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Figure 3.2. Magnesium three-isotope plot of all lunar samples analyzed in this study
(Table 3.3), compared to Earth and chondrites (Teng et al., 2010), and seawater (Ling et al.,

2011). The solid line represents a mass-dependent fractionation line with a slop of 0.505.
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F. Discussion

The giant impact theory for the formation of the Moon was derived from a combination
of planetary dynamics and the chemistry of lunar samples (Hartmann and Davis, 1975;
Cameron and Ward, 1976). This theory proposes the formation of the Moon from the
components produced in a collision between the proto-Earth and a Mars-sized object. As a
result of the huge amount of energy produced during the impact, the Moon is thought to be
partially molten to depths of 400-500 km (Pritchard and Stevenson, 2000; Canup, 2004).
Fractional crystallization of this magma ocean (LMO) led to the formation of a feldspathic
crust, a mafic mantle, and partially molten core (Warren, 1985). A highly fractionated, late-
stage liquid with significant amounts of ilmenite also crystallized at the end of the LMO
solidification between the deep mafic cumulates and the anorthositic crust (Warren, 1985;
Shearer and Papike, 1999). This late-stage portion of the highly differentiated LMO, termed
urKREEP, crystallized beneath the anorthositic crust (Warren, 1985).

In this section, we first discuss the behavior of Mg isotopes during meteorite impacts,
space weathering, and lunar magmatic differentiation. Then, we estimate the average Mg
isotopic composition of the Moon and finally evaluate the extent of Mg isotopic heterogeneity

in the early solar system.

1. Magnesium isotopic systematics of lunar regolith and breccia

Lunar regolith and breccias are mixtures of diverse rock types, hence may be more
representative of the average composition of the Moon than individual crystalline rocks.
However, previous studies have found large mass-dependent kinetic isotope fractionation in
the surface and fine parts of lunar regoliths, e.g., for O, S, Si, K, Ca, Mg and Fe (e.g., Epstein
and Taylor, 1971; Clayton et al., 1974; Russell et al., 1977; Esat and Taylor, 1992; Humayun
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and Clayton, 1995; Wiesli et al., 2003). These isotope fractionations were interpreted as results
of ion sputtering and implantation of surface atoms, vaporization by meteorites and
micrometeorite impact followed by gravitational mass selection and re-deposition of heavier
isotopes (e.g., Switkowski et al., 1977; Housley, 1979). Such effects are thus needed to
exclude before using lunar regolith and breccias to estimate lunar composition.

The mare breccias, mare and highland regolith samples analyzed in this study are bulk samples
and have homogeneous Mg isotopic composition (Fig. 3.3). This result is in agreement with
insignificant Mg isotopic variation in bulk soil reported by Esat and Taylor (1992) and
Chakrabarti and Jacobsen (2011). The lack of significant Mg isotopic variation in these
breccias and regolith samples suggests that even though space weathering may have
fractionated Mg isotopes, it doesn’t cause significantly shift the bulk rock compositions.
Breccias and regolith samples may hence be used to estimate their source’s compositions (see

details in section 3).

