al., 2003), the association between 734 

possible Mg-suite surfaces (as inferred by NIR spectra) with potential KREEP-bearing materials 735 

can often be made (e.g., Klima et al., 2011a,b). 736 

Recently, using data from the Moon Mineralogy Mapper (M3) -- a high spatial and 737 

spectral resolution imaging spectrometer on India’s Chandrayaan-1 (Green et al., 2011) was used 738 

to characterize the lunar-wide distribution of low-Ca pyroxenes (Klima et al., 2011b), olivine 739 

(Isaacson et al., 2011; Mustard et al., 2011), and Mg-spinel (Pieters et al., 2011, 2014; Dhingra et 740 

al., 2011; Lal et al., 2012). The high spectral resolution of the M3 instrument (20–40 nm 741 

depending on the wavelength range, see Green et al., 2011) allows for detailed MGM analysis 742 

with uncertainties in band centers of +/- 10nm for the 1µm absorption feature and +/- 20-50 nm 743 

for the 2µm band. Given the systematic spectral variability in low-Ca pyroxenes changes on the 744 
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scale of 40 nm at the 1µm absorption feature and 270 nm at the 2µm absorption feature, 745 

calibrated M3 data is well suited to differentiate pyroxene compositions (Klima et al., 2011b). 746 

These measurement uncertainties still allow for broad Mg# classifications but not a direct 747 

determination of a specific Mg#. Despite operational difficulties experienced by Chandryaan-1, 748 

M3 was able to obtain coverage of nearly 95% of the lunar surface at spatial resolutions between 749 

140 and 280 meters, depending on the altitude of the spacecraft (Boardman et al., 2011). 750 

Contiguous areas lacking any M3 coverage are limited to narrow longitude swaths centered at 751 

21º, 90º, 151º, 193º, and 234º (see Boardman et al., 2011 Figure 5). Data from the Spectral 752 

Profiler on the Japanese Kaguya mission have been used to identify additional exposures of 753 

pyroxene and olivine-bearing compositions (Matsunaga et al., 2008; Yamamoto et al., 2010; 754 

2011) and Fe- and Cr-spinel (Yamamoto et al., 2013).  755 

These remote observations have revealed, at the ~100s meters scale, small exposures of 756 

mineral assemblages consistent with the Mg-suite (meaning low-Ca pyroxenes). Although these 757 

remote detections of the Mg-suite are typically based on identifications of low-Ca pyroxene 758 

(Klima et al., 2011b), there are excellent connections between what we measure from orbit and 759 

in the lab that lend confidence that the measurements are likely of the Mg-suite and not other 760 

lithologies such as ferroan anorthosite (Cahill et al., 2009). Klima et al. (2011b) described the 761 

distribution of low-Ca pyroxenes in two large regions, eastern South Pole-Aitken Basin (SPA) 762 

and south of Mare Frigoris (coincident with the Northern Imbrium Noritic region characterized 763 

by Isaacson and Pieters, 2009). Within eastern SPA, nine exposures of low-Ca pyroxenes were 764 

identified, of those are two that have spectra apparently related to Mg# >75 and are candidates 765 

for exposures of the Mg-suite (Klima et al., 2011b). These two exposures are located near the 766 

inner ring of the Apollo Basin (Fig. 16, green squares), the location of some of the thinnest crust 767 
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on the Moon and possible location of lower-crust/upper mantle material (Ishihara et al., 2009; 768 

Petro et al., 2010; Klima et al., 2011b; Wieczorek et al., 2012). On the nearside, Klima et al. 769 

(2011b) identified four sites south of Mare Frigoris along the northern rim of the Imbium Basin 770 

with inferred Mg# between 80-90 (Fig. 15, blue squares) Near these low-Ca pyroxenes, 771 

Yamamoto et al. (2010), using data from Kaguya’s Spectral Profiler, identified olivine-rich 772 

exposures indicating possible diversity in the Mg-suite materials in the region. The survey of 773 

Klima et al. (2011b) broadly agrees with the findings of Lucey and Cahill (2009), which used 774 

Clementine NIR data to show possible Mg-suite exposures across SPA and surrounding the 775 

Imbrium Basin as well as exposures surrounding Mare Australe, Crisum, and Procellarum. 776 

On smaller scales, outcrops of potential Mg-suite materials have been identified in three 777 

distinct areas, two on the nearside and one on the far side. One, located in the central peak of 778 

Bullialdus Crater (Fig. 16, red square) has an inferred Mg# > 75, is located within the 779 

Procellarum KREEP Terrane (Jolliff et al., 2000), and is associated with a localized Thorium 780 

enhancement on the order of 16.5 ppm +/- 2.5 ppm (Klima et al., 2013). Dhingra et al. (2011) 781 

identified a distinct Mg-suite mineralogy, possibly a pink spinel anorthosite within the central 782 

peak of Theophilus Crater (Fig. 16). The Mg-spinel exposures are surrounded by anorthositic 783 

material, with trace exposures of olivine and pyroxene nearby within the central peaks. Similarly, 784 

a group of small exposures of mafic and Mg-spinel mineral assemblages were identified on the 785 

rim of the Moscoviense Basin (Fig. 16). The small, distinct exposures of low-Ca pyroxene, 786 

olivine, and Mg-spinel rich exposures (Pieters et al., 2011) are slightly more Fe-rich than the 787 

exposures described by Klima et al. (2011b). Both of these Mg-spinels occur in areas that expose 788 

deep-seated materials. In the case of Theophilus, the crater sits on the rim of the Nectaris Basin 789 

and the material along the inner ring of Moscoviense is near very thin crust (Ishihara et al., 2009; 790 
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Wieczorek et al., 2012), possibly the result of two large and overlapping impact craters (Ishihara 791 

et al., 2011). 792 

Using Clementine UVVIS and NIR data, Cahill et al. (2009) evaluated the compositions 793 

of central peaks of 55 craters across the lunar surface. Following on the similar study using just 794 

the UVVIS data (Tompkins and Pieters, 1999), they observed a range of inferred compositions 795 

with Mg# > 78 for a number of central peaks, including pyroxenites, spinel-troctolites, and 796 

anorthositic troctolites. The host craters are observed across the entire Moon and are, as the work 797 

of Tompkins and Pieters (1999) and Klima et al. (2011b) showed, not restricted to a single region 798 

of the Moon. Interestingly, there is a suggestion that regions containing mafic minerals with the 799 

highest Mg#’s may be restricted to areas where the crust is ~40 km thick (Cahill et al., 2009), a 800 

relationship that was later noted and developed by Ohtake et al. (2012). 801 

Although these surveys reveal that there are clusters of Mg-suite material in the eastern 802 

SPA and the northern rim of the Imbrium Basin, possible exposures of Mg-suite material are 803 

found, in small exposures, across the lunar surface. There clearly needs to be additional, detailed 804 

analysis of crater central peaks, basin rings, and other possible areas that sample or concentrate 805 

crustal lithologies to identify additional potential Mg-suite exposures. For example, preliminary 806 

work by Petro and Klima (2013) has shown that the Sculptured Hills near the Apollo 17 landing 807 

site may contain a range of Mg-suite lithologies. A more extensive survey of crater peaks and 808 

basin rings integrating new data sets will also help clarify the distribution of the Mg-suite 809 

vertically in the crustal column. Based on the distribution described above, it is apparent that 810 

exposures of Mg-suite material may be restricted to exposures of originally deep-seated material 811 

(>40 km) (e.g., Cahill et al., 2009). A more recent global survey of the character and distribution 812 
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of Mg-spinel anorthosite by Pieters et al. (2014, these volumes) strongly support the deep-seated 813 

nature of anorthositic Mg-rich lithologies. 814 

 Global Variation of Thorium within the Mg-suite 815 

Whereas the visible and NIR remote sensing approaches described above reveal possible 816 

Mg-suite assemblages, other remote sensing datasets reveal their association with possible 817 

KREEP-bearing lithologies. Using the Lunar Prospector gamma ray data, a potential, broad 818 

connection between the Mg-suite and KREEP can be drawn. As described above, some 819 

exposures of possible Mg-suite material, such as at the central peak of Bullialdus or the northern 820 

rim of the Imbrium Basin, are associated with enhancements of Th (and by association KREEP) 821 

(Lawrence et al., 2003; Klima et al., 2011). In these cases the abundance of Th is greater than ~8 822 

ppm (Lawrence et al., 2003), with the Bullialdus central peak having as much as 16.5 ppm 823 

(Klima et al., 2011; 2013). However, given the broad distribution of possible Mg-suite materials, 824 

there are some areas, such as the exposures within the Moscoviense Basin (Pieters et al., 2011) 825 

and Theophilus (Dhingra et al., 2011) that have no apparent Th enhancements. It is important to 826 

note, especially at the very small scale of the exposures of Mg-suite material in Moscoviense, 827 

that the Lunar Prospector data may not have sufficient resolution as the unique compositions are 828 

on the 100’s of meters scale while the resolution of the Th data is on the scale of ~10s 829 

kilometers. But as Klima et al. (2011) and Cahill et al. (2009) showed, there are possible Mg-830 

suite materials within SPA. The floor of SPA has a moderate enhancement in Th relative to the 831 

surrounding PKT (Jolliff et al., 2000), not including the two small area enhancements that  are not 832 

associated with Mg-suite materials (Lawrence et al., 2003). It appears, based solely on the 833 

available remote sensing data, that there is no direct relationship between KREEP and the Mg-834 

suite (or Mg-suite mineral assemblages). 835 
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Relationship between lunar terranes and Mg-suite distribution and composition 836 

Using remotely sensed measurements of Th and estimated of FeO, Jolliff et al. (2000) 837 

defined three compositional terranes: the Procellarum KREEP Terrane (PKT), the Feldspathic 838 

Highlands Terrane, and the South Pole-Aitken Terrane (SPAT). Remote sensing data suggests 839 

that there are exposures of candidate Mg-suite material within each terrane. In the global survey 840 

by Lucey and Cahill (2009), exposures of the Mg-suite are inferred in both the SPAT and the 841 

PKT, while the detailed surveys (Tompkins and Pieters, 1999; Cahill et al.,2009; Klima et al., 842 

2011b; Yamamoto et al., 2010; Pieters et al., 2014) reveal small exposures in all three terranes. 843 

These remote sensing surveys demonstrate that there is compositional variability across the 844 

exposures that span the range of Mg-suite compositions, regardless of the terrane (Dhingra et al., 845 

