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Abstract 22 

A felsite clast in lunar breccia Apollo sample 14321, which has been interpreted 23 
as Imbrium ejecta, has petrographic and chemical features that are consistent with 24 
formation conditions commonly assigned to both lunar and terrestrial environments. A 25 
simple model of Imbrium impact ejecta presented here indicates a pre-impact depth of 26 
30-70 km, i.e. near the base of the lunar crust. Results from Secondary Ion Mass 27 
Spectrometry trace element analyses indicate that zircon grains recovered from this clast 28 
have positive Ce/Ce* anomalies corresponding to an oxygen fugacity +2 to +4 log units 29 
higher than that of the lunar mantle, with crystallization temperatures of 771 ± 88 to 810 30 
± 37 oC (2V) that are unusually low for lunar magmas. Additionally, Ti-in-quartz and 31 
zircon calculations indicate a pressure of crystallization of 6.9 ± 1.2 kbar, corresponding 32 
to a depth of crystallization of 167 ± 27 km on the Moon, contradicting ejecta modelling 33 
results. Such low-T, high-fO2, and high-P have not been observed for any other lunar 34 
clasts, are not known to exist on the Moon, and are broadly similar to those found in 35 
terrestrial magmas.  36 

The terrestrial-like redox conditions inferred for the parental magma of these 37 
zircon grains and other accessory minerals in the felsite contrasts with the presence of Fe-38 
metal, bulk clast geochemistry, and the Pb isotope composition of K-feldspar grains 39 
within the clast, all of which are consistent with a lunar origin. The dichotomy between 40 
redox conditions and the depth of origin inferred from the zircon compositions compared 41 
to the ejecta modelling necessitates a multi-stage petrogenesis. Two, currently 42 
unresolvable hypotheses for the origin and history of the clast are allowed by these data. 43 
The first postulates that the relatively oxidizing conditions were developed in a lunar 44 
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magma, possibly by fractional crystallization and enrichment of incompatible elements in 45 
a fluid-rich, phosphate-saturated magma, at the base of the lunar crust to form the zircon 46 
grains and their host felsite. Subsequent excavation by the Imbrium impact introduced 47 
more typical lunar features to the clast but preserved primary chemical characteristics in 48 
zircon and some other accessory minerals. However, this hypothesis fails to explain the 49 
high P of crystallization. Alternatively, the felsite and its zircon crystallized on Earth at a 50 
modest depth of 19 ± 3 km in the continental crust where oxidizing, low-T, fluid-rich 51 
conditions are common. Subsequently, the clast was ejected from the Earth during a large 52 
impact, entrained in the lunar regolith as a terrestrial meteorite with the evidence of 53 
reducing conditions introduced during its incorporation into the Imbrium ejecta and host 54 
breccia.  55 
 56 

1. Introduction 57 

No bedrock has been sampled from the Moon and any felsic magmatic rocks from the 58 

Moon currently available for study occur as small (millimeter to centimeter) clasts in 59 

lunar breccias and soils. As a result, most of the petrological context relevant to their 60 

origin and evolution is lost. Thus, all attempts to define the history of felsic magmatism 61 

on the Moon must rely on the investigations of the chemical and isotopic characteristics 62 

of these clasts and their constituents. However, chemical and isotopic information 63 

obtained from the analysis of different rock-forming and accessory minerals within single 64 

clasts, as well as bulk clast analyses, can result in conflicting evidence that is difficult to 65 

resolve within a single, coherent interpretation accurately describing the genesis and 66 

evolution of these felsic clasts. 67 

The aim of this manuscript is to illustrate and attempt to reconcile some of these 68 

difficulties using the example of a felsite clast found in the Apollo 14 breccia sample 69 

14321. The presence of zircon (ZrSiO4) and quartz in this clast are particularly valuable 70 

for a comparative study between the different chemical and isotopic indicators of 71 

petrogenesis. Zircon is considered to be one of the most robust tools for absolute age 72 

determination, hosting U and Th, which decay into different Pb isotopes, potentially 73 
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enabling the use of three independent long-lived chronometers. Additionally, numerous 74 

studies of terrestrial and lunar zircon demonstrate that Hf and O isotope data, along with 75 

the concentration of trace elements, provide an opportunity to study the source 76 

characteristics of zircon host rocks and the conditions of zircon crystallization (e.g., 77 

Amelin et al., 1999, Crow et al., 2017, Ferry and Watson, 2007, Taylor et al., 2009, Trail 78 

et al., 2012, Valley et al., 2003; 2014). Specifically, Ti concentrations in zircon can be 79 

used to estimate the temperature of zircon crystallization (Ferry and Watson, 2007), 80 

whereas rare earth element (REE) concentrations reflect the composition of the parent 81 

magma. In particular, the Ce concentration relative to the adjacent light-REE can be used 82 

as a proxy of oxygen fugacity (fO2) in the magma because Ce can exist as Ce4+ and Ce3+, 83 

in contrast to the solely trivalent state of the other LREE. Since Ce4+ is more compatible 84 

within the zircon lattice, it will enter zircon preferentially compared to Ce3+ and the other 85 

LREE, forming a positive Ce anomaly in chondrite-normalized diagrams (quantified as 86 

Ce/Ce*= [Ce]n/([La]n*[Pr]n)0.5). The size of this anomaly is related to the Ce4+ /LREE3+ 87 

of the melt from which the zircon crystallized and, therefore, is an indication of the redox 88 

conditions that existed in the melt during zircon crystallization (Burnham and Berry, 89 

2012; 2014, Trail et al., 2012).   90 

This manuscript combines previously obtained U-Pb zircon data, new zircon trace 91 

element analyses, and Ti-in-quartz measurements to constrain several important 92 

parameters characterizing the felsite melt during zircon crystallization. While these 93 

characteristics are supported by other, likely genetically related, accessory minerals 94 

present in the clast, they sharply contradict the chemical and isotope data obtained from 95 

some rock-forming minerals in the clast and whole-clast geochemistry. Similarly, results 96 
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from the zircon analyses here are inconsistent with the conditions inferred the host 97 

breccia formation determined by modelling of Imbrium impact ejecta, which is believed 98 

to be responsible for the delivery of the sample 14321 to the Apollo 14 landing site. 99 

These contradictions result in conflicting interpretations of the origin of the felsite clast 100 

that are explored in detail below. 101 

 102 

2. Felsite from breccia 14321 103 

 Saw cut residue containing two zircon grains was collected during the extraction 104 

of a felsite clast from lunar breccia sample 14321 (Section 14321, 1613). Meyer et al. 105 