2. Magnesium isotopic variation in lunar basalts

Petrological, mineralogical, and geochemical studies of lunar basalts suggest that low-
and high-Ti basalts were derived from heterogeneous mantle sources (e.g., Neal and Taylor,
1992; Snyder et al., 1992; Shearer et al., 2006). Low-Ti basalts are derived from early-formed
ultramafic cumulates composed mostly of olivine and low-Ca pyroxene. High-Ti basalts are
considered either as 1) partial melts of ilmenite-bearing harzburgite, formed from mixing of
ilmenite-rich cumulates with earlier cumulates enriched in olivine and pyroxene during the
lunar cumulate mantle overturn (e.g., Ringwood and Kesson, 1976; Elkins-Tanton et al.,
2002), or 2) partial melts of ilmenite-rich cumulates assimilated by low-Ti melts during
magma ascent (e.g., Hubbard and Minear, 1975; Thacker et al., 2009).
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The lunar basalts studied here have variable Mg isotopic compositions. The low-Ti
basalts with <6 wt.% TiO, and high-Ti basalts with 6-9 wt.% TiO, have similar §°Mg to those
of highland rocks, mare breccias, and mare and highland regolith samples. By contrast, those
high-Ti basalts with >9 wt.% TiO, are isotopically light (Fig. 3.4). Overall, Mg isotopic
variation in lunar basalts manifests the same trend in O and Hf isotopes, with light isotopes
being enriched in high-Ti basalts (Beard et al., 1998; Spicuzza et al., 2007; Hallis et al., 2010;
Liu Y. et al., 2010). However, this is opposite to the behavior of Nd (Nyquist et al., 1995;
Rankenburg et al., 2006; Brandon et al., 2009), Li (Magna et al., 2006; Seitz et al., 2006), and
Fe (Wiesli et al., 2003; Poitrasson et al., 2004; Weyer et al., 2005; Liu Y. et al., 2010).
Hafnium and neodymium isotopes of low- and high-Ti basalts imply different mineralogical
sources for low- and high-Ti basalts (e.g., Beard et al., 1998; Brandon et al., 2009). Source
heterogeneity has also been suggested for isotopic variations within lunar basalts for stable
isotopes of Li, O, and Fe (e.g. Magna et al., 2006; Liu Y. et al., 2010; Hallis et al., 2010). In
addition to source heterogeneity, partial melting and polybaric melting models, with preferable
consumption of ilmenite, have been suggested as a possible cause of O (Spicuzza et al., 2007)
and Fe (Craddock et al., 2010) isotope fractionation in mare basalts. Finally, Liu Y. et al.
(2010) showed a significant correlation between Mg# and §'20 in lunar basalts, which has
been interpreted as indicative of O isotope fractionation by near-surface fractional
crystallization of magma in these basalts.

Below, we first determine the major mineral phases that control MgO budget and then discuss

the factors controlling Mg isotopic variation in both low-Ti and high-Ti basalts.
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a. Magnesium concentration variations in lunar basalts

The large chemical variations in lunar basalts reflect their different mineralogy.
Clinopyroxene and ilmenite/Cr-ulvospinel are the most abundant mineral phases in the high-Ti
basalts, while olivine and low-Ca pyroxene dominate the low-Ti basalts. Mineral abundances
versus MgO plots reveal no significant correlation between pyroxene (up to 60 wt.%) and
MgO in both low- and high-Ti basalts, but a positive correlation between olivine and MgO
contents in low-Ti basalts (Fig. 3.5a and b) and a positive correlation between opaque mineral
and MgO contents in high-Ti basalts (Fig. 3.5¢c). These positive correlations indicate that
olivine controls the MgO variation in low-Ti basalts whereas opaque minerals play a key role
in controlling the MgO variation in high-Ti basalts.

limenite [(Fe, Mg)TiOgz], armalcolite [(Mdos Feos)Ti.Os], and chromian ulvéspinel, an
intermediate between ulvospinel [Fe,;TiO4] and chromite [FeCr,O4] with substitution of Mg
and Cr for Fe and Al, [(Mg, Fe)(Al, Cr),04], are the Fe-Ti oxides containing Mg in lunar
basalts. MgO content of lunar ilmenite ranges from 3 to 8 wt.% in high-Ti lunar basalts (e.g.,
Papike et al., 1998; Lucey et al., 2006; Van Kan Parker et al., 2011). Therefore, the high Mg
contents of ilmenite, together with their high modal abundances (up 28 %) in high-Ti basalts,
are effectively sufficient enough to affect the MgO contents of bulk basalts (e.g., Papike et al.,
1998). Armalcolite (Mgos Feos)Ti2Os and chromian ulvospinel can also contain significant
amount of MgO but considering their low modal abundance of <0.5 wt.% (Warner et al.,
1978), they should not significantly affect the MgO budget of high-Ti basalts (Warner et al.,
1978).
Chemical compositions of high-Ti and low-Ti basalts also support the above conclusion and
indicate that opaque minerals in high-Ti basalts have high TiO, and MgO contents. Both CaO
and SiO; contents in high-Ti and low-Ti basalts decrease with MgO for samples investigated
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in this study and literature, reflecting crystallization of different mineral phases e.qg., olivine,
pyroxene and plagioclase (Fig. 3.6a and b). However, at a given MgO content, high-Ti basalts
always have lower SiO, content than low-Ti basalts (Fig. 3.6b), indicating the presence of
additional phase that is enriched in MgO but depleted in SiO; in high-Ti basalts. On the other
hand, TiO, positively correlates with MgO in high-Ti basalts and displays no correlation with
MgO in low-Ti basalts (Fig. 3.6¢). These correlations thus further suggest that opaque
minerals (i.e., ilmenite) not only control TiO, contents but also play a key role in MgO