2011).  846 

Tompkins and Pieters (1999) and Cahill et al. (2009) identified compositions ranging 847 

from gabbros to norites to troctolitic anorthosites in the central peaks of selected craters. In 848 

addition to lunar-wide diversity, Klima et al. (2011b) identifies a regional diversity, for example 849 

the norites south of Mare Frigoris, within the PKT, span a range of Mg# from 80-90. However, 850 

the exposures located in SPA span a similar range of Mg#, albeit without the Th enhancement 851 

associated with the SPAT. The two exposures of Mg-spinel described here occur within the 852 

Feldspathic Highlands Terrane, however the detailed criteria and global assessment of Pieters et 853 

al. (2014) clearly indicates that those too are found in the three major compositional terranes. 854 

Based on the distribution of candidate Mg-suite materials it appears that there may be no direct 855 

relationship between compositional terrane and the formation of the Mg-suite. 856 

Layering within the lunar highlands and Mg-suite 857 
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As noted above, there are no direct samples or remote observations that indicate layering 858 

within the Mg-suite (Papike et al., 1999). Most of the supposition is tied to the family of rocks 859 

making up the Mg-suite (e.g. dunites, troctolites, norites, and gabbronorites) and their 860 

relationships to experimental studies. More recently, Lunar Reconnaissance Orbiter and M3 861 

observations have been interpreted to indicate compositional and mineralogical variation on the 862 

outcrop-scale within the lunar highlands. For example, Cheek and Pieters (2012) were able to 863 

distinguish between anorthosites with high plagioclase content (100%) and anorthosites with 864 

small abundances of pyroxene (6% pyroxene). They suggested the possibly that hundred-meter 865 

scale variation in the mineralogy of the anorthositic bedrock occurs in the Tsiolkovsky central 866 

peak. The Mg-rich lithologies seen at both Moscoviense and Theophilus (Fig. 15) occur as 867 

discrete small areas, all within a highly feldspathic matrix (Pieters et al., 2011, 2014; Dhingra et 868 

al., 2011; Lal, 2012). Further, at the best scale currently available (~140 m), no two mafic crustal 869 

lithologies discussed here have yet been detected in a contiguous manner to suggest layering.  870 

Global distribution of the Mg-suite as implied by lunar meteorites 871 

 As lunar meteorites are a random sampling of the lunar surface, they offer an alternative 872 

perspective concerning the global distribution of Mg-suite (Korotev et al., 2003, 2009; Korotev, 873 

2005). The feldspathic lunar meteorites indicate the lunar highlands away from the PKT have a 874 

greater Mg/Fe than the crust at the Apollo landing sites, but show little evidence for Mg-suite 875 

lithologies. Feldspathic lunar meteorites with FeO and Th abundances indicating they are 876 

sourced from areas of the feldspathic lunar highlands away from the PKT do not exhibit 877 

chemical trends consistent with mixing involving an Mg-suite like end-member, nor do they 878 

contain lithologic clasts that are demonstrably from Mg-suite precursors (Korotev et al., 2003; 879 

Korotev, 2005). As discussed above, there are some clasts in brecciated lunar meteorites that we 880 
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consider candidates for inclusion in the Mg-suite, but very often clasts in brecciated meteorites 881 

are themselves brecciated or possibly the crystallization products of impact melts (e.g., Korotev, 882 

2005; Korotev et al. 2009). Therefore, one interpretation of the current collection of feldspathic 883 

lunar meteorites is that it contradicts remote sensing data and suggests the Mg-suite is a product 884 

of magmatic processes restricted to the PKT, and was not a global magmatic event (Korotev, 885 

2005). A similar interpretation could also be reached concerning the abundance of high-Ti mare 886 

basalts and their general absence in the lunar meteoritecollection.  887 

 Part of this interpretive ambiguity between the meteorites and orbital data is that Apollo 888 

Mg-suite samples exhibit the characteristics of KREEP-rich parental magmas. As stated above, 889 

and discussed further below, the question of whether the Mg-suite is meticulously defined by a 890 

KREEP component is an ongoing topic of debate that has implications for lunar crust building 891 

and magmatism on a global scale. This further leads to the non-trivial issue of the ability to 892 

recognize a KREEP-free Mg-suite lithology in a lunar meteorite when the known examples of 893 

the Mg-suite from the Apollo collection are characteristically KREEPy. Further study of 894 

brecciated lunar meteorites, particularly the clasts contained within them, will undoubted prove a 895 

fruitful area for future research.  896 

CHRONOLOGY OF THE MG-SUITE 897 

Complexities of establishing Mg-suite chronology.  898 

A generalized chronology for events on the Moon is presented in Figure 17 (after Spudis, 899 

1998). In a general sense, the Mg-suite is emplaced into the crust soon after the crystallization of 900 

the LMO and prior to many episodes of lunar magmatism. This generalized chronology for lunar 901 

events agrees with the “geochemical chronology” of lunar differentiation (very low-Ti mare 902 

basalt source  FANs  high-Ti basalt source  KREEP source) and impact history. However, 903 
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the specific chronology of the Mg-suite and its age relationship to other highlands lithologies are 904 

obscured to various degrees by the effects of the late heavy bombardment (e.g. Alibert et al., 905 

1994; Borg et al., 1999; Borg et al., 2011), and the prolonged and potentially complex subsolidus 906 

cooling history they experienced at both the depth of emplacement and in ejecta blankets (e.g., 907 

McCallum et al., 2006). The most common “whole-rock” chronometers used to date 908 

crystallization of highlands rocks are Rb-Sr, Sm-Nd, and U-Pb. These chronometers not only 909 

provide crystallization ages of individual samples, but are the basis for model ages determined 910 

on suites of samples. With one exception (146Sm-142Nd; half-life 1.03 x 108 years) the short-lived 911 

chronometers that have improved the age estimates for meteorite differentiation cannot be 912 

applied to lunar rocks because even the oldest lunar rocks are too young to have formed when 913 

26Al (half-life 7.17 x 105 years), 53Mn (half-life 3.7 x 106 years), or 182Hf (half-life 8.90 x 106 914 

years) were extant. There is only limited variation in 142Nd in lunar samples indicating that this 915 

short-lived isotopic system was almost extinct at the time the Moon formed and differentiated. 916 

Additionally, U-Pb geochronology derived from individual zircon and baddeleyite grains from 917 

highlands lithologies (Apollo and lunar meteorite samples) have been explored using secondary 918 

ion mass spectrometry ion microprobe analyses. 919 

Borg et al. (2013) identified several reasons for the ambiguity in the interpretation of 920 

various chronometers and established criteria for evaluating the reliability of ages of highlands 921 

rocks. Reasons for this ambiguity are numerous and include: (1) disturbance of the isotopic 922 

systematics of lunar samples by secondary processes associated with impacts, (2) the analytical 923 

difficulty associated with dating mono- or bi-mineralic samples that have low abundances of the 924 

parent isotope, (3) the large uncertainties in age determinations that obscure potential temporal 925 

differences among lunar rock suites, and (4) inter-laboratory differences in measurement 926 
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techniques and age calculations that make age comparisons difficult. Experimental investigations 927 

of shocked and heated lunar samples demonstrate that Sm-Nd is the least mobile during shock 928 

metamorphism and therefore is the most reliable recorder of igneous events (Gaffney et al., 929 

2011). In contrast, Ar-Ar, Rb-Sr, U-Pb, and Pb-Pb systems are more easily disturbed, accounting 930 

for the wide range of ages reported for highlands samples. Despite the perception that the Sm-Nd 931 

system is resistant to disturbance by shock processes, replicate Sm-Nd ages on single samples 932 

usually are also discordant. For example, the range of published Sm-Nd ages determined on FAN 933 

60025 is 4.359 to 4.440 Ga (Carlson and Lugmair, 1981a,b; 1988; Borg et al., 2011).   934 

Ages of the Mg-suite lithologies. 935 

There are a number of ages determined for Mg-suite rocks. As a whole these data provide 936 

a somewhat shadowy picture about the emplacement history of the Mg-suite. Summaries of ages 937 

and interpretations have been compiled and summarized by Nyquist and Shih (1992), Nyquist et 938 

al. (2001), Snyder et al. (1995, 2000), Papike et al. (1998), Shearer and Papike (2005), Shearer et 939 

al. (2006), and Borg et al. (2013). A brief summary of these data are shown in Figure 18 and 940 

discussed in the context of lithology in the following text. 941 

 Only one of the ultramafic lithologies making up the Mg-suite has been dated, due to the 942 

small mass of most of the ultramafic samples. The largest ultramafic sample, the dunite 943 

represented by samples 72415-72418 has been dated using Rb-Sr, Pb-Pb, and U-Pb. 944 

Papanastassiou and Wasserburg (1975) defined an ancient Rb-Sr age of 4.55 ±0.10 Ga that they 945 

interpreted as a crystallization age. The U-Pb age is 4.52 ±0.06 Ga and within analytical 946 

uncertainty is concordant with the Rb-Sr age (Premo and Tatsumoto, 1992b). The Pb-Pb age is 947 

within the uncertainty of these other ages given the large uncertainty of 4.37±0.23 Ga (Premo 948 

and Tatsumoto, 1992b).  949 
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 Radiometric ages for the troctolites are few in number, although a significant number of 950 

K-Ar, Rb-Sr, Sm-Nd, and U-Th-Pb ages have been published for 76535. Although the Rb-Sr 951 

data produced by Papanastassiou and Wasserburg (1976) have been interpreted as suggesting an 952 

ancient crystallization age of 4.61 ±0.07 Ga, most other systems point to a younger age (Premo 953 

and Tatsumoto, 1992a; Papike et al., 1998). Premo and Tatsumoto (1992a) determined a U-Pb 954 

age of 4.236 ±0.015 Ga. K-Ar ages range from 4.16 to 4.27 (Husain and Schaeffer, 1975; 955 

Huneke and Wasserburg, 1975; Bogard et al., 1975), whereas Hinthorne et al. (1975) determined 956 

a Pb-Pb age of 4.375 ± 0.002 Ga. Published Sm-Nd ages for troctolite 76535 range from 4.260 to 957 

4.439 Ga (Lugmair et al., 1976; Premo and Tatsumoto, 1992a; Nyquist et al., 2012; Borg et al. 958 

2013). Despite its pristinity, 76535 has a complex thermal history (Nord, 1976; Domeneghetti et 959 

al., 2001; McCallum et al., 2006; Elardo et al., 2012) and this has led to multiple interpretations 960 

of the radiometric age data. Papanastassiou and Wasserburg (1976) and Domeneghetti et al., 961 