(1996) obtained SHRIMP U-Pb data for these two zircon grains and pointed out that the 106 

grains reside in “granitic glass” that also contains grains of quartz showing the same 107 

texture as that in the fused portions of the clast, leaving little doubt that these two zircon 108 

grains originated from the partially melted “granite” clast in section 14321,1027 109 

described by Warren et al. (1983). The clast had an estimated mass of 1.8 g and consists 110 

of 60% low-Ba alkali feldspar and 40% quartz with minor Fe-rich olivine and traces of 111 

ferrohedenbergite, ilmenite, and FeNi-metal (Warren et al., 1983). However, the clast is 112 

brecciated and contains close to 30% crystalline impact melt (Warren et al., 1983). Un-113 

melted areas are composed of quartz and alkali feldspar occurring as large (1.8 × 0.15 114 

mm) inter-grown crystals (Warren et al., 1983). Oxycalciobetafite also occurs as 115 

intergrowths with some of the feldspar grains within the un-melted areas (Meyer and 116 

Yang, 1988). The crystalline impact melt consists of intergrowths of quartz and feldspar 117 

less than a few micrometers in size with a significant proportion of pyroxene and small 118 

blebs of Fe-metal (Figure 1, Figure 2, Supplementary Figure 1). Metallic FeNi is 119 
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indicative of low fO2 conditions and is ubiquitous in lunar basalts and impact breccias. 120 

Bulk clast concentrations of Zn, Ge, Ga, Au, Ba, Ta, and REE, a single pyroxene analysis 121 

indicating relatively low Mn/Fe  (Warren et al., 1983), and the highly radiogenic Pb 122 

isotope compositions of K-feldspar analyzed in one of the thin sections (Compston et al., 123 

1991) also support a lunar origin of the clast. However, the presence of oxycalciobetafite 124 

in the same felsite clasts suggests this clast was formed under conditions that are not 125 

typically associated with the Moon. Oxycalciobetafite, a complex Ca, Y, Ti oxide that 126 

contains significant proportions of large lithophile elements, has been identified in one of 127 

the thin sections of the felsite clast (14321, 1494, Meyer and Yang, 1988). It contains 128 

significant amounts of Fe3+ and W6+, interpreted as an indication of its formation under 129 

relatively oxidizing conditions (Meyer and Yang, 1988). Likewise, the high concentration 130 

of Nb in the ilmenite in this clast was taken as supporting evidence for relatively 131 

oxidizing conditions because Nb can only be incorporated into ilmenite as Nb5+ (Meyer 132 

and Yang, 1988). Additionally, a more recent investigation of the sample indicated that 133 

the REE pattern of oxycalciobetafite shows a split to four consecutive curved segments 134 

that were referred to as tetrads and interpreted to reflect formation in the presence of 135 

water or F- rich fluid (Monecke et al., 2011). This interpretation is also not fully 136 

consistent with lunar magmas that are normally considered to be relatively dry and 137 

reduced compared to terrestrial magmas.  138 

 139 

2.1 Petrographic Description  140 

The fragments analyzed here are about 0.5 and 1 mm in size (Figures 1 and 2) and 141 

contain 100-200 Pm grains of quartz, K-feldspar, and zircon surrounded by a fine-grained 142 
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matrix consisting of K-rich impact melt (Figure 2). Texturally, these fragments are 143 

identical to more brecciated parts visible in thin sections of the felsite clast from the 144 

sample 14321 (e.g., section 14321,993, Supplementary Figure 1). Some of the quartz, K-145 

feldspar, and zircon are also fragmented and mixed into the matrix (Figure 2). The 146 

analyzed zircon grains are subhedral, as are the smaller zircon crystals. Other small 147 

zircon grains are clearly angular fragments. K-feldspar is mostly euhedral, whereas quartz 148 

shows rounded boundaries and may have experienced a degree of abrasion or partial 149 

dissolution during the clast’s impact history. Direct contacts between the large zircon, 150 

quartz, and K-feldspar grains, are not clear and are either partially or completely obscured 151 

by some degree of brecciation and melting, preventing completely unambiguous 152 

interpretation of the origin of the zircon. However, the similar sizes of these grains and 153 

their euhedral to subhedral habit suggests that the simplest explanation of the observed 154 

texture is that all three minerals have formed together in a single igneous rock. The 155 

presence of smaller fragments of zircon, quartz, and K-feldspar in the impact melt also 156 

indicates their co-crystallization in the felsite, suggesting that they were dispersed and 157 

partially fragmented from the same original felsic rock during an impact that also 158 

included them into the high-K melt, probably formed mostly by partial melting of this 159 

original rock (Figure 2). The petrographic similarity between the saw cut residue 160 

fragments and thin sections (e.g., Figures 1, 2 and 3, Supplementary Figure 1) confirms 161 

the common history of all of the pieces analyzed in this study and indicates that the 162 

zircon grains analyzed are sourced from the felsite clast. 163 

Internal structures of the two zircon grains visible in cathodoluminescence (CL) 164 

images are partly blurred by the high degree of radiation damage experienced by the 165 
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grains, but still show traces of broad zoning, especially visible in grain-1 (Figure 3). 166 

While not exclusive to magmatic zircon grains, these features are consistent with 167 

magmatic crystallization of the analyzed zircon. It is also apparent from scanning electron 168 

(SE) and X-ray images (particularly Si and K) that reaction rims have formed at the 169 

boundaries of the large quartz grains, indicating reaction and partial dissolution of grains 170 

originally formed in this clast into impact melt (Figure 3). Consequently, the most 171 

plausible interpretation is that zircon, quartz, and K-feldspar constituted the original felsic 172 

rock. As a result of impact, melt formed at the grain boundaries, obscuring the primary 173 

petrologic relationships between these three minerals. 174 

 175 

3. Analytical methods 176 

All imaging presented in this paper was performed using a FEI Quanta FEG 650 177 

scanning electron microscope at Stockholm University, Sweden or the JEOL JXA-8530F 178 

electron microprobe at the Johnson Space Center. Chemical measurements were made 179 

using techniques described in the next three sub-sections. 180 

 181 

3.1.1 Titanium in zircon 182 

Titanium concentrations in the lunar zircon grains were measured using the large 183 

geometry CAMECA IMS1280 secondary ion mass spectrometer (SIMS) at the Swedish 184 

Museum of Natural History, Stockholm after Kenny et al. (2016). A primary O2
- beam of 185 

~ 4 nA was used to sample a 15 Pm semicircular spot on the surface of the zircon. 186 

Secondary ions were measured at a mass resolution (M/'M) of 3000. Relative sensitivity 187 

factors for Ti were determined by repeat analysis (n=5) of NIST 610 (434 ± 15 Pg/g, 188 
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Pearce et al., 1997). The 49Ti/30Si ratio was measured by peak-hopping in mono-189 

collection mode using the axial ion-counting electron multiplier. Both species were 190 

measured with a -90 eV energy filter using a 30 eV bandpass. The accuracy of Ti 191 

measurements was monitored using two known reference zircon, 91500 and Temora 1. 192 