variations of high-Ti basalts.
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Figure 3.5. Olivine, pyroxene, and opaque modal abundances (%) vs. MgO (wt%) (a,
b, and ¢) and 526Mg (%o) (d, e, and f) in lunar basalts investigated in this study. Mineral

abundances for lunar samples are from lunar sample compendiums (Meyer, 2004-2011).
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Figure 3.6. Ca0, SiO, and TiO; (Wt%) vs. MgO (wt%) in lunar basalts investigated in
this study. Grey and light blue diamonds represent low- and high-Ti basalts, respectively,
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CaO plot represents the anorthosite samples (>90% plagioclase) with lowest MgO. The
rectangular on the lower right corner on the CaO plot represents the compositions of olivines
from low- and high-Ti basalts (Data from Papike et al., 1998). Arrows on TiO plot indicate the
crystallization lines for armalcolite (Arm), ilmenite (lim), and olivine (Ol) (Papike et al.,
1998). Major element data (wt%) of lunar samples are from lunar sample compendium

(Meyer, 2004-2008) and mare basalt database (Neal, 2008).
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b. Origins of light Mg isotopic composition of ilmenite in high-Ti basalts

Magnesium isotopic compositions of lunar basalts do not correlate with Mg# (index of
crystallization of olivine and pyroxene) (Fig. 3.3), or modal abundances of olivine and
pyroxene (Fig. 3.5d and e), suggesting that crystallization of olivine and pyroxene did not
significantly fractionate Mg isotopes. This is in agreement with the observations of terrestrial
basalts (Teng et al., 2007, 2010: Bourdon et al., 2010). Instead, 826Mg values of basalts with
>9 wt.% TiO, are significantly lower than other samples and decrease with TiO, (Fig. 3.4).
Low- and high-Ti basalts display two clusters with high-Ti basalts enriched in opaque minerals
and light Mg isotopes (Fig. 3.5f). All these suggest that opaque minerals (i.e., ilmenite) have
light Mg isotopic compositions and shift high-Ti basalts to lower 8°°Mg values. A simple
binary mixing calculation, with low-Ti basalts (MgO = 10 wt.%, TiO, = 6 wt.% and 8*°Mg = -
0.250 %o0) mixed with different amount of ilmenite (TiO, = 52 wt.%) having different MgO
and 6°°Mg values, shows that 8°Mg of ilmenite would range from -3 %o to -1.5 %o by
changing its MgO content from 3 % to 8 % in order to produce the Mg isotopic composition of
the high-Ti basalts.

Since no Mg isotopic data are available for ilmenite, it is difficult to directly evaluate
the model. Nonetheless, we discuss the processes that potentially produce such isotopically

light ilmenite below.

b.1. Diffusion-driven kinetic Mg isotope fractionation

The lighter Mg isotopic composition of ilmenite versus olivine and pyroxene may
result from non-equilibrium isotope fractionation due to diffusion. Kinetic Mg isotope
fractionation can occur during chemical and thermal diffusion in silicate melts, and between
melts and minerals (e.g., Richter et al., 2008, 2009a, b; Huang et al., 2009b; Dauphas et al.,
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2010; Teng et al., 2011). Since Mg*" and Fe** behave similarly in physiochemical processes
because of their identical charge and similar ionic radii, coupled studies of Mg and Fe isotopes
can be used to tell chemical-diffusion from thermal-diffusion driven isotope fractionations. For
example, thermal diffusion fractionates isotopes of all elements with the enrichment of heavy
isotopes at the cold end along a thermal gradient (Huang et al., 2009b; Richter et al., 2008,
2009a, b). Hence, a positive correlation between Mg and Fe isotope fractionations is expected
for thermal diffusion. By contrast, chemical-diffusion driven isotope fractionation should
produce negative correlation between 6°°Mg and 8°°Fe because of inter-diffusion between Mg
and Fe in ilmenite, similar to Mg and Fe isotope fractionation during Mg-Fe inter-diffusion in
olivine (Teng et al., 2011).