(2001) interpreted these discordant ages as representing different, mineral-specific, isotopic 962 

closure ages in which the Rb-Sr isochron dates the crystallization age via the isolation of Rb-rich 963 

inclusions in olivine. Younger ages determined by many of the other isotopic systems have been 964 

interpreted to represent the subsolidus event that is represented by cation ordering in the 965 

orthopyroxene, and symplectite formation along plagioclase-olivine boundaries (e.g., McCallum 966 

and Schwartz, 2001; Elardo et al., 2012). On the other hand, Premo and Tatsumoto (1992a) and 967 

Borg et al., (2013) concluded that this troctolite formed between 4.23 and 4.37 Gya. If this is 968 

correct, the ancient age derived from the Rb-Sr may reflect the lack of isolation of the Rb-rich 969 

component that not only occurs as inclusions but also occurs along gain boundaries. 970 

 Snyder et al. (1995) reported whole-rock Nd and Sr isotopic ratios for a troctolitic 971 

anorthosite clast in sample 14303 and concluded that these isotopic data are compatible with an 972 
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age of 4.2 Ga. Meyer et al. (1989) reported a U-Pb zircon age of 4.245±0.075 Ga for a troctolite 973 

clast in sample 14306, but the presence of zircon and the small sample mass make its affinity 974 

ambiguous (Papike et al., 1998). Edmunson et al. (2007) were able to date troctolite sample 975 

76335 and obtain a Sm-Nd age of 4.278±0.06. Unfortunately, there are no radiometric age dates 976 

for the spinel troctolites due to their overall small mass. 977 

 The norite lithologies have considerably more radiometric age data than other Mg-suite 978 

lithologies because of the availability of samples with significant mass and their abundance of 979 

pyroxene. Shih et al. (1993) determined Sm-Nd ages for two Mg-suite norites in a clast from 980 

15445: 4.46±0.07 Ga (,17) and 4.28±0.03 Ga (,247). Norite clast 15445,17 is the oldest dated 981 

norite, but the Sm-Nd isochron may be disturbed. As Shih et al. (1993) recognized 15445,17 and 982 

,247 represent the same clast, and they interpreted that this contrast in ages represented two 983 

distinct norite lithologies in a single clast. However, after examining the mineralogy of the clast 984 

with both EPMA and SIMS, Shearer et al. (2011) concluded that this clast represented only one 985 

norite lithology. Shih et al. (1993) also determined Rb-Sr age for another norite clast in 15455 986 

(15455,228: 4.55±0.13 Ga). Sm-Nd ages for norite 78235 (along with 78236 and 78238 were 987 

chipped off of the same small boulder) range from 4334 to 4448 (Carlson and Lugmair, 1981; 988 

Nyquist et al., 1981; Edmunson et al., 2007; Andreasen et al. 2013). Nyquist et al. (1981) 989 

reported a Rb-Sr age of 4.38±0.02 Ga. Premo and Tatsumoto (1991, 1992c) have studied the U-990 

Th-Pb isotopic systematics of 78235 and determined an initial crystallization age of 4.426 ± 991 

0.065 Ga with a disturbance at 3.93 ± 0.21. Ga. Hinthorne et al. (1977) dated 78235 by Pb-Pb ion 992 

microprobe analyses of baddeleyites and zircon. They produced an age of 4.25±0.09 Ga. For 993 

norite samples 77215 and 77075, Nakamura et al. (1976) and Nakamura and Tatsumoto (1977) 994 

derived a Sm-Nd crystallization ages of 4.37±0.07 and 4.13±0.82 and concordant Rb-Sr age of 995 
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4.42±0.04 and 4.18±0.08 Ga. One of the youngest norite ages was derived from the Civet Cat 996 

norite clast in 72255. On the basis of an internal Rb/Sr isochron approach, Compston et al. 997 

(1975) obtained an age of 4.08±0.05 for that sample. This is concordant with the Ar-Ar ages 998 

derived for this clast by Leich et al. (1975). 999 

 The gabbronorites make up a small portion of the highlands collection of Apollo samples 1000 

both in number and mass. Therefore, there is a relative paucity of chronological data for this 1001 

lithology. Carlson and Lugmair (1981a,b) reported a Sm-Nd isochron age of 4.18±0.07 Ga for 1002 

small (7.9 grams) gabbronorite 67667. Warren and Wasson (1979) referred to this sample as a 1003 

feldspathic lherzolite rake sample. A gabbronorite clast in impact-melt breccia 73255 has a Sm-1004 

Nd isochron age of 4.23±0.05 Ga (Carlson and Lugmair, 1981a,b). Meyer et al. (1989) reported 1005 

U-Pb zircon ages (4.1-4.3 Ga) for gabbronorites collected from the Apollo 14 and 16 sites, but 1006 

the affinity of these samples to the Mg-suite is unclear (Nyquist and Shih, 1992). 1007 

Highly relevant to the interpretation of the “crystallization ages” determined for 1008 

individual Mg-suite rocks are the numerous model ages determined for the formation of potential 1009 

sources for the Mg-suite: ur-KREEP and LMO cumulates. Several ur-KREEP Sm-Nd model 1010 

ages were calculated by Carlson and Lugmair (1979), Nyquist and Shih (1992), and Edmunson et 1011 

al. (2009) (4.36 ± 0.06, 4.42 ± 0.07 and 4.492 ± 0.061 Ga, respectively). On the basis of Lu-Hf 1012 

isotopic analyses of KREEP-enriched breccias (Sprung et al., 2013) and a suite of igneous rocks 1013 

with KREEP signatures (Gaffney and Borg, 2013), model ages for ur-KREEP formation of 4.402 1014 

± 0.023 Ga and 4.353 ± 0.037 Ga, respectively, were determined. Model ages for the mare basalt 1015 

source region have been estimated using the 146Sm-142Nd isotope system. Ages of 4.329 +0.040/-1016 

0.056 Ga (Nyquist et al., 1995), 4.352 +0.023/-0.021 Ga (Rankenburg et al., 2006),  4.313 +0.025/-0.030 Ga 1017 

(Boyet and Carlson, 2007), and 4.340 +0.020/-0.024  Ga (Brandon et al., 2009) determined by this 1018 
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method yields a weighted average age for mare basalt source formation of 4.337 ± 0.028 Ga 1019 

(Borg et al., 2014). Evidence from Hf-W chronology indicate that LMO solidification occurred 1020 

after the extinction of 182Hf and therefore later than 60 Myr after CAI formation. 1021 

On the basis of these Mg-suite age data, numerous (and conflicting) interpretations have 1022 

been reached concerning the chronology of the Mg-suite and its relationship to other highlands 1023 

lithologies (e.g. FANs, alkali suite) and lunar differentiation. These interpretations are based on 1024 

the analysis and judgment of the reliability of the individual age dates within each study. This is 1025 

typically done by essentially either (1) taking most precise ages at face value or (2) establishing 1026 

criteria for evaluating ages (Borg et al., 2013, 2014).  1027 

There are numerous conclusions that can be reached based by a straight forward 1028 

interpretation of all the precise ages. In this interpretive scenario, the range of Mg-suite rock ages 1029 

(4.61±0.07 to 4.17±0.02 Ga) compiled by Nyquist and Shih (1992), Nyquist et al. (2001), Snyder 1030 

et al. (1995, 2000), and Borg et al. (2014) represent an extensive period of Mg-suite magmatism 1031 

(approximately 300-400 m.y.). Clearly, some of the older ages for the Mg-suite (e.g. 4.61±0.07 1032 

Ga) should be disregarded as they represent ages older than the Solar System. This extensive 1033 

period of Mg-suite magmatism must be contemporaneous with FAN magmatism and implies that 1034 

the lunar magma ocean solidified very early. Further, these data suggest that an episode of 1035 

primitive Mg-suite magmatism (dunites and troctolites) predates less primitive Mg-suite 1036 

magmatism (norites and gabbronorites). These early episodes of Mg-suite magmatism must 1037 

predate the alkali-suite (Figure 1) episode of highlands crustal building. Snyder et al. (1995) 1038 

suggested that the Mg-suite magmatism was initiated at different times in different regions of the 1039 

Moon. Their interpretation was that Mg-suite magmatism on the nearside occurred first in the 1040 

northeast and then swept slowly to the southwest over a period of 300-400 m.y. They speculated 1041 
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that this regional progression of magmatism could be due to the progressive crystallization of the 1042 

residual liquids of the LMO. The common 4.35 Ga age likely records a secondary pulse of 1043 

widespread and diverse FAN, Mg- and alkali-suite magmatism. These younger FANs must 1044 

represent either a non-LMO igneous process or the resetting of FAN ages due to their thermal 1045 

history. The relatively young models ages determined for ur-KREEP and the LMO cumulate pile 1046 

must represent a mantle-wide thermal event that reset the isotopic systems, and this event may be 1047 

mantle cumulate overturn.  1048 

More recently, Borg et al. (2013,2014) suggested criteria for assessing highlands 1049 

chronological data. Using these criteria, they concluded that the oldest ages determined with 1050 

confidence on FAN and Mg-suite highlands rocks are in fact ~4.35 Ga (Fig. 18). This age is 1051 

concordant with 142Nd model ages of mare source formation (Nyquist et al., 1995; Rakenburg et 1052 

al., 2006; Boyet and Carlson, 2007; Brandon et al., 2009), a peak in zircon ages (Compston et al., 1053 

1984; Grange et al., 2009; 2011 Pidgeon et al. 20072010; Nemchin 2009a,b; 2011), and the Lu-1054 

Hf model KREEP formation age (Gaffney and Borg, 2013), all of which suggest a major event at 1055 

~4.35 Ga. In this case, if the ancient ages of individual samples are not correct, then the 4.35 Ga 1056 

age most likely records either the primordial solidification of the Moon or a major, Moon-wide 1057 

thermal event (cumulate overturn?). In the scenario that the 4.35 Ga age represents a 1058 

differentiation event, FAN magmatism may precede Mg-suite magmatism, but only by a few Ma. 1059 