Crystallization temperatures for the zircon grains were determined by Ti-in-zircon 193 

thermometry (Ferry and Watson, 2007). Repeat measurements of 91500 (n=14) yielded 194 

Ti concentrations of 5.1 ± 0.4 Pg/g (2V, external uncertainty) and T of crystallization in 195 

of 686 ± 7 °C (2V, external uncertainty) both of which are within uncertainty of 196 

previously published values of 5.2 ± 0.3 Pg/g and 684 ± 42 °C (2V, Fu et al., 2008). 197 

Repeat measurements of Temora zircon (n=7) yielded Ti concentrations of 11 ± 3 Pg/g 198 

(2V, external uncertainty) and T of crystallization of 751 ± 28 °C (2V, external 199 

uncertainty), which are also within uncertainty of previously published values of 12.1 ± 200 

4.8 Pg/g and 757 ± 34 °C (2V, Fu et al., 2008).  201 

 202 

3.1.2  Ti in quartz 203 

 Three different silica grains in section 14321, 993 (Figure 4, Supplementary 204 

Figure 1) were identified as quartz by Raman spectroscopy with the Hawaii Institute of 205 

Geology and Geophysics’ Wi-Tec confocal Raman microscope with 532 nm (green) 206 

laser. Titanium concentrations were measured across five quartz grains in thin section 207 

14321,993, including three grains where the Raman measurements were performed. 208 

Titanium analyses were performed using a JEOL JXA-8530F electron microprobe at the 209 

Johnson Space Center at an accelerating voltage of 15 kV and 200 nA current, with a spot 210 

size of 10 Pm. The Ti peak was counted for 400 s (200 s off peak) on four spectrometers 211 



 

9 

simultaneously and the results were combined within the JEOL software.  Silicon and Al 212 

were monitored using the fifth spectrometer (30 s on peak) to ensure analyses were 213 

limited to pure silica and uncontaminated by adjacent phases.  The detection limit for Ti 214 

was ~8 Pg/g.  215 

 216 

3.2 Rare Earth Elements 217 

 Rare earth element concentrations were measured using the same SIMS 218 

instrument described in section 3.1.1 generally following the analytical method of 219 

Whitehouse (2004). A primary O2
- beam of ~ 4 nA was used to sample a 15 Pm 220 

semicircular spot on the surface of the zircon. Light REE (La-Eu) were measured 221 

simultaneously using six ion counting electron multipliers on the multi-collector array at 222 

a mass resolution of (M/'M) of 4830. The abundant heavy REE (Gd, Dy, Er, Yb), 89Y, 223 

180Hf, and the reference ion 30Si were measured by sequential switching into the axial EM 224 

at low mass resolution (M/'M > 1500). However, only the abundant, even atomic 225 

numbered heavy REE were measured.  Isotopes 30Si, light REE (140Ce, 139La, 141Pr, 144Nd, 226 

152Sm, 153Eu), 89Y, and 180Hf were measured with a -45 eV energy filter, isotopes of 227 

160Gd, 161Dy were measured with a -85 eV energy filter, and isotopes of 166Er, 172Yb were 228 

measured with a -65 eV energy filter. Relative sensitivity factors were calculated against 229 

repeat analyses (n = 8) of the NIST 610 reference glass, the matrix peak 30Si, and 230 

concentration values from Pearce et al. (1997). The accuracy of REE in zircon 231 

measurements was monitored using repeat analyses of secondary zircon 91500 (n=9). All 232 

measurements of the 91500 zircon were within uncertainty of REE concentrations 233 

determined in 91500 by Whitehouse (2004) (Supplementary Table 1).   234 
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 235 

4. Results  236 

4.1 Zircon chemistry and age 237 

The REE analyses of two zircon grains in the thin section 14321,1613 confirm the 238 

previous observation of pronounced positive Ce/Ce* anomalies of 7.6 ± 2.3 and 17.5 ± 239 

8.2 (2V), as calculated with the equation stated in the introduction (Figure 5A, Table 1) 240 

(Hinton and Meyer, 1991; Nemchin et al., 2010). In addition, the crystallization 241 

temperatures (T), based on Ti concentrations determined in the two grains range from 771 242 

± 88 to 810 ± 37 oC (2V) (after Ferry and Watson, 2006) assuming D-TiO2 >0.8 and D-243 

SiO2 = 1. The Hf, U, and Th concentrations in these two grains, range between 1.29-1.85 244 

wt%, 298-986 Pg/g, and 153-542 Pg/g, respectively, and are the highest of any analyzed 245 

lunar zircon reported so far (Figure 5C,D, Table 1). In contrast, the total REE content is 246 

among the lowest in the lunar zircon population (Figure 5A). Importantly, the trace 247 

element and Ti concentration measurements were performed at different times, with 248 

different analytical routines, and no SIMS analytical spots intersect visible cracks in SEM 249 

or BSE imaging, which has been shown to disturb trace element concentration 250 

measurements in lunar zircon (Crow et al., 2017). Multiple analyses between two 251 

different analytical routines that have similar results gives extra credence to the REE and 252 

Ti-concentration data presented here.  253 

The previously reported 207Pb/206Pb ages of zircon grains from the clast range 254 

from 3958 ± 18 to 4011 ± 10 Ma (2V, Supplementary Table 2, Grange et al., 2013; Meyer 255 

et al., 1996). This range in ages suggests partial resetting of the U-Pb system (Figure 6) 256 
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during an impact that incorporated the felsite material into the host breccia. Therefore, the 257 

oldest 207Pb/206Pb ages are interpreted to define the minimum age of crystallization of the 258 

clast ca. 4011 Ma. This age is coincident with whole rock-clast 147Sm-143Nd and 87Rb-87Sr 259 

isochrons, which yielded ages of 4110 ± 200 Ma and 4090 ± 110 Ma, respectively (Shih 260 

et al., 1985; O(87Rb) = 0.0139 AE-1).  261 

 262 

4.2 Quartz chemistry 263 

Weighted average of Ti concentrations across five grains in 14321, 933 yield a 264 

statistically identical composition of 200 ± 2 Pg/g (2V, n=31, MSWD= 1.3, p = 0.14, 265 

Figure 7). Analytical spots were taken across each grain from rim to rim. No variation in 266 