Since no *°Mg data are available for ilmenite, comparison of 5°°Mg and 8°°Fe data for lunar
basalts is used here. Plots of §°Mg and §°°Fe with TiO, show opposite trends and indicate a
negative correlation between 8°°Mg and 8°°Fe in low- and high-Ti basalts (Fig. 3.7), which
clearly rules out thermal diffusion as the causes of the Fe and Mg isotope fractionations in
lunar basalts. Although the negative correlation may indicate that chemical diffusion can play
a role in controlling Mg and Fe isotopic compositions of lunar basalts, the large isotope
fractionations of radiogenic isotopes (e.g., Nd and Hf, Nyquist et al., 1995; Beard et al., 1998;
Rankenburg et al., 2006; Brandon et al., 2009 ) and other stable isotopes (e.g., O and Li,
Wiechert et al., 2001; Magna et al., 2006; Seitz et al., 2006; Spicuzza et al., 2007; Hallis et al.,
2010; Liu Y. et al., 2010), with negative (for Nd, and Li) and positive (for O and Hf)
correlations with Mg isotopes, cannot be explained by chemical diffusion. In addition, ilmenite
in high-Ti basalts is one of the early crystallized phases, being in equilibrium with the melt and
pyroxene, and it has probably not undergone post-magmatic re-equilibration (e.g., Warner et
al., 1978; Shearer et al., 2006). Hence, chemical diffusion-driven isotope fractionation as a
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major mechanism for the large Mg isotopic variations between low- and high-Ti basalts can be

ruled out.
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Figure 3.7. 5°°Fe (Wiesli et al., 2003; Liu, et al., 2010) and 8°°Mg of lunar basalts (this

study, Table 3.3; Wiechert and Halliday, 2007) versus their whole rock TiO; contents.
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b.2. Equilibrium inter-mineral Mg isotope fractionation

The light Mg isotopic composition of ilmenite may result from large equilibrium inter-
mineral Mg isotope fractionation (e.g., Young et al., 2009; Li et al., 2011; Liu et al., 2011;
Schauble, 2011). Theoretical and experimental studies of stable isotopes of other elements
(e.g., O, Fe, and Cr) reveal a strong correlation between equilibrium fractionation factors and
internal structural properties of minerals, such as coordination number, average metal-oxygen
bond lengths, and oxidation state (e.g., Zheng, 1993; Polyakov, 1997; Schauble, 2004). Studies
of terrestrial rocks display the following sequence of enriched *Mg in coexisting minerals:
spinel >> pyroxene > olivine >> garnet (e.g., Handler et al., 2009; Yang et al., 2009; Young et
al., 2009; Liu S.-A. et al., 2010, 2011; Li et al., 2011). The large isotopic variations between
spinel, olivine, pyroxene, and garnet are interpreted as a consequence of different coordination
numbers (CN) of Mg bonded to O in these minerals. CN for Mg in spinel, olivine/pyroxene,
and garnet is 4, 6, and 8, respectively (Deer et al., 1992). In general, a lower CN of a cation
results in stronger bonds, which favor heavy isotopes (e.g., Urey, 1947; Chacko et al., 2001).
Hence, spinel with CN = 4 is enriched in heavy Mg isotopes. By contrast, garnet with a higher
CN of 8 is enriched in light Mg isotopes. The same CN of 6 in silicate minerals such as
olivine, orthopyroxene, clinopyroxene, hornblende, and biotite is not favorable for large inter-
mineral Mg isotope fractionation. Nonetheless, different coordination numbers of oxygen
bonded to Mg in these minerals affect the average Mg-O bond strength and can cause small
Mg isotope fractionation among these silicates (e.g., Liu S.-A. et al., 2010, 2011). The strong
correlation of inter-mineral Mg isotope fractionation with CN of Mg in spinel and silicates in
natural samples agrees well with the theoretical calculation (Schauble, 2011).