In the second scenario, the Moon-wide thermal event completely resets the isotopic systems in 1060 

the mantle and ancient primordial crust (FANs). The episode of Mg-suite magmatism at 4.35 Ga 1061 

partially manifests this thermal event.  These two potential interpretive scenarios need to be 1062 

resolved with ages on additional Mg-suite and alkali-suite samples using multiple chronometers 1063 

and additional modeling of the early thermal history of the Moon.  1064 



47 
 

PETROGENESIS OF THE MG-SUITE 1065 

Models for the generation of the Mg-suite parent magmas. 1066 

Numerous petrogenetic models have been proposed to account for the contrasting 1067 

primitive (e.g., high Mg#) and evolved (e.g., saturated with plagioclase, high concentrations of 1068 

incompatible trace elements, low concentrations of Ni, Co, and Cr) characteristics of the Mg-1069 

suite and the relative ages of early highlands lithologies. Models for the petrogenesis of the Mg-1070 

suite fall into 6 end-members: (1) impact origin (Taylor et al., 1993; Hess, 1994) (Fig. 19a); (2) 1071 

products of magma ocean crystallization (Wood, 1975; Longhi and Boudreau, 1979; McCallum, 1072 

1983) (Fig. 19b); (3) remelting and remobilization of late-stage magma ocean cumulates such as 1073 

KREEP (Hess et al., 1978; Hess, 1989) (Fig. 19c); (4) Mg-rich magmas derived from lower 1074 

portions of the cumulate pile that were enriched in Al and incompatible trace elements through 1075 

assimilation of KREEP, anorthositic crust, or both (Warren and Wasson 1977; Longhi, 1981; 1076 

James and Flohr, 1983; Warren, 1986; Ryder, 1991; Papike et al., 1994, 1996) (Fig. 19d); and (5) 1077 

melting of hybrid mixed cumulate sources either in the deep or (6) shallow lunar mantle (e.g., 1078 

Shearer et al., 2006; Shearer and Floss, 1999; Shearer and Papike, 1999; 2005; Elardo et al., 1079 

2011) (Fig. 19e and f).  1080 

Impact origin.  1081 

An impact origin for the Mg-suite has been proposed to explain the chemical paradox of 1082 

primitive and evolved chemical signatures in the same rocks (Wanke and Dreibus, 1986; Taylor 1083 

et al., 1993; Hess, 1994). The model proposed by Taylor et al. (1993) combined late accretion 1084 

impactors (~bulk Moon composition) as a source for the primitive component with LMO 1085 

crystallization products (anorthosite, KREEP) as a source for the evolved component (Fig. 19a). 1086 

The impact of this material into the Moon during the end of LMO crystallization would have 1087 
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mixed this primitive material with remelted ferroan anorthosite and residual KREEP liquid. The 1088 

resulting magmas pooled beneath the ferroan anorthositic crust and subsequently intruded the 1089 

crust. Formation of the Mg-suite by impact also circumvented the problem of a heat source 1090 

capable of producing large volumes of primitive, high-Mg magmas following LMO 1091 

crystallization (Taylor et al., 1993). There are several difficulties with this version of the impact 1092 

model for the origin of the Mg-suite. The trace element fingerprints for impactors, such as 1093 

elevated siderophile element abundances, are not found in the Mg-suite. For example, the Cr/Ni 1094 

ratios for the highlands Mg-suite show a typical lunar value (Cr/Ni >5) in contrast with primitive 1095 

cosmic abundances (Cr/Ni = 0.25). There is also a mass-balance problem with this process. The 1096 

ratio of the mass of the impactor to the mass of the impact melt is too small (O’Keefe and 1097 

Ahrens, 1977) to make a substantial contribution to the high Mg# observed in the Mg-suite. 1098 

Finally, circumventing potential problems with heat sources to produce magnesian magmas is 1099 

not necessary as several studies have identified viable processes that could have triggered 1100 

melting in the deep lunar mantle (Spera, 1992; Ryder, 1991; Warren and Kallemeyn, 1993; 1101 

Shearer and Papike, 1993, 1999).  1102 

Hess (1994) explored the possibility that the Mg-suite was generated by impact melting 1103 

of the plagioclase-rich lunar crust and olivine-rich cumulates of the magma ocean. This 1104 

eliminates the mass-balance problem in the earlier model of Taylor et al. (1993). Hess (1994) 1105 

postulated that large impact melt sheets that were superheated and sufficiently insulated could 1106 

cool slowly and differentiate to produce the troctolite-norite-gabbro sequence observed in the 1107 

Mg-suite. Variable incorporation of KREEP and crustal components during shock melting could 1108 

explain the variation in the evolved component in the Mg-suite plutonic rocks. The siderophile 1109 

element signature of the impactor would have been significantly diluted during these processes. 1110 
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Vaughan et al. (2013) modeled the crystallization of large impact melt sheets (thickness  15 km, 1111 

diameter  350 km) produced by the Orientale and South Pole Aitken basin events. Target 1112 

material that would have been melted include crustal (anorthosite, anorthositic norite) and mantle 1113 

(pyroxenite) target materials. In a variety of crystallization models, they predicted cumulate 1114 

horizons which would be dominated by either anorthosite or norite with somewhat smaller 1115 

volumes of “quartz diorite” (in the strictest sense a quartz gabbro), quartz pyroxenite, 1116 

pyroxenites and/or dunites. Modifying proportions of the target lithologies, character of 1117 

crystallization (fractional versus equilibrium), and homogeneity of the melt sheet would affect 1118 

the composition of the melt sheet, cumulate mineralogy, and the proportion of lithologies. 1119 

Vaughan et al. (2013) speculated that these “counterfeit” plutonic rocks could pass as highlands 1120 

lithologies, but finally concluded that this process could not account for the Mg-suite.  1121 

There are several lines of rationale for why this model is probably invalid. There is a 1122 

mass balance issue in that only very unique mixtures of crustal target rocks and upper mantle 1123 

lithologies could contribute to the high Mg# observed in the mafic silicates of the Mg-suite. The 1124 

inability of the impact process to produce magmas capable to crystallize high Mg# mafic 1125 

silicates would disrupt the distinctly different ferroan anorthosite and Mg-suite chemical trends 1126 

(Fig. 5). Furthermore, as documented above, the crystallization ages of the Mg-suite rocks are 1127 

older than 4.1 Ga. These crystallization ages are older than the large impact basins preserved on 1128 

the near-side of the Moon (e.g. Orientale 3.75 Ga). This would require that the Mg-suite rocks 1129 

were produced by the crystallization of even older impact melt sheets and that only the remnants 1130 

of these older melt sheets were incorporated onto the lunar surface. Mg-suite rocks from these 1131 

younger impact melt sheets are absent from the Apollo and lunar meteorite collections. In 1132 

addition, thermobarometry of Mg-suite rocks indicate a range of crustal environments of 1133 
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emplacement from 40-50 km to only a few kilometers (e.g. McCallum and Schwartz, 2001; 1134 

Shearer et al., 2012a,b). These ranges in emplacement depths are not consistent with the 1135 

crystallization of a surface impact melt sheet. Finally, if a substantial upper mantle component 1136 

was incorporated into surface impact melt sheets, it should be expected that upper mantle 1137 

lithologies would have been excavated and incorporated into the lunar regolith. No such samples 1138 

have been found in the lunar regolith.  1139 

Primordial differentiation origin (Co-magmatic relationship between Mg-suite and FANs). 1140 

Wood (1975), Longhi and Boudreau (1979) and Raedeke and McCallum (1980) proposed 1141 

models in which the Mg-suite was produced during LMO crystallization and evolution (Fig. 1142 

19b). Wood (1975) suggested that the Mg-suite and ferroan anorthosites were simply 1143 

contemporaneous products of crystal accumulation and trapped melts. In this scenario, the Mg-1144 

suite intrusions consist of cumulus olivine/pyroxene plus plagioclase, whereas the ferroan 1145 

anorthosites consist of cumulus plagioclase with mafic crystals produced from intercumulus 1146 

melts. In addition to the differential incorporation of cumulates and trapped melts, Longhi and 1147 

Boudreau (1979) proposed that the cumulus minerals in both rock types were produced by 1148 

different styles of crystallization. The plagioclases in the ferroan anorthosites were products of 1149 

equilibrium crystallization. The cumulate mafic silicates of the Mg-suite precipitated at 1150 

approximately the same time, but under conditions of fractional crystallization. Raedeke and 1151 

McCallum (1980) demonstrated that minerals from the banded zone in the Stillwater Complex 1152 

show two fractionation trends remarkably similar to the Mg# of mafic mineral vs. An in 1153 

plagioclase fractionation exhibited by the lunar highlands plutonic rocks (Fig. 1). They attributed 1154 

the bimodality of the Stillwater rocks to differences in the style of crystallization (fractional 1155 

crystallization accompanied by crystal accumulation vs. equilibrium crystallization of trapped 1156 
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intercumulus liquid in a plagioclase-rich crystal mush). A near contemporaneous relationship 1157 

between members of these suites is suggested by the overlapping ages for some of the Mg-suite 1158 

rocks with the ferroan-anorthosite suite (Fig. 18).  1159 

These simple primordial models are not consistent with all the geochemical observations 1160 

made for the Mg-suite, however. Although the relationships between the Mg-suite and the FAN 1161 

suite shown in Figure 1 mimics the mineral chemistry fractionation trends observed in the 1162 

banded zone of the Stillwater complex, Raedeke and McCallum (1980) demonstrated that the 1163 

rocks of the FAN suite cannot be generated from the same magma that formed the rocks of the 1164 

Mg-suite. Their detailed analysis of mineral compositions and hypothetical intercumulus melt 1165 

confirmed the likelihood that the gap between the two suites in Figure 1 is real and that these two 1166 

suites of rocks represent two distinctly different parent magmas. Trace element data confirm this 1167 

conclusion reached from major element mineral compositions. For example, the Mg-suite 1168 

parental magmas have high Eu/Al but low Sc/Sm and Ti/Sm relative to the melts parental to the 1169 

ferroan anorthosites (Norman and Ryder, 1979; Raedeke and McCallum, 1980; Warren and 1170 

Wasson, 1977; James and Flohr, 1983; Warren, 1983, 1986). If taken at face value, initial Sr and 1171 

Sm isotopic compositions indicate differences between FAN and Mg-suite parental magmas. 1172 