Ti concentration was measured in any of the grains analyzed. This is an important result 267 

highlighting the robustness of the measurements and quartz itself. Since there are no 268 

concentration gradients, there was no apparent diffusion in or out of these grains during 269 

the impact history of the sample.  270 

 271 

4.3 Ejecta modelling to constrain maximum depth of felsite clast formation 272 

Apollo 14 breccia samples are typically assumed to represent Imbrium impact 273 

ejecta (Swann et al., 1971, 1977). The Imbrium impact basin on the lunar nearside is 274 

large enough to have had material excavated from significant depth. Ejection depth is 275 

correlated to the diameter of the transient crater. However, the exact size of Imbrium’s 276 

transient crater diameter is uncertain because transient-to-final crater scaling laws based 277 
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on surface features are not well constrained for the lunar impact basins. A more robust 278 

approach for relating final basin structure to transient crater diameter is to use the 279 

diameter of the central mantle uplift (crustal thinning) or surrounding annulus of 280 

thickened crust, which are clearly imaged by gravity measurements and well reproduced 281 

by numerical simulations (Potter et al., 2013, 2015; Miljkovic et al., 2013, 2016; Johnson 282 

et al., 2016). Depending on the assumed pre-impact thermal profile and exact scaling 283 

equation adopted, this approach gives a range of 500-750 km for Imbrium’s transient 284 

crater diameter. The upper limit of this range is similar to an earlier estimate of 744 km 285 

for Imbrium’s transient crater diameter using a simple geometrical reconstruction model 286 

(Wieczorek and Philips, 1999). To cover the full range of sizes, two end-member 287 

scenarios are considered: Dt = 500 km (Potter et al., 2015) and Dt = 750 km (Wieczorek 288 

and Philips, 1999; Miljkovic et al. 2016).  289 

The size of the transient crater depends on both the impactor size and velocity for 290 

a given planetary surface. To illustrate the sensitivity of the model here to impactor speed 291 

in a vertical impact, two speeds, U, are considered that can be viewed as representative 292 

end-members for impacts on the Moon, U = 10 km/s and U = 20 km/s. Assuming the 293 

impactor and target materials are of similar density and adopting the widely used 294 

transient crater scaling law (Schmidt and Housen, 1987): 295 

                       , 296 

these two speeds give impactor diameters L = 106 km and 72 km, respectively, for a 500 297 

km diameter transient crater and L = 179 and 121 km, respectively, for a 750 km diameter 298 

transient crater. 299 
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Neglecting the curvature of the Moon and assuming an ejection angle of 45 300 

degrees, an initial ejection speed (at the time the ejecta emerges above the surface) of 301 

approximately 1.3 km/s is required to transport material from Imbrium to the Apollo 14 302 

landing site. The corresponding radial launch position within the Imbrium transient crater 303 

of this ejecta can be estimated using ejecta scaling equations based on laboratory 304 

experiments and numerical simulations of vertical impacts (Housen and Holsapple, 305 

2011). Approximate launch radii of 155-175 km are derived for a 500 km diameter 306 

transient crater and 260-290 km, for a 750 km transient crater diameter. Ejecta launched 307 

from the transient crater at these speeds derives from within excavation streamtubes that 308 

project back from the launch position to the impact point. The so-called Z-model 309 

(Maxwell, 1977) provides a simple geometrical approximation of these excavation 310 

streamtubes that is broadly consistent with numerical simulations of crater growth and 311 

ejection. Streamtubes bounded by streamlines were calculated that intersect the surface at 312 

the relevant launch radii using a Z-value of 3 and an origin at the impact point. 313 

Finally, the peak shock pressure of Imbrium ejecta was determined using the 314 

results from numerical impact simulations (Pierazzo et al., 1997). Pierazzo et al. (1997) 315 

constrained the rate of shock pressure decay with depth as a function of impact speed and 316 

target material. For vertical impacts, the shock pressure contours are approximately 317 

spherical and tangent to the surface at the impact point. Using this geometry, scaling 318 

equations for the dimensions of the zone of complete melting, and the shock pressure 319 

attenuation exponent for granite (Pierazzo et al., 1997), shock pressure contours (56 GPa, 320 

complete melting; 20 GPa; 10 GPa; and 1 GPa) for each of the four Imbrium impact 321 

scenarios were calculated (Figure 8).  322 
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 323 

5. Discussion 324 

5.1 Excavation of the felsite clast and its delivery to the Apollo 14 landing site 325 

If the felsite clast did originate as Imbrium ejecta, the simple model presented 326 

here indicates that the streamtubes responsible for delivering the ejecta to the Apollo 14 327 

landing site cut across the shock pressure contours illustrated by solid black lines in 328 

Figure 8 and radial position(s) within the Imbrium basin. This is supported by the 329 

lithological complexity of the breccia 14321, which contains a range of variably modified 330 

lithic and mineral clasts surrounded by some crystalline matrix and a significant portion 331 

of impact melt. Nevertheless, zircon and quartz in this clast lack petrographic evidence 332 

for shock features, with an exception of possible linear contrast variations observable in 333 

the BSE images of the latter (Figure 1). Ideally, electron backscatter diffraction (EBSD) 334 

imaging would be done on these zircon grains to further investigate any shock features 335 

that are or may have been present (e.g., Timms et al., 2012). However, the D-dose 336 

experienced by these zircon grains since 4.01 Ga is 1.46 x 1016 D/mg and full 337 

metamictization is known to occur during 1-8 x 1015 D/mg events (Murakami et al., 338 

1991). As such, EBSD would not be a viable analytical technique because the grains will 339 

not index as crystalline zircon. The lack of identifiable shock textures indicates relatively 340 

low shock pressure, unlikely to have exceeded 20 GPa, experienced by the 14321 felsite. 341 

If correct, the felsite is likely to have originated from a radial position of 100 to 250 km 342 

from the center of Imbrium and about 30-40 km deep within the lunar crust prior to 343 

impact, with both estimates being dependent on the size of the Imbrium transient crater. 344 
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Regardless of the shock pressure experienced by the felsite, the modelled streamtubes of 345 

ejecta (Figure 8) provide maximum possible estimate of depth for any material, which 346 

can be transported to the Apollo landing site, as 50 to 70 km, depending on the size of the 347 

Imbrium transient crater. If the Imbrium basin was created by an oblique impact (e.g., 348 

Schultz and Crawford, 2016), impactor size and shock pressure estimates presented here 349 

would change considerably, but the transient crater diameter and maximum excavation 350 

depth will not be radically different.  351 

 352 

5.2 Crystallization conditions recorded by zircon 353 

Based on Ce/Ce* ratios and calculated crystallization temperatures, the estimated 354 

oxygen fugacity for the magma(s) that crystallized these two zircon grains are +1.3 ± 0.5 355 

and +3.4 ± 5.6 (2V) log units above the Iron-Wüstite (IW) buffer (Table 1, after Trail et 356 

al., 2012). The combination of low abundances of REE and high concentrations of U, Th 357 

and Hf in the zircon grains (Figure 5A, C and D) suggests prior crystallization of 358 

phosphate, apatite in particular. Rare earth elements are highly compatible in phosphate 359 

minerals and early phosphate saturation would reduce REE abundances in the coexisting 360 

melt, which would be reflected in the REE composition of any later-crystallizing zircon. 361 