The coordination number of Mg in ilmenite is 6, which is identical to that in silicate
minerals such as olivine, orthopyroxene, clinopyroxene, hornoblende and biotite (Raymond
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and Wenk, 1971; Lind and Housley, 1972; Liu S.-A. et al., 2011; Schauble, 2011) but ilmenite
is an oxide mineral. Schauble (2011) shows that significant Mg isotope fractionation occurs
among different mineral species, such as carbonates, silicates, and periclase, with carbonates
lighter and periclase heavier than silicates, although CN of Mg in all these mineral groups is 6.
The large inter-mineral Mg isotope fractionation mainly results from their distinct crystal
structure. Hence, ilmenite as an oxide mineral could be isotopically lighter than olivine and
pyroxene. Clearly, more theoretical and experimental studies as well as analysis of natural
samples are needed in order to fully understand behaviors of Mg isotopes in ilmenite during

the crystallization of the LMO.

3. Magnesium isotopic composition of the Moon

Our knowledge about the composition of the Moon mainly comes from samples
returned from Apollo and Luna missions, lunar meteorites, and remote sensing and seismic
data (e.g., Taylor, 1982; Gillis et al., 2004). Based on these data, the Moon is believed to be
differentiated with a feldspathic crust, a mafic mantle, and a partially molten core. The upper
crust is more feldspathic with more gabbro and anorthositic gabbro and the lower crust is more
mafic with more norite and anorthositic norite (Wieczorek et al., 2006). The upper mantle is
enriched in pyroxene while the lower mantle is enriched in Mg-rich olivine (e.g., Warren,
1985; Shearer and Papike, 1999).

The composition of the Moon can provide fundamental information on its origin and
evolution. The lunar crustal composition can be estimated by analysis of lunar samples such as
ferroan anorthositic, magnesium and alkali suites, etc., as well as remote sensing data such as
those from Clementine, Lunar Prospector, Lunar Reconnaissance Orbiter (LRO) missions, and
Terrain Mapping Camera (TMC) and Moon Mineralogy Mapper (M3) on-board Chandrayaan-
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1 (e.g., Jolliff et al., 2000; Greenhagen et al., 2010; Chauhan et al., 2012). Unlike the
availability of samples from the crust, no sample of lunar mantle has been discovered to date.
The composition of the lunar mantle has been mainly studied through analysis of partial melts
of the lunar mantle, i.e., lunar basalts and volcanic glasses (Wieczorek et al., 2006). This
method may not give an accurate estimate of the mantle source composition because of
elemental and isotopic fractionation during the initial crystallization of the LMO. Pyroclastic
glasses, with higher Mg, Ni, and Mg#, compared to the lunar basalts, are suggested to better
constrain the lunar mantle composition, because they represent the least differentiated melts
(e.g., Delano, 1986; Shearer and Papike, 1993). And, the weighted average of the composition
of the crust and mantle can be used to calculate the bulk composition of the Moon (e.g.,
Warren, 2005).

Three approaches have been utilized to estimate the isotopic composition of the bulk
Moon: 1) the direct average-isotopic composition of different types of lunar samples (e.g.,
Poitrasson et al., 2004); 2) the average of the most primitive lunar samples, like green picritic
glass 15426 (Wiechert and Halliday, 2007) or less fractionated material like orange glass
74220 and quartz-normative basalts (15058 and 15475) (Magna et al., 2006); and 3) the
average of lunar samples excluding anomalies (e.g., Weyer et al., 2005). However, since the
chemical and isotopic compositions of low- and high-Ti basalts and surface samples are
different, the direct averaging of the stable isotopic compositions of these samples without
considering their volumetric proportion may not provide a good estimation of isotopic
composition of the Moon. Hence, in this study, we estimate the Mg isotopic composition of
the bulk Moon by calculation of the MgO-weighted average Mg isotopic composition of the
lunar crust and mantle separately; these are then combined to estimate the weighted average of