However, this difference may not necessarily be correct. For example Rb-Sr and Sm-Nd isotopic 1173 

data from 60025 (FAN) and 76535 (Troctolite) suggest derivation from isotopically similar, 1174 

undifferentiated sources. Although the chronology described above exhibits overlap between the 1175 

crystallization ages of the Mg-suite and FAN-suite, the relative geochemical chronology 1176 

suggested by Eu/Al, Sc/Sm, and Ti/Sm indicates that within the context of a lunar magma ocean, 1177 

the Mg-suite source region (or at least the KREEP component of that source region) was 1178 

produced after the crystallization of the FAN-suite and source regions for both high- and low-Ti 1179 
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basalts. One interpretation of the absolute chronology implies that these events were closely 1180 

spaced in time and not resolvable by geochronologic measurements. 1181 

Post-Magma Ocean Models for the Mg-suite.  1182 

Because of these difficulties with impact and primordial melting models, numerous 1183 

models have been proposed that advocate a post-magma ocean origin for the Mg-suite that 1184 

involves the melting of LMO cumulates. These models call upon either the melting or 1185 

remobilization of shallow, evolved magma ocean cumulates (e.g., urKREEP), or melting of 1186 

early, magma ocean cumulates with incorporation of KREEP or a crustal component through 1187 

assimilation or mixing.  1188 

Ur-KREEP remobilization or melting.  1189 

Hess et al. (1978), Hess (1989), Snyder et al. (1995), Papike (1996) and Papike et al. 1190 

(1994, 1996, 1997) explored the possibility that the Mg-suite and temporally associated 1191 

highlands basaltic magmas (e.g., KREEP basalts, high alumina basalts) originated by partial 1192 

melting of LMO cumulates at a shallow depth (Fig. 19c). Although they did not draw a genetic 1193 

connection between the Mg-suite and KREEP basalts, Hess et al. (1978) suggested that the 1194 

basalts with a KREEPy signature were generated by partial melting of LMO cumulates that 1195 

crystallized soon after extensive ilmenite crystallization, but prior to the formation of KREEP 1196 

(between 95 and 99% crystallization of the magma ocean). These magmas may have assimilated 1197 

KREEP. Alternatively, Hess (1989) suggested that the KREEP-rich magmas were a product of 1198 

partial melting of a lower lunar crust that had been altered metasomatically by KREEP (also see 1199 

McCallum, 1983). Pressure release melting and remobilization of these rock types may be 1200 

related to catastrophic impacts on the lunar surface (Snyder et al. 1995; Papike 1996; Papike et 1201 

al. 1994, 1996, 1997). Although derivation of the parental KREEP basaltic magma from very-1202 
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late magma ocean cumulates may be consistent with some of the reconstructed trace-element 1203 

melt compositions from individual minerals (Papike, 1996; Papike et al., 1994, 1996, 1997), the 1204 

chemical signatures common in the more primitive Mg-suite (e.g., olivine-bearing, high Mg#, 1205 

low Na/(Na+Ca)) cannot be accounted for by this model. 1206 

Interactions among LMO cumulate sources.  1207 

Models that require the Mg-suite to represent crystallization products of high Mg# 1208 

magmas generated in the deep lunar mantle (Fig. 19d-f) were developed to resolve some of the 1209 

problems with a shallow cumulate source (James 1980; Warren and Wasson, 1977; Longhi, 1210 

1981; Morse, 1982; Ryder, 1991; Smith, 1982; Hunter and Taylor, 1983; James and Flohr, 1983; 1211 

Shirley, 1983; Shervais et al., 1984; Warren, 1986; Hess, 1994). These types of models stimulate 1212 

many questions. Is the lunar mantle capable of producing primary magmas with Mg# >74? Do 1213 

these magmas have Al contents that are appropriate for plagioclase saturation at Mg# >74? Can 1214 

assimilation processes increase the Al and incompatible-element content in these primitive 1215 

magmas without dramatically lowering the Mg#? Hess (1994) demonstrated that magmas with 1216 

Mg# appropriate for Mg-suite parent magmas could be generated by melting of early LMO 1217 

cumulates. A magma ocean with an Mg# value equivalent to the bulk Moon (80 to 84; Jones and 1218 

Delano, 1989; O’Neill, 1991) upon crystallization at high pressures would produce early 1219 

cumulates of olivine having Mg# greater than 91. Elardo et al. (2011) illustrated that a wide 1220 

range of proposed LMO bulk compositions (e.g., Earth-like to highly refractory element-1221 

enriched LMO) would produce early LMO cumulate lithologies with appropriate Mg# (greater 1222 

than 91). Subsequent melting of these cumulates would produce magmas with Mg# equivalent to 1223 

that of the parental Mg-suite magmas. Because of the pressure dependence of the FeO-MgO 1224 

exchange equilibrium between olivine and basaltic melt, crystallization of these high-pressure 1225 
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melts near the lunar surface would result in liquidus olivine that is slightly more magnesian than 1226 

residual olivine in the mantle source. Higher Mg# values for the melt may also result from the 1227 

reduction of small amounts of FeO to Fe in the source (Hess, 1994). Melting of the early magma 1228 

ocean cumulates initially could have been triggered by either radioactive decay (Hess, 1994) 1229 

and/or cumulate overturning (Hess and Parmentier, 1995). The deep lunar mantle materials 1230 

would have been less dense and hotter than the overlying cumulates and tend to move upward 1231 

and be subjected to pressure-release melting. The pressure release from 400 km to 100 km would 1232 

have been on the order of 15 kbars. This resulted in relatively high degrees of melting (>30%; 1233 

Ringwood 1976; Herbert 1980; Shearer and Papike, 1999). Partial melting of early magma ocean 1234 

cumulates could have produced primitive melts with high Mg# but, as shown by Shearer and 1235 

Papike (1999) and Elardo et al. (2011), these magmas would not have the same geochemical 1236 

characteristics as the Mg-suite. For example, these primitive magmas would not possess the high 1237 

incompatible-element enrichments, fractionated Eu/Al and Na/(Na+Ca), and plagioclase as a 1238 

liquidus phase until the Mg# of the melt was <42. Three types of processes have been proposed 1239 

to resolve this problem: (1) assimilation of evolved crystallization products of the magma ocean 1240 

and melting of a hybrid cumulate sources in the (2) deep or (3) shallow lunar mantle. 1241 

Warren (1986) calculated that if these high-Mg magmas assimilated ferroan anorthosite 1242 

and KREEP (Fig. 19d), they would have reached plagioclase saturation at values of Mg# 1243 

appropriate for Mg-suite magmas. Such magmas also would have inherited a fractionated 1244 

incompatible element signature (high REE, fractionated Eu/Al). Hess (1994) explored the 1245 

thermal and chemical implications of anorthosite melting and plagioclase dissolution by 1246 

magnesian (high Mg#) basaltic magmas. In his analysis of anorthosite melting and mixing as a 1247 

mechanism to drive high Mg# magmas to plagioclase saturation, he concluded that the resulting 1248 
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crystallization of olivine and the mixing of relatively ferroan cotectic melts produced from the 1249 

anorthosites would lower the Mg# of the hybrid melt below that expected for the Mg-suite 1250 

parental magmas. In addition, diffusion rates for Al2O3 in basaltic melts are extremely slow 1251 

(Finnila et al., 1994) and indicate that the time scales to dissolve even a small amount of 1252 

plagioclase are of the same order as the characteristic times of solidification of a large magma 1253 

body. Similar thermal constraints are less severe for the shallow melting-assimilation of a 1254 

KREEP-like component into a primitive Mg-suite magma. Although assimilation of KREEP 1255 

does not dramatically drive the magnesian basaltic magmas to plagioclase saturation, this 1256 

mechanism may account for the evolved trace-element signatures in the Mg-suite. However, 1257 

mixing of viscous melts of KREEP composition with more-fluid, magnesian magmas could be 1258 

prohibitive (Finnila et al., 1994). In addition, melt compositions for the Mg-suite norites that 1259 

were calculated from pyroxene and plagioclase trace element data have incompatible element 1260 

concentrations that are equivalent to or slightly higher than urKREEP (Papike et al. 1996; 1997). 1261 

Simple mass-balance calculations indicate that it is impossible for a primitive Mg-suite magma 1262 

to assimilate such an abundant amount of KREEP (Shearer and Floss 1999). 1263 

As an alternative to assimilation at shallow mantle levels, is it possible that the KREEP 1264 

component was added to the deep mantle source for the Mg-suite (Fig. 19e)? Hess (1994) 1265 

proposed that the source for the Mg-suite may be a hybrid mantle consisting of early magma 1266 

ocean cumulates (e.g., dunite) and a bulk Moon component that may be either primitive lunar 1267 

mantle or an early quenched magma ocean rind. Polybaric fractional melting of a 50–50 mixture 1268 

would produce melts with appropriate Mg# and reasonable Al2O3. However, mixing of these 1269 

components would not produce some of the incompatible-element and isotopic signatures 1270 

exhibited by the Mg-suite. As an alternative, Shearer et al. (1991, 1999) suggested a cumulate 1271 
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overturn mechanism to transport a KREEP component to the deep lunar mantle to explain the 1272 

evolved KREEPy signature imprinted on selected picritic glasses associated with mare basaltic 1273 

magmatism. A similar process may have produced the KREEP signature in the Mg-suite. There 1274 

are potential shortcomings for this model. For example, most LMO cumulate overturn models 1275 

for the Moon are driven by the density and temperature contrasts in the cumulate pile. These 1276 

contrasts result in the sinking of evolved dense cumulates such as the late (90-96% LMO 1277 

crystallization) high-Ti cumulate lithologies and upwelling of hot and less dense early (0-50% 1278 

LMO crystallization) magnesian cumulates. In all of these cumulate overturn models, 1279 

mechanisms are not identified for the transport of the less-dense and perhaps warm urKREEP 1280 

and high-Al crustal lithologies (ρ<2900 kg/m3) into the deep lower mantle. Perhaps, the sinking 1281 

of the dense, high-Ti cumulates would act in pulling the urKREEP horizons into the deep lunar 1282 

mantle, but this process would act to mix these two cumulate horizons into the hybrid, Mg-suite 1283 

source rather than separate them as observed in the Ti/Sm characteristics of the Mg-suite. 1284 

Shearer and Papike (1999, 2005) identified another potential issue for early, olivine-rich LMO 1285 

cumulates being a major component in the Mg-suite source. They observed that the Ni content in 1286 

olivine in most Mg-suite rocks were substantially lower than that observed in less magnesian 1287 

olivine from the mare basalts. This observation was also made earlier by Ryder (1983). These 1288 

observations imply that the mare basalt and Mg-suite magmas are distinctly different. Further, 1289 

they indicate that the early, more magnesian cumulates are Ni-poor compared to much later 1290 