In contrast, Hf is incompatible in phosphates, while U and Th have partition coefficients 362 

close to unity in apatite (Prowatke and Klemme, 2006). Consequently, the concentrations 363 

of these elements will continue to increase in the evolving magma irrespective of 364 

phosphate crystallization, resulting in the elevated abundances of these elements in the 365 

two zircon grains from the 14321 felsite (Figure 5C,D). Thus, the trace element 366 

characteristics of oxycalciobetafite and the zircon grains in the 14321 felsite clast are 367 
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consistent with a phosphate (apatite) saturated, possibly fluid-enriched parental magma.  368 

While the temperature of zircon crystallization can be determined independently from 369 

their Ti concentrations, given that TiO2 activity is known or can be inferred from the 370 

mineral assemblage present in the host rock (Ferry and Watson, 2008), it is also possible 371 

to define crystallization temperature using Ti concentrations in quartz (e.g., Thomas et 372 

al., 2010). The latter is also pressure (P) dependent and such that both P and T 373 

information can be extracted from the combined Ti in zircon and quartz data. Both sets of 374 

experimental data linking P and T to the Ti concentrations suggest dependence on SiO2 375 

and TiO2 activities in the crystallizing melt (Ferry and Watson, 2008; Thomas et al., 376 

2010). The abundance of quartz in the felsite clast studied here indicates that SiO2 377 

activity is equal to 1. The presence of ilmenite that appears to have co-crystallized with 378 

the zircon (Meyer and Yang, 1988) is expected to buffer TiO2 activity of the melt. The 379 

TiO2 activity of the felsite melt at the time the zircon crystallization of ≥ 0.8 was adopted 380 

for the model P-T calculations, following the study of Ashley and Law (2015). 381 

Importantly, the phase measured here is quartz (Figure 4) with no evidence of formation 382 

from tridymite or cristobalite. Titanium concentrations of 200 ± 2 Pg/g were determined 383 

in quartz from the clast in thin sections 14321, 993 (Figure 7).  Thus, the petrographic 384 

context suggests quartz and zircon are primary phases, such that the felsite formed at a 385 

high enough pressure to be in the quartz field. Using the felsite liquidus temperature, this 386 

translates to formation at a pressure of at least 1 kb corresponding to a depth of formation 387 

of at least 24 km deep on the Moon (assuming an average lunar crust density of 2550 388 

kg/m3 and gravity of 1.622 m/s2, Wieczorek et al. 2013). A more robust approach uses Ti 389 

concentrations measured in zircon and quartz and yields an average crystallization P of 390 
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6.9 ± 1.2 kbar (2V, Table 2), which on the Moon indicates a formation depth of 167 ± 27 391 

km (2V). This would place the crystallization of the felsite at a significant depth within 392 

the lunar mantle.  393 

These estimates of crystallization temperature (771 ± 88 to 810 ± 37 oC), oxygen 394 

fugacity (IW +1.3 ± 0.5 to +3.4 ± 5.6), and pressure (6.9 ± 1.2 kbar) for the zircon grains 395 

measured here are unique to the lunar zircon record and the Moon. Lunar zircon typically 396 

lacks Ce/Ce* anomalies and crystallization temperatures based on Ti-in-zircon 397 

thermometry range between about 900 and 1300 oC (Figure 5B, Crow et al, 2017; Taylor 398 

et al., 2009; Valley et al., 2014). The high T estimated from other lunar zircon compared 399 

to the terrestrial record suggests that they crystallized from relatively dry magmas and the 400 

lack of Ce anomalies in lunar zircon suggests relatively reducing conditions during 401 

magmatic crystallization. Similarly, the lunar mantle is estimated to be ~one log unit 402 

below the IW buffer (Crow et al., 2017, Nemchin et al., 2010, Taylor et al., 2009, 403 

Wadhwa, 2008). Lunar basalts record relatively reducing conditions as indicated by 404 

common occurrence of metallic Fe and very low levels of ferric iron (Fe3+) in rock-405 

forming minerals (Wadhwa, 2008). In summary, all redox proxies indicate that the Moon 406 

is overwhelmingly dominated by reducing conditions as compared to the Earth, with two 407 

exceptions. One is the discovery of magnetite in a clast from lunar regolith breccia 60016 408 

(Joy et al., 2015). The other exception, which is in stark contrast to the overall lunar 409 

zircon record, are the lunar zircon grains and felsite clast investigated here. 410 

By comparison, the terrestrial zircon record indicates a much lower T of 411 

crystallization and a substantial range of apparent oxidation states for parental magmas 412 

(Figure 5B). An almost ubiquitous characteristic of terrestrial zircon chemistry is that 413 
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they have Ti concentrations ranging from 1-100 Pg/g Ti, corresponding to crystallization 414 

temperatures of 500-1000 oC and generally positive Ce/Ce* anomalies (Figure 5B, Carley 415 

et al., 2014 and references therein). Similarly, the oxidation state of the terrestrial mantle 416 

is above the IW buffer and within ± 2 log units of the fayalite-magnetite-quartz buffer 417 

(FMQ, Frost and McCammon, 2008, Gaillard et al. 2015) and significantly more oxidized 418 

than the lunar mantle.  The two zircon grains studied here record fO2 of +2 to +4 log units 419 

above the lunar mantle, more similar to the terrestrial mantle and have crystallization 420 

temperatures more consistent with terrestrial zircon (Figure 5B). Thus, the chemistry of 421 

the zircon grains reported here record crystallization conditions similar to those of 422 

terrestrial zircon and that contrast sharply with the high-T, reduced, and anhydrous 423 

magmas that produced the entire population of previously studied lunar zircon (Figure 424 

5B, Crow et al., 2017, Taylor et al., 2009, and Valley et al. 2014). 425 

 426 

5.3 Conflict between zircon-quartz data, other chemical features of the felsite clast, and 427 

ejecta modelling. 428 

 Several contradictions exist between the chemical data from this felsite clast the 429 

modelling of Imbrium ejecta presented here. First, the chemical characteristics shown by 430 

the zircon and quartz grains from the felsite clast in this study are more compatible with 431 

the crystallization of felsic melts on the Earth rather than from lunar magmas, despite 432 

their recovery from a lunar breccia. Further complications exist when considering all 433 

information provided by other minerals previously investigated in the clast. Accessory 434 

minerals, such as ilmenite and oxycalciobetafite, are consistent with the zircon data 435 

presented here, indicating a relatively oxidized, low-T, incompatible element rich, and 436 
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possibly fluid rich melt. However, the presence of Fe-metal and bulk concentrations of 437 

trace elements, such as Zn, Ge, Ga, Au, Ba, Ta, and REE (Warren et al., 1983), in 438 

particular low concentrations of volatile metals in the felsite, indicate an origin consistent 439 

with crystallization conditions typically ascribed to lunar melts. A lunar origin for the 440 