LMO cumulate lithologies. This appears to be counterintuitive, as previous crystallization 1291 

models for the LMO and observations of fractional crystallization of terrestrial basalts indicate 1292 

enrichment of early olivine in Ni. This potential dilemma for models for the Mg-suite may be 1293 

resolved by either the involvement of a metal phase either during early stages of LMO 1294 
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crystallization (e.g., core formation), melting of the source or during evolution of the basaltic 1295 

magma (Shearer and Papike, 1999; Papike et al. 1997) or relatively low Niolivine/melt partitioning 1296 

during the very early stages of LMO crystallization (Jones, 1995; Longhi et al., 2010; Shearer 1297 

and Papike, 2005; Elardo et al., 2011). 1298 

Rather than the hybridization of the early lithologies of the LMO cumulate pile occurring 1299 

in the deep lunar mantle via overturn, another alternative would be for this hybridization to occur 1300 

in the shallow mantle (Shearer et al., 2006, 2009; Elardo et al., 2011). In this model (Fig. 19f), 1301 

the hot (solidus temperature at 2 GPa has been estimated to be from 1600 to 1800 C) and less 1302 

dense (ρ 3100 kg/m3) early cumulate horizon (Shearer et al., 2006; Elardo et al., 2011) would 1303 

rise to the base of the crust during overturn. Some decompressional melting would occur, but 1304 

more importantly this process brings a hot cumulate horizon adjacent to the plagioclase-rich and 1305 

KREEP-rich lithologies that would melt at substantially lower temperatures (<1300 C). Some of 1306 

the issues posed by Hess (1994) against an assimilation model that were presented above (e.g. 1307 

heat loss during mixing, diffusion of Al2O3) are still relevant, but the constraints may be less 1308 

severe. For example, the emplacement of a large mass of a hot LMO cumulate horizon at the 1309 

base of the crust would introduce more heat into the upper mantle-lower crust than the 1310 

emplacement of a smaller mass of lower temperature magnesian magmas. 1311 

This overturn model is consistent with the various LMO cumulate pile overturn models 1312 

proposed by Hess and Parmentier (1995) Parmentier et al. (2002), Zhong et al. (2003), Stegman 1313 

et al. (2003), Elkins-Tanton et al. (2002, 2003) and summarized by Shearer et al. (2006). The 1314 

relative timescales of LMO crystallization and cumulate overturn influences the final cumulate 1315 

stratigraphy and potentially the relationship between the FAN and Mg-suite chronology. Elkins-1316 

Tanton et al. (2003) illustrated that the overturn of the LMO cumulate pile involves the 1317 
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competition between the rate of thickening of the solidified layer and the time scale of 1318 

Rayleigh-Taylor instability. In simple LMO models of very rapid, turbulent convective heat 1319 

transfer to the surface, solidification may be more rapid than the estimated overturn time for the 1320 

early olivine-orthopyroxene cumulates. However, once the plagioclase crust forms a conductive 1321 

lid, the last stages of LMO solidification will be much slower. Therefore, overturn of the mafic 1322 

cumulates may occur while the evolved portion of the LMO is still liquid (Hess and Parmentier, 1323 

1995; Elkins-Tanton et al., 2002, 2003; Shearer et al., 2006). This type of scenario could 1324 

account for a thermal environment that would enable the production of Mg-suite magmas via 1325 

interactions between LMO early cumulates, KREEP, and plagioclase flotation cumulates on the 1326 

timescales suggested by many of the more recently-determined crystallization ages for FANs 1327 

and Mg-suite rocks discussed in the chronology section (Borg et al., 2011, 2012; Carlson et al., 1328 

2013). Although the effect of the transport of the hot lower mantle to the base of the lunar crust 1329 

has not been empirically modeled, Wieczorek and Phillips (2000) and Laneuville et al. (2013) 1330 

used thermal conduction models to examine the response of the lunar crust and mantle to heat-1331 

producing elements in the KREEP horizon. They concluded that under their scenario, portions 1332 

of the crust and mantle would be exposed to temperatures near their solidus at the end of LMO 1333 

crystallization. 1334 

Petrogenetic relationships among Mg-suite lithologies. 1335 

Although field or orbital data to indicate that the Mg-suite rocks are related to one 1336 

another by fractional crystallization of basaltic magmas within layered intrusive complexes do 1337 

not exist, the mineral and chemical variations observed among the Mg-suite rocks have been 1338 

interpreted as indicating such a petrogenetic scenario. As illustrated by Longhi and Boudreau 1339 

(1979), Hess (1989), Shearer et al. (2006), and numerous others, the crystallization of the Mg-1340 



59 
 

suite is well represented by the 1-atmosphere (Fe,Mg)2SiO4-CaAl2Si2O8-SiO2 pseudoternary 1341 

system. Within this system, the liquid line of descent of a primitive Mg-suite liquid within the 1342 

olivine stability field would first produce olivine cumulates (dunites), followed by olivine and 1343 

plagioclase cumulates along the olivine-plagioclase cotectic (troctolites). This fractional 1344 

crystallization would drive the melt composition to the olivine-plagioclase-low-Ca pyroxene 1345 

peritectic and along the low-Ca pyroxene-plagioclase cotectic to produce norites. Specific parent 1346 

melt compositions within the olivine stability field are required to produce this fractional 1347 

crystallization sequence. If the parent liquid has a low abundance of the plagioclase component, 1348 

troctolites will not be produced. The mineral compositions in the Mg-suite further illustrate this 1349 

relationship among Mg-suite lithologies (Fig. 5). Using a KREEP basalt (from the Apollo 15 1350 

collection site) as a starting parental magma, Snyder et al. (1995) and Shervais and McGee 1351 

(1998, 1999) demonstrated that fractional crystallization and the accumulation of mineral phases 1352 

and trapped KREEP-like residual liquid (2–15%) could produce the range of mineral and rock 1353 

compositions observed in the highlands Mg-suite. Snyder et al. (1995) proposed that 1354 

approximately 0 to 43% fractional crystallization and accumulation would produce the observed 1355 

major element mineral variation in the Mg-suite. The lower Mg# of KREEP basalts (~61–66) 1356 

relative to the Mg# that would be expected for parental magmas for the Mg suite cumulates 1357 

(mafic minerals with Mg#~ 95) and their non-contemporaneous nature is an issue for directly 1358 

linking KREEP basalts to the Mg- suite parent magmas, but this potentially could be a result of 1359 

sampling (Irving, 1977). Alternatively, as suggested by Shearer and Papike (1999), Borg et al. 1360 

(2004), and Shearer et al. (2006) there most likely is a broad compositional array of lunar basalts 1361 

with a KREEP signature that were produced in the lunar mantle over a 1-2 billion year period of 1362 

time. 1363 
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Petrogenetic relationships between the Mg-suite and alkali suite 1364 

Snyder et al. (1995) proposed that the Mg- and alkali-suites are a product of fractional 1365 

crystallization of a parental KREEP basalt. The sequence of crystallization and accumulation that 1366 

they proposed is Mg suite (0 to 43% crystallization)  alkali anorthosites, alkali norites (43 to 1367 

74% crystallization)  alkali gabbros, alkali norites (74 to 90% crystallization)  quartz 1368 

monzodiorites (90 to 99.8% crystallization)  granites. 1369 

Alternatively, the Mg-suite and alkali-suite may represent contemporaneous, yet separate 1370 

episodes of basaltic magmatism (Warren and Wasson, 1980; James, 1980; James et al., 1987). 1371 

There is some compositional evidence to suggest genetically distinct highlands rock types. For 1372 

example, James et al. (1987) subdivided many of these highlands rock types into various groups 1373 

on the basis of their mineral chemistry and mineral associations. Whether these subdivisions are 1374 

artificial or petrologically significant is debatable. Within this scenario, differences between 1375 

these two suites may be attributed to the depth of initial melting prior to KREEP addition. For 1376 

example, Mg suite magmatism would be a product of interaction between very early LMO 1377 

cumulates-KREEP-FAN, whereas the alkali-suite magmatism would involve initial melting of 1378 

later LMO cumulates and interactions with KREEP. 1379 

Petrogenetic relationships between the Mg-suite and magnesian anorthositic granulites 1380 

 Magnesian anorthosites have been described in Apollo samples and in lunar meteorites 1381 

(e.g. Lindstrom et al., 1984; Lindstrom and Lindstrom, 1986; Takeda et al., 2006, 2007, 2008; 1382 

Treiman et al., 2010) and may represent a widespread rock type in the lunar highlands (Jolliff et 1383 

al., 2000; Wieczorek et al., 2006). However, their relationship to other episodes of lunar 1384 

highlands magmatism is undetermined. This suite of rocks has experienced significant degrees of 1385 

metamorphism resulting in recrystallized textures and a broad range of compositions. These 1386 
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rocks have Ar-Ar ages ranging from 3.94 to 4.26 Ga (Lindstrom and Lindstrom, 1986). In a plot 1387 

of Mg# versus plagioclase composition (Fig. 1), the magnesian anorthositic granulites are clearly 1388 

distinct from the FAN suite, but plot in or near the Mg-Suite field. The magnesian anorthositic 1389 

granulite clasts found in the Apollo samples have a positive Eu anomaly and a REE pattern that 1390 

is parallel to the more magnesian lithologies of the Mg-suite. In contrast, the calculated REE 1391 

patterns for clasts in lunar meteorites are substantially lower than most Mg-suite rocks (2-3xCI 1392 

chondrite) (Treiman et al., 2010). Compared to the Mg-suite rocks, the magnesian anorthositic 1393 

granulites have similar Sc/Sm and Ti/Sc ratios and overlapping Cr2O3 and Th abundances 1394 

(Lindstrom and Lindstrom, 1986). They have higher Ni than the Mg-suite, but this may be 1395 

attributed to a meteoritic component. Many of these trace element characteristics were not 1396 

calculated for the meteorite clasts studied by Treiman et al. (2010). 1397 

 Warner et al. (1977) identified numerous lunar granulites that plotted within and between 1398 

FAN and Mg-suite fields in Figure 1 and concluded that they all are metamorphic polymict 1399 

breccias from the early lunar crust. However, a detailed study by Lindstrom and Lindstrom 1400 

(1986) concluded that the most magnesian granulites are at least as likely to represent Mg-suite 1401 

precursors as fortuitous mixtures of unrelated highlands lithologies. Treiman et al. (2010) 1402 

suggested that the magnesian anorthositic clasts in the lunar meteorites (and perhaps some of the 1403 

clasts returned by the Apollo program) may represent Mg-suite plutons that did not contain a 1404 

KREEP component. If this is correct, these conclusions may imply that KREEP was not an 1405 

integral part in producing the initial parental magmas for Mg-suite. In this case, the latter model 1406 

proposed above (Fig. 19e) may be appropriate. The implication for this model is that KREEP-1407 

rich Mg-suite magmas were emplaced in the lunar crust in the PKT, whereas Mg-suite magmas 1408 
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without a KREEP component may be a component in the crust on the lunar far-side. This model 1409 

is also supported by numerous remote sensing observations from the far-side highlands.  1410 

FUTURE EXPLORATION OF THE MG-SUITE 1411 

 Although the Mg-suite has been extensively studied since the return of samples by the 1412 

Apollo Program, there are still numerous questions that could be resolved by further sample and 1413 

remote sensing measurements and observation. These questions are particularly important in 1414 

furthering our understanding of the role of the Mg-suite in early planetary formation, 1415 

differentiation, and crustal formation and evolution. 1416 

What is the age of FAN and Mg-suites?  1417 

There are two interpretations of the ages of the FAN- and Mg-suites. One interpretation is 1418 

that the Mg-suite magmatism clearly post-dates (<4.5 Ga) ancient FAN terranes (> 4.5 Ga) and 1419 

that this style of magmatism occurred over a long duration of time (>400 million years). This 1420 

interpretation requires a Moon that was formed very early in the Solar System, presumably by a 1421 

giant impact with the proto Earth. Further, this requires a rapid formation of planetary objects in 1422 

the Solar System, very early collisions among these objects, and a complete solidification of the 1423 

LMO prior to follow-on episodes of lunar magmatism. The second interpretation is that the 1424 

approximate 4.35 Ga age observed in many FANs and Mg-suite lithologies is meaningful and 1425 

represents two major closely spaced episodes of lunar differentiation. This interpretation implies 1426 

either the Moon is relatively young or that a major lunar thermal event (reheating of crust either 1427 

as a result of urKREEP heating or emplacement of hot, deep mantle at the base of the crust) 1428 

occurred at approximately 4.35 Ga.  1429 

What was the duration of Mg-suite magmatism?  1430 
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It appears that Mg-suite magmatism is fairly limited in duration. Depending upon the 1431 

time this stage of magmatism was initiated (4.5 or 4.35 Ga), it (and the possibly related Alkali-1432 

suite) appears to have waned by 4.1 Ga. This apparent end of Mg-suite magmatism may only be 1433 

a reflection of sampling and a transition from this magmatism to KREEP basaltic volcanism (to 1434 

at least 3.0 Ga). We conclude that neither is true. First, large basins were forming until 3.8-3.9 1435 

Ga, yet these events did not reveal younger Mg-suite lithologies. Second, mineralogical data 1436 

seem to suggest that the Mg-suite is distinct from follow-on periods of KREEP basaltic 1437 

magmatism. These distinctions include high Mg# and low Ni and Cr in mafic silicates, Cl 1438 

enrichments in apatite, and low bulk-rock NiO and Cr2O3 concentrations. Our conclusion is that 1439 

the incompatible element signature referred to as KREEP is incorporated into basaltic magmas 1440 

produced by melting of many different mantle sources. Finally, the migration of Mg-suite 1441 

magmatism in the lunar crust is at this time speculative due to the interpretation and limit of the 1442 

crystallization ages.  1443 

How are the Mg-suite lithologies related?  1444 

Although there is in the very best case, little geological field evidence confirming the 1445 

relationship among the different Mg-suite lithologies, similar mineralogical and geochemical 1446 

fingerprints, experimental studies, analogies to terrestrial layered intrusions, and crystallization 1447 

ages indicate a fundamental petrogenetic link that may be tied to fractional crystallization. 1448 

However, it is clear that the limited and perhaps unrepresentative samples seem to suggest 1449 

distinct Mg-suite magmas were emplaced into the lunar crust at a range of crustal pressure 1450 

environments. 1451 

What is the distribution of the Mg-suite?  1452 
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The distribution of the Mg-suite may only be regional and closely associated to the PKT 1453 

or may be produced Moon-wide (with differing proportions of a KREEP component). Figure 15 1454 

seems to imply that Mg-suite magmatism may extend outside the PKT. If this is correct, the link 1455 

between the Mg-suite and KREEP may be a regional association. However, the brecciated lunar 1456 

meteorite collection shows little to no evidence for Mg-suite lithologies in the feldspathic 1457 

highlands crust outside the PKT. Distinguishing between these differences in distribution is 1458 

critical to understanding the origin of the Mg-suite magmas, and more broadly planetary 1459 

differentiation and crustal building processes on an asymmetric planetary body.  1460 

What is the petrogenetic relationship between the Mg-suite and magnesian anorthositic 1461 

granulites?  1462 

The magnesian anorthositic granulites appear to be an important crustal component 1463 

making up the Feldspathic Highlands Terrane (Jolliff et al., 2000). Understanding their origin 1464 

(recrystallized magmatic or impact lithologies) and potential petrogenetic relationship to the Mg-1465 

suite will enable an assessment of early post-LMO building of the highlands crust. 1466 

What are the necessary next steps for exploring the nature of the Mg-suite?  1467 

There are numerous sample measurements and mission observations that could answer 1468 

some of the questions regarding the Mg-suite. Establishing a better chronology for highlands 1469 

evolution could be done by conducting additional isotopic age measurements and evaluating and 1470 

placing these data within a mineralogical-geochemical context for both large samples and clasts 1471 

within Apollo samples and lunar meteorites. New highlands samples may be identified by 1472 

conducting micro computerized tomography on lunar breccias. Robotic and human sample return 1473 

missions from unexplored lunar terranes such as the South Pole Aitken Basin, the Feldspathic 1474 

Highlands Terrane, and from selected central peaks or basin rings would provide an important 1475 
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Moon-wide perspective for understanding the formation and evolution of the lunar highlands. 1476 

Orbital missions that build upon the success of the Lunar Reconnaissance Orbiter, GRAIL, 1477 

Kaguya, and Chandrayaan-1 missions could better establish the distribution and composition of 1478 

the Mg-suite lithologies and the nature of the lunar highlands. For example, a mission that 1479 

combines both Moon Mineralogy Mapper capabilities with geochemical instrumentation high 1480 

spatial resolution could be used to explore the composition of the crust such as is exposed at 1481 

central peaks. Integrating these data within the context of crustal structure and thickness would 1482 

provide great insights into the lunar highlands. 1483 
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TABLES 2248 

 2249 

 2250 

  2251 

Table 1: List of ultramafic samples in the Apollo sample collection considered members of the Mg-suite. 

Max. Grain Pristinity Olivine OPX Plag. Modal % Modal % Modal % Main

Sample Lithology Mass (g) Size (mm) Index Mg# Mg# An# Olivine Pyroxene Plag. Comments and Notable Features Ref.

12033,503 Harzburgite 0.1 3 8 89 91 - 45 55 - [1]
14161,212,1 Peridotite <0.1 0.2 7 82 84 - 35 65 - [2]
14161,212,4 Dunite <0.1 ? 5 83 - - - - - [2]
14304c121 Dunite? 0.1 1.7 6 89 - - 100 - - [3]
14305c389 Pyroxenite? <0.1 2.8 7 90 91 - 2 98 - Single grain of OPX with olivine inclusions. [4]
14321c1141 Dunite 0.1 3 6 89 - - 100 - - [5]

72415-8 Dunite 55.2 10 9 87 87 94 93 3 4 Chromite symplectites, apatite veining. [6]

References: [1] Warren et al., 1990 [2] Morris et al., 1990 [3] Warren 1987 [4] Shervais et al., 1984 [5] Lindstrom et al., 1984 [6] Ryder 1992

Table 2: List of troctolites in the Apollo sample collection considered members of the Mg-suite. 

Max Grain Pristinity Olivine OPX Plag. Modal % Modal % Modal % Main

Sample Mass (g) Size (mm) Index Mg# Mg# An# Olivine Pyroxene Plag. Comments and Notable Features Ref.

14172c11 0.7 2 7 87 - 94 35 - 60 [1]
14179c6 0.7 1.7 6 87 - 94 40 - 60 [2]

14303c194 2 1.5 6 88 - 95 30 - 70 [1]
14304c95"a" 0.9 >1.1 7 87 - 94 45 - 55 [3]
14321c1020 9.2 3 7 86 89 95 24 <1 75 [2]
14321c1024 0.7 1 7 80 - 95 15 - 85 [2]
15455c106 3 2 7 83 85 95 22 11 67 [4]
60035c21 0.7 2 6 88 89 96 - - 57 [5]

73146 3 2 7 86 88 95 15 <1 85 [4]
73235c127 0.7 1.3 5 83 86 96 24 7 67 [4]
76255c57 2 1 8 89 91 96 - - 77 [6]

76335 465 4 8 87 88 96 21 - 79 Likely a crushed version of 76535. [7]
76535 155 10 9 88 86 96 35 5 60 Chromite symplectites and veins, sulfide alteration. [8]
76536 10.3 1 7 83 86 - - - 67 Likely a crushed version of 76535. [4]

References: [1] Warren and Wasson 1980 [2] Warren et al., 1981 [3] Goodrich et al. 1986 [4] Warren and Wasson 1979 [5] Warner et al., 1980 
[6] Warner et al., 1976b  [7] Warren and Wasson, 1978 [8] Dymek et al., 1975
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 2257 

Table 3: List of spinel troctolites in the Apollo sample collection considered members of the Mg-suite. 

Max Grain Pristinity Olivine OPX Plag. Modal % Modal % Modal % Main

Sample Mass (g) Size (mm) Index Mg# Mg# An# Olivine Pyroxene Plag. Comments and Notable Features Ref.