14321 felsite is further supported by the highly-radiogenic Pb isotopic composition of its 441 

K-feldspar (Compston et al., 1991), which is similar to that found in other clasts of felsic 442 

rocks identified in different lunar breccias (Nemchin et al., 2017, Premo et al., 1999).  443 

Another contradiction becomes evident when comparing the impact modelling results, 444 

which limit the depth of excavation for Imbrium ejecta to 30-70 km below the lunar 445 

surface (Figure 8), and P-T estimates obtained using Ti in quartz and zircon 446 

thermobarometry. The latter suggests that a lunar formation depth of the felsite clast was 447 

167 ± 27 km, significantly deeper than that indicated by the Imbrium impact model and 448 

likely too deep to both crystallize a felsic melt and allow excavation of the felsite ample 449 

even by an impact large enough to form the Imbrium basin.  450 

It is evident that irrespective of the true origin of the felsite, the disparate 451 

oxidation conditions recorded by this clast explicitly implies a multi-stage petrogenesis. 452 

Thus, part of the mineral assemblage must represent primary magmatic characteristics of 453 

the rock whereas other parts were acquired during some form of secondary modification. 454 

Zircon is highly stable with the ability to resist chemical, thermal, and mechanical 455 

modifications. Therefore, it is the mineral most difficult to modify among the assemblage 456 

that comprises the felsite clast, hence the zircon is anticipated to best reflect primary 457 

magmatic conditions of the crystallizing felsite melt.  458 

The partial Pb loss, which resulted in the variation of the U-Pb ages of the 459 
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analyzed zircon grains may indicate that grains have experienced some degree of 460 

secondary modification and by inference, their chemical trace element compositions may 461 

have also been affected by secondary processes. However, according to experimental 462 

data, the diffusivity of LREE and Ti are three and four orders of magnitude slower in 463 

zircon, respectively, than that of Pb (Cherniak et al., 1997, Cherniak and Watson, 2001, 464 

Cherniak and Watson, 2007). Therefore, while Pb loss from a zircon grain can occur at 465 

the 5-10 micrometers margin within a time frame of about 1 Ma at 900oC (excursions to 466 

higher temperatures during an impact would probably result in a complete melting of the 467 

clast), it would require close to 10 Ma to have a similar effect on the REE and even 468 

longer for a measurable Ti change to occur in the grain. It is also possible that 469 

mobilization of different elements from zircon during the impact is not governed by 470 

volume diffusion. However, while Ti and REE represent lattice substitutions in zircon, Pb 471 

is accumulated in defects associated with radiation damage, which should enhance 472 

preferential Pb loss as compared to other chemical constituents. Consequently, it is 473 

plausible that zircon grains investigated here preserved their primary REE and Ti 474 

concentrations while losing some of radiogenic Pb during the impact.  475 

It appears that the oxycalciobetafite and ilmenite have also preserved their 476 

original characteristics. Quartz is almost as chemically and mechanically resistant as 477 

zircon and could be expected to survive the changes that accompanied the secondary 478 

processes that have affected the rock. Although, Ti diffuses faster in quartz than zircon 479 

(Cherniak et al., 2007), it would still require a few millions of years to completely re-480 

equilibrate 100-200 micrometers quartz grains at earlier used 900oC, without leaving any 481 

traces of inhomogeneity. This appears not to be the case based on the multiple Ti 482 
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analyses of quartz grains. Consequently, it is likely that quartz preserved its primary 483 

chemical characteristics, similar to zircon and other accessory phases. Texturally, these 484 

minerals appear to constitute the un-brecciated part of the clast, also supporting 485 

preservation of their primary characteristics. In contrast, the Fe-metal is confined to the 486 

crystalline shock melt and likely formed by post-crystallization heating during 487 

incorporation of the felsite into the breccia (Figures 1 and 2). Metallic Fe could have been 488 

created and added through the in situ reduction of Fe from the pyroxenes or ilmenite. 489 

Similarly, the shock melt contains a significant amount of pyroxene that has a lunar 490 

Mn/Fe ratio (Figures 1 and 2) but no pyroxene occurs within the un-brecciated coarser-491 

grained intergrowths of quartz and K-feldspar.  492 

K-feldspar in this felsite shows a highly radiogenic Pb isotopic composition 493 

similar to K-feldspar grains in other clasts found in Apollo 14 breccias (Compston et al., 494 

1991, Nemchin et al., 2017). These compositions have been interpreted to represent 495 

radiogenic Pb that accumulated in the samples prior to the impact that formed the breccia. 496 

During the last impact event that formed the breccia, the radiogenic Pb was distributed 497 

throughout the sample. This process homogenized the Pb isotope composition of the 498 

minerals on a grain scale (Nemchin et al., 2017). It is, therefore, likely that the K-feldspar 499 

in the felsite clast from 14321 has also acquired its radiogenic Pb as a secondary 500 

component resulting from relatively low-temperature diffusion of mobile, highly 501 

radiogenic Pb (Premo et al., 1999) during the impact that resulted in breccia formation, in 502 

this case Imbrium. 503 

 504 
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5.4 Formation of the felsite clast 505 

Previous studies proposed that the felsite clast in 14321 formed by extensive 506 

fractional crystallization, which concentrated highly-charged cations in the residual 507 

liquid, also resulting in an increasingly oxidized melt, perhaps due to the presence of a 508 

fluid or gas (Burgisser and Scaillet, 2007, Meyer and Yang, 1988, Monecke et al., 2011). 509 

Low crystallization temperatures estimated from the Ti concentrations in zircon and 510 

quartz, the low abundances of REE as a result of apatite saturation, as well as the tetrad 511 

effect in the REE pattern of oxycalciobetafite (Monecke et al., 2011) suggests that the 512 

residual liquid may also have been enriched in F or even water. While these conditions 513 

have not been previously recorded anywhere on the Moon, the data obtained for the 514 

felsite clast suggest that they could have been heterogeneously distributed within the 515 

lunar crust. One possibility is that slow cooling and fractionation of an initially basaltic 516 

melt within the lower crust or near the crust-mantle boundary, in a manner similar to 517 

fractionation of some layered intrusions on the Earth and similar to the KREEP formation 518 

process, just on a smaller scale. The minimum time of this fractionation is defined as 519 

4011 ± 10 Ma by the U-Pb system in the investigated zircon grains. After crystallization 520 

at a depth of 30-70 km, the felsite was excavated during the Imbrium impact and the 521 

characteristics indicative of more reducing conditions were introduced to the clast during 522 

incorporation of the clast into the host breccia at ca. 3.9 Ga. At the same time the Pb 523 

isotope composition was homogenized across main minerals, such as K-feldspar, but 524 

excluding zircon, which nevertheless, could have experienced partial Pb loss. The only 525 

observation that cannot be explained directly by a lunar origin of the sample is 526 

Quartz/Zircon Ti-based pressure estimate for the felsite formation that places it at 167 ± 527 
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27 km. This depth estimate is difficult to accept from the perspective of both 528 

crystallisation of the felsite, as it places it significantly below the mantle-crust boundary 529 

where felsite likely cannot crystalize, and the predicted depth of excavation even when 530 

large, basin forming impacts are considered.  531 

An alternative interpretation that can reconcile all observations including the high 532 

P of crystallization, is a terrestrial origin for the felsite clast. Although this explanation 533 

may seem unlikely, current estimates suggest that between 107 and several times 108 534 

kg/km3 of Earth may have been delivered to the lunar surface as terrestrial meteorites 535 

(Armstrong et al., 2012), corresponding to about 0.05 to 0.5% by volume of a 10 m thick 536 

lunar regolith (Crawford et al., 2008). Additionally, on Earth, the depth corresponding to 537 

6.9 ± 1.2 kbar is 19 ± 3 km and places the sample comfortably within the middle crust 538 

where it could have formed at ca. 4.01 Ga under oxidizing, low-T, fluid rich conditions 539 

common for terrestrial magmas. In this scenario, zircon, other accessory minerals, and 540 

quartz would have preserved the record of primary crystallization. The subsequent history 541 

of the felsite would include excavation by a large impact from the depth of 19 ± 3 km and 542 

its delivery to the Moon as a terrestrial meteorite. This would have been followed by its 543 

incorporation into Imbrium impact ejecta and ultimately the 14321 breccia. Thus, the 544 

combined effect of both impact events would have introduced all of the secondary ‘lunar’ 545 

features, including (i) mixing with impact melt or partial re-melting of the clast, (ii) 546 

introduction of Fe-metal, (iii) profound loss of volatiles making the chemical signature of 547 

the whole rock indistinguishable from all other lunar samples and (iv) introduction of 548 

highly radiogenic Pb into K-feldspar grains.  549 

 550 
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6. Conclusions 551 

 Geochemical data from a felsite clast in lunar breccia 14321, interpreted to be 552 

Imbrium ejecta, are internally inconsistent and estimates of its crystallization depth 553 

obtained from mineral compositions are in disagreement with constraints provided by 554 

impact modelling. Disparate oxidation states recorded in the clast require a multistage 555 

formation process. Similarly, the calculated pressure of crystallization based on quartz 556 

and zircon compositions indicates a depth of origin on the Moon of 167 ± 27 km, likely 557 

far too deep for a felsic melt to crystallize, while the impact model presented here 558 

restricts its depth of excavation by the Imbrium basin to between 30-70 km. Zircon, 559 

oxycalciobetafite, and ilmenite in the clast record a low temperature, oxidized, possibly 560 

F- or even water-enriched melt that appears to be unique to the Moon, yet common to 561 

Earth. In contrast, the presence of Fe-metal in the felsite, its bulk rock geochemistry, and 562 

Pb isotope compositions in alkali feldspar grains indicate formation in a reduced 563 

environment and a more typical lunar geochemistry. Thus, two origins for the clast are 564 

possible. The first possibility is that the felsite formed on the Moon at 30-70 km depth in 565 

an unusually oxidizing magmatic environment with a fO2 that was +2 to +4 log units 566 

above that of the lunar mantle at ca. 4011 ± 10 Ma. Such relatively oxidized conditions 567 

might have been achieved through an enrichment of incompatible elements during a 568 

fractional crystallization process at the base of the lunar crust, similar to layered 569 

intrusions on Earth. The clast was then excavated by the Imbrium impact from its original 570 

location. During its excavation, transport, and eventual incorporation in lunar breccia 571 

14321, the Fe-metal was introduced to the clast or formed in situ through reduction of Fe 572 

from the pyroxenes or ilmenite. In addition, other secondary features, such as radiogenic 573 
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Pb isotope compositions of alkali feldspars, general depletion of the sample in volatile 574 

elements could have been also acquired during breccia formation. The second possibility 575 

for the origin of the clast, which explains all of the geochemical features examined by 576 

this study, is crystallization on Earth at a depth of 19 ± 3 km, where low temperature, 577 

oxidizing, fluid-enriched conditions are common. The clast was then ejected from the 578 

Earth by a large impact, which did not cause any notable effects. Subsequent, it was 579 

entrained in the lunar regolith as a terrestrial meteorite and subsequently thermally and 580 

chemically processed by the Imbrium impact. In this scenario, all Moon-like chemical 581 

and isotopic features were introduced when the breccia 14321 was assembled and the 582 

clast was incorporated into the sample.  583 
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Figure Captions 765 

 766 

Figure 1. Backscatter electron images of clasts from saw cuts containing the two zircon 767 

grains, which are surrounded by K-Feldspar, quenched melt glass containing Fe-metal 768 

(smaller than 10 Pm), and quartz (Qtz). Bright material in cracks or divots is the remnant 769 

of gold from coating for SIMS analyses.  770 

 771 

Figure 2.  Backscatter electron image of the broader textural context for one of the zircon 772 

grains analyzed here. While there is no direct contact between the large zircon, quartz and 773 
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K-feldspar grains, the similar sizes and their euhedral to subhedral habit suggests that 774 

they are cogenetic and  partially fragmented during an impact. 775 

 776 

Figure 3. Cl, SEM, and EDS maps of certain elements surrounding the two zircon grains 777 

analysed here. When contrast and brightness are increased substantially compared to 778 

more commonly applied analytical conditions CL patterns show traces of broad zoning, 779 

especially visible in Grain-1.  780 

 781 

Figure 4. Raman spectra for 4 quartz grains in section 14321, 993 and reference spectra 782 

for other silica polymorphs. 783 

 784 

Figure 5A). REE in lunar zircon normalized to CI chondrites (McDonough and Sun, 785 

1995). blue - zircon grains from (Crow et al., 2017 and Taylor et al., 2009);  red – zircon 786 

from saw cuts of felsite clast found in breccia 14321 from this study and Hinton and 787 

Meyer, 1991. Figure 5B) Ce/Ce* vs. crystallization T determined from Ti concentrations 788 

in zircon. Fields are from literature spanning most geological settings where zircon 789 

crystallizes (Carley et al., 2014 and references therein). The data representing the Jack 790 

Hills population are from the most recent compilation of Bell et al., (2016). Lunar data is 791 

from Crow et al., (2017) and Taylor et al., (2009). Figure 5C) Hf concentrations vs. Y. 792 

All lunar zircon data are from Crow et al., (2017). Figure 5D) Th concentrations vs. U. 793 

All lunar zircon data are compiled from Crow et al., (2017) and Taylor et al., (2009). 794 