12071c10 1.3 3 6 >78 - 97 - - 70 [1]
14304c109"q" 0.0 0.7 6 87 - 94 - - - [2]

15295,101 - <0.9 - 91 - 93 11 - 75 Clast contains 8% modal corderite. [3]
15445c71"A" 1.5 >2 5 92 - 92? - - 35 [4]

15445G 4 ? - 90 - - - - 50 [5]
15445H 2? ? - 92 91 96 44 3 15 [6]
65785c4 0.3 5 8 83 84 96 30 <1 65 Contains a single large spinel grain. [7]
67435c77 0.1 3 8 92 - 97 50 - 35 [8]

72435 - ? - 73 70 96 20 1 70 72435,8 contains a grain of corderite. [9]
73263 (part.) - ? - 90 90 96 - - 70 [10]
76503 (part.) - ? - 90 90 96 - - 70 [10]
77517c disagg - ? - 90 90 97 - - - [11]

References: [1] Warren 1990 [2] Goodrich et al., 1986 [3] Marvin et al., 1989 [4] Ryder 1985 [5] Ryder and Norman 1979 [6] Baker and Herzberg 1980 
[7] Dowty et al., 1974 [8] Ma et al., 1981 [9] Dymek et al., 1976 [10] Bence et al., 1974 [11] Warner et al., 1978

Table 4: List of norites in the Apollo sample collection considered members of the Mg-suite. 

Max Grain Pristinity Olivine OPX Plag. Modal % Modal % Modal % Main

Sample Mass (g) Size (mm) Index Mg# Mg# An# Olivine Pyroxene Plag. Comments and Notable Features Ref.

14318c146 1.2 1.9 6 71 73 87 12 35 55 [1]
14318c150 0.5 1 6 74 78 83 5-10 25 65 [2]
15360,11 0.7 2.9 9 - 78 93 - 35 65 [3]

15361 0.9 1.8 8 - 84 94 - 60 40 [3]
15445c17"B" 10 >1 8 - 82 95 - 35-40 60-65 Different regions of clast B produce different ages. [4]
15455c228 200 5 9 - 83 93 - 30 70 [4]
72255c42 10 4 8 - 75 93 - 60 40 [5]
77035c130 100 >2.5 7 - 79 93 - 40 60 [6]

77075/77215 840 2 8 - 71 91 - 42 54 OPX is inverted pigeonite, contains CPX exsolution lamellae. [7]
78235/78255 395 10 8 - 81 93 - 50 50 Texturally nearly pristine. [8]

78527 5.2 2 4 77 80 93 2 46 52 [1]

References: [1] Warren et al., 1983a [2] Warren et al., 1986 [3] Warren et al., 1990 [4] Shih et al., 1993 [5] Ryder and Norman 1979 [6] Warren and Wasson 1979
[7] Chao et al., 1976 [8] Dymek et al., 1975

Table 5: List of gabbronorites in the Apollo sample collection considered members of the Mg-suite. 

Max Grain Pristinity Olivine OPX Plag. Modal % Modal % Modal % Main

Sample Mass (g) Size (mm) Index Mg# Mg# An# Olivine Pyroxene Plag. Comments and Notable Features Ref.

14161,7044 <0.1 ? 6 - 64 88 - 42 49 [1]
14161,7350 <0.1 ? 6 - - 96 7 2 90 Also reffered to as a troctolitic anorthosite. [1]

14304c114"h" <0.1 1.1 6 68 - 89 - - 40 [2]
14311c220 0.2 0.5 5 - 60 85 - 13 75 [3]

61224,6 0.3 3 8 - 67 83 - 63 34 [4]
67667 7.9 2 7 71 78 91 58 20 21 Also reffered to as a feldspathic lherzolite. [5]

67915c163 0.2 1 6 32 40 67 - 25-30 40-45 Pyroxene-sulfide reaction features in olivine. Na-rich. [6]
73255c27,45 0.9 1.8 7 - 74 89 - 45 53 [7]

76255c72 0.1 2 7 - 67 86 - 61 39 Pyroxenes contain exsolution lamellae, sulfide veining. [8]
76255c82 300 0.5? 6 - 65 87 - 61 39 [8]

References: [1] Jolliff et al., 1993 [2] Goodrich et al., 1986 [3] Warren et al., 1983b [4] Marvin and Warren 1980 [5] Warren and Wasson 1979 [6] Marti et al., 1983
[7] James and McGee 1979 [8] Warner et al., 1976b
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FIGURE CAPTIONS 2258 

Figure 1. A plot of Mg# in mafic silicates (olivine or OPX) vs. An in plagioclase for Mg-suite, 2259 

Alkali-suite, and Ferroan Anorthosite lithologies after Warner et al. (1976a). Data from Papike et 2260 

al. (1998) and references therein.  2261 

Figure 2. Backscattered electron (BSE) and qualitative Kα X-ray maps (Mg, Fe, Cr, Al, and Ca) 2262 

of selected Mg-suite lithologies. (a) dunite (72415), (b) troctolite (76535), (c) norite (78235), (d) 2263 

norite clast in breccia (77215), (e) shocked norite clast (15445), (f) gabbronorite clast (76255), 2264 

(g) spinel troctolite clast (72435) and (h) cordierite-spinel troctolite clast (72435). Relative 2265 

concentration color scale is shown in (a). The color contrast for each map has been adjusted to 2266 

best shown compositional features, therefore similar colors do not necessarily correspond to 2267 

similar concentrations in different maps.  2268 

 Figure 3. Range in major element chemistry of mineral phases exhibited by the Mg-suite. (a) 2269 

Pyroxene. (b) Olivine. (c) Plagioclase.  2270 

Figure 4. Plot of Cr in ppm vs. Mg# in olivine from Mg-suite lithologies and mare basalts, after 2271 

Elardo et al. (2011) and references therein. 2272 

Figure 5. Plot of Ni vs. Co in ppm in olivine in Mg-suite lithologies, ferroan anorthosites, and 2273 

mare basalts after Shearer and Papike (2005), Elardo et al. (2014), and references therein. 2274 

Figure 6. Plot of Y vs Ba in ppm for plagioclase in the Mg-suite, FANs, mare basalts, and 2275 

KREEP basalts. Data are from Papike et al. (1996), Shervais and McGee (1998; 1999), and 2276 

Shearer and Papike (2005).  2277 
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Figure 7. Plot of Cr# vs. Mg# for spinels in Mg-suites lithologies after Elardo et al. (2012) and 2278 

references therein.  2279 

Figure 8. Ce versus Cl abundances of apatites in mare basalts, KREEP basalts, and Mg-suite 2280 

rocks. The data used for generating this plot are from previously published literature (Jolliff et 2281 

al., 1993; McCubbin et al., 2010b; McCubbin et al., 2011; Tartese et al., 2013; Barnes et al., 2282 

2014; Elardo et al., 2014; Tartese et al., 2014). 2283 

Figure 9. REE patterns of Mg-suite rocks. a. Olivine-bearing lithologies compared to that range 2284 

observed in FANs (yellow field). b. Olivine-absent lithologies compared to that range observed 2285 

in KREEP basalts (gray field) and urKREEP. 2286 

Figure 10. Range observed in a series of whole rock geochemical parameters for the Mg-suite. 2287 

Mg-suite lithologies with olivine are filled data points, whereas Mg-suite lithologies with minor 2288 

or no olivine are open data points. Fields are shown for mare basalts, FANs, KREEP basalts, and 2289 

quartz-monzodiorites (QMD). (a) Mg/(Mg+Fe) versus Ti/Sm. (b) Mg/(Mg+Fe) versus Sc/Sm. (c) 2290 

Mg/(Mg+Fe) versus Th. (d) Mg/(Mg+Fe) versus Cr. (e) Mg/(Mg+Fe) versus Ni. (f) Co versus 2291 

Ni.  2292 

Figure 11. BSE image and qualitative X-ray maps of orthopyroxene (Opx)-clinopyroxene (Cpx)-2293 

chromite symplectites in troctolite 76535. X-ray maps are for Mg, Ca, and Cr. 2294 

Figure 12. BSE images of troilite (Tro) and high-Ca pyroxene (Cpx) intergrowths observed in 2295 

troctolite 76535. 2296 
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Figure 13. Troilite + orthopyroxene replacement of olivine in gabbronorite clast (67915). BSE 2297 

image and S, Mg, and Ca x-ray maps. Cpx = high-Ca pyroxene, Pl = plagioclase, OTP = olivine 2298 

+ troilite + orthopyroxene intergrowths, Chr = chromite, and M = merrillite. 2299 

Figure 14. Apatite veins in Apollo 17 dunite (72415). Ol=olivine, and Ap=apatite. BSE image 2300 

and P, Ca, and Mg qualitative X-ray maps. 2301 

Figure 15. (a) Exsolution exhibited by pyroxene in a Mg-suite intrusion emplaced in the shallow 2302 

crust (1-2 km). (b) Corrected (for beam overlap) microprobe traverse across exsolution lamellae 2303 

that was used to calculate emplacement depth.  2304 

Figure 16. Distribution of Mg-suite rocks on the Moon as detected by near-infrared 2305 

remote sensing. A Lunar Reconnaissance Orbiter Camera Wide Angle Camera mosaic, centered 2306 

on the nearside showing the latitude range from 70º to -70º. The outlines of two of the 2307 

geochemical terranes (Jolliff et al., 2000) are indicated. The Procellarum KREEP Terrane (PKT) 2308 

is defined as containing Th abundances greater than ~3.5 ppm and the South Pole-Aitken 2309 

Terrane (SPA) is defined on the basis of topography and enhancements in Th and Fe. Feldspathic 2310 

Highlands Terrane (FHT) is defined by low thorium (0.37  0.11 ppm) and Fe (4.4  0.5% FeO) 2311 

abundances. The locations of the six Apollo landing sites (stars with appropriate mission 2312 

number) are identified, as are specific areas described in the text. Symbols for location, potential 2313 

rock-type, and references are in the figure. 2314 

Figure 17. Generalized chronological relationships between Mg-suite and other lunar events 2315 

(modified after Spudis, 1998). 2316 
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Figure 18. Chronology of Mg-suite rocks compared to other highlands lithologies and model 2317 

ages for mantle sources for mare basalts (Nyquist and Shih, 1992; Nyquist et al., 2001; Snyder et 2318 

al., 1995, 2000; Papike et al., 1998; Shearer et al., 2005, 2006; Borg et al., 2013). 2319 

Figure 19. Potential models for the formation of the Mg-suite. (a) Impact formation through 2320 

crystallization of melt sheets. (b) Co-crystallization of Mg-suite and FANs from the LMO. (c) 2321 

Mobilization of urKREEP and emplacement into the lunar crust. (d) Assimilation of urKREEP ± 2322 

FANs by Mg-rich magmas derived from early LMO cumulates. (e) Hybridization of early LMO 2323 

cumulates by KREEP as a result of overturn of cumulate pile. (f) Hybridization and melting of 2324 

early LMO cumulates at the base of the lunar crust. Models are discussed in detail in the text.  2325 
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