 795 
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Figure 6. U-Pb data for two zircon grains from felsite clast in 14321 a) Terra-Wasserburg 796 

plot; b) 207Pb/206Pb ages. Red and black ellipses/error bars represent two different zircon 797 

grains. The lack of a statistically identical age group suggests these grains may have been 798 

partially reset. Therefore, the ca. 4011 Ma age is interpreted to be the minimum age of 799 

crystallization.  800 

 801 

Figure 7. A) BSE images of measured quartz grains in thin section 14321,993 with Ti 802 

analysis spots and corresponding weighted average for all grains measured. Each color or 803 

pattern corresponds to a different grain in 14321,993.  804 

  805 

Figure 8. Shock pressure provenance diagrams of Imbrium ejecta for different plausible 806 

impact scenarios (transient crater diameter Dt, impactor speed U, impactor diameter L): 807 

(a) Dt = 750 km, U = 20 km/s, L = 101 km; (b) Dt = 500 km, U =20 km, L = 72 km; (c) Dt  808 

= 750 km, U = 10 km/s, L = 149 km; (d) Dt = 500 km, U = 10 km, L = 106 km. The 809 

colour shading indicates the estimated peak shock pressure Psh experienced by the ejecta: 810 

red – Psh > 56 GPa (melt); dark blue Psh = 20-56 GPa; light blue – Psh = 10-20 GPa; green 811 

– Psh = 1-10 GPa. The solid black curves delineate the approximate source of ejecta 812 

transported to the Apollo 14 landing site, relative to the center of Imbrium.  813 

 814 
 815 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/epsl/download.aspx?id=1060257&guid=5e1031ec-c7e8-4911-89a4-d13fca4068d5&scheme=1


Zircon

K-rich
Matrix

Ksp

Zircon

100 μm

Qtz

Qtz

Figure 2
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 Figure 2.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1060258&guid=2a0824f6-e6d0-473d-b7b8-9f2ed7f8ed49&scheme=1


SE

K-rich
matrix

Reaction
rims

Qtz

50 μm

SE

50 μm
Fe-Px

K-rich
matrix

CL

50 μm

CL

50 μm

60 μm

Zr Si Fe

Al Ca K

Zr Si Fe

Al Ca K
60 μm

Figure 3
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 revised Figure 3

http://ees.elsevier.com/epsl/download.aspx?id=1060259&guid=9be55acf-ffe0-45c4-ad96-841181eba184&scheme=1


200 400 600 800 1000 1200 1400

cm -1

N
or

m
al

iz
ed

 In
te

ns
ity

Tridymite
Cristobalite
Quartz

N
or

m
al

iz
ed

 In
te

ns
ity

Reference Peaks

14321,993 Spectrum 35

N
or

m
al

iz
ed

 In
te

ns
ity

N
or

m
al

iz
ed

 In
te

ns
ity

N
or

m
al

iz
ed

 In
te

ns
ity

14321,993 Spectrum 38

14321,993 Spectrum 41

14321,993 Spectrum 47

Figure 4
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 Figure 4.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1060260&guid=1a7795a1-280b-476f-9e06-c2c4f9ec2f1e&scheme=1


1

10

100

1000

450 550 650 750 850 950 1050 1150 1250 1350

C
e
/C

e
*

Crystallization T ( C)

Jack HIlls

MORB

Yellowstone

Iceland

Lunar Zircon

14321 Zircon

Continental Arc

Continent/Ocean Arc

0.01 

0.1 

1 

10 

100 

1000 

10000 

100000 
S

a
m

p
le

/C
I 
C

h
o
n
d
ri
te

1 

10 

100 

10 100 1000 

[T
h
] 
in

 
μ

g
/g

[U] in μg/g

Lunar zircon

14321 zircon

1000 

[Y] in μg/g

Lunar zircon

14321 zircon

A)

B)

C)

D)

[H
f]

 i
n
 w

t%

A)

YbTmErHoDyTbGdEuSmNdPrCeLa

0.8 

1 

1.2 

1.4 

1.6 

1.8 

2 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 

Figure 5
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 Figure 5.pdf

Jeremy J Bellucci

http://ees.elsevier.com/epsl/download.aspx?id=1060261&guid=b0cef331-d54b-4fbf-8baf-841c887b0c0a&scheme=1


3930 

3950 

3970 

3990 

4010 

4030 
data-point error symbols are 2

0.72 

0.76 

0.80 

0.84 

0.88 

0.92 

0.96 

1.00 

40 44 48 52 56 60 

3850 

3950 

4050 

4150 

data-point error ellipses are 2
20

6 Pb
/23

8
U

 

207Pb/235U 

20
7 Pb

/20
6
Pb

 A
ge

 in
 M

a 

Figure 6
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 Figure 6.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1060262&guid=8a7536da-abaf-4a9a-a267-8c5372744366&scheme=1


2 3 4 5 6 7

8

9

10

10 μm
175

185

195

205

215

Mean = 200 ± 2  [.83%]  95% conf.

-

MSWD = 1,3, probability = 0,14

[T
i] 

in
 μ

g/
g

1

11

14321, 993-2

1
2

3
4 5 6

7

8

100 μm

100 μm

14321, 993-3

1
3

2

4

5

14321, 993-4

100 μm
2

1

100 μm
14321, 993-5

1 2 3 4 5

14321, 993-1

14321, 993-2

Figure 7
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 Figure 7.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1060263&guid=577acdde-197e-458b-a7a1-aac817c285d3&scheme=1


Figure 8
Click here to download Figure: Bellucci et al., 2018 EPSL Lunar Zircon Reboot 2 Figure 8.pdf

http://ees.elsevier.com/epsl/download.aspx?id=1060264&guid=7657259c-371d-4810-a587-85ad9b611e77&scheme=1


Table 1. Trace element concentrations as determined by SIMS
Sample # Ref. Units Hf Y
14321-1613-1 mg/g 12901 1900
14321-1613-2 mg/g 18507 1271

14321-1613-1 Sample/CI
14321-1613-2 Sample/CI
14321-1613 Hinton and Meyer, 1991 Sample/CI
1) Calculated using Trail et al., 2012
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Table 2. Ti Concentrations and Crystallization T and P
Sample # [Ti] in mg/g 2s T in C1,2 2s P (in kbar)4

14321-1613-1 18.0 0.9 804
14321-1613-1 19.6 1.0 813
14321-1613-1 20.0 1.1 815
Average 19 1 810 37

14321-1613-2 16.6 0.9 796
14321-1613-2 9.5 0.6 741
Average 13 5.0 771 88

14321-993 Quartz5 200 2.0

Average both grains 791 70 6.9
1) Calculated using Ferry and Watson 2007
2) aSiO2 of 1
2) aTiO2 of 0.8
4) Calculated using Thomas et al., 2010
5) Figure 7
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