the bulk Moon, based on the weight percentage of the lunar crust and mantle (7 % and 93 %,
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respectively; Warren, 2005). With the assumption of the limited Mg isotope fractionation of
lunar samples by surface processes (see 5.1), lunar highland impact-melt rocks, and highland
regolith samples from Apollo 16 are the best representatives for the lunar crust. The MgO-
weighted average 5°°Mg value (-0.243 + 0.065 %o) of these samples (14310, 60315, 68415,
60009, 60010, and 61501) is used to represent the average Mg isotopic composition of the
lunar crust. Since MgO contents of samples 60013 and 60014 are not available, these samples
are not included in the estimation of this value. All mare breccias analyzed in this study consist
of high-Ti mare basalt components. Hence, these breccias, high-Ti basalts, and two mare
regolith samples (70008 and 70009) with >6 wt% TiO are used to estimate the MgO-weighted
average 6°°Mg value of high-Ti basalts. The other mare regolith samples from Apollo 17 with
low TiO; contents are added to low-Ti basalts to estimate their MgO-weighted average §°°Mg
value. MgO contents of lunar regolith 12025 and 12028 are not available; hence, these samples
are not used to estimate the MgO-weighted average 8°Mg value of low-Ti basalts. These
average 5°°Mg values of low-Ti (excluding 15555) (-0.249 + 0.047 %) and high-Ti (-0.364 +
0.141 %o) basalts are used to estimate their mantle sources. Based on the Clementine remote
sensing data for the lunar surface, low-Ti basalts are 90 % of all mare basalts exposed on the
lunar surface (Giguere et al., 2000). Using this estimated proportion and the average values of
low- and high-Ti mantle sources; the weighted average value of the lunar mantle is estimated
to be -0.261 £+ 0.149 %o. By using Mg isotopic compositions of the lunar crust and mantle, the
weighted average 826Mg value of -0.259 £+ 0.162 %o is considered as the best estimate of the

bulk Mg isotopic composition of the Moon.
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4. Chondritic Mg isotopic composition of the Moon and Earth

Studies of isotopic compositions of the Moon, Earth and chondrites can help to better
understand the solar nebula conditions, proto-planetary disc processes, and the origin and
evolution of the Earth-Moon system (e.g., Wiechert et al., 2001; Poitrasson et al., 2004;
Wiechert and Halliday, 2007; Paniello et al., 2012). While it is well established now that the
Earth has a chondritic Mg isotopic composition, there is still uncertainty in chondritic Mg
isotopic composition of the Moon based on the limited data (Warren et al., 2005; Norman et
al., 2006; Wiechert and Halliday, 2007; Chakrabarti and Jacobsen, 2010). Compared to the
literature data on lunar samples, our data are systematically lighter than those of Wiechert and
Halliday (2007), but are heavier than those of Chakrabarti and Jacobsen (2010). Nevertheless,
the Mg isotopic compositions of chondrites and terrestrial samples reported by Wiechert and
Halliday (2007) are also systematically heavier than those reported by the other groups
(Handler et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Teng et al., 2010; Pogge von
Strandmann et al., 2011). By contrast, 5°°Mg values of terrestrial and extraterrestrial samples
reported in Chakrabarti and Jacobsen (2010) are systematically lighter than our data and other
groups (by ~0.25 %o) (Handler et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Teng et
al., 2010; Pogge von Strandmann et al., 2011). The cause of the discrepancy among different
groups is not clear. However, the wide range of lunar samples in this study and those of
terrestrial and chondritic samples analyzed at the same laboratory (Teng et al., 2010) allow an
internally-consistent comparison of Mg isotopic compositions among different planetary
materials.

The Mg isotopic composition of the Moon (§°°Mg = -0.259 + 0.162 %o) estimated here
is indistinguishable from that of the Earth (§°°Mg = -0.25 + 0.07 %o; 2SD, n = 139) and
chondrites (826Mg =-0.28 £ 0.06 %o; 2SD, n = 38) measured at the same laboratory (Teng et
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al., 2010) (Fig. 3.8). Hence, the results of our study suggest that the Moon and the Earth have
chondritic Mg isotopic compositions, reflecting an extensive early disk mixing processes and
homogeneity of Mg isotopes in the solar system. The chondritic Mg isotopic compositions of
the Moon and the Earth also indicate that the Moon-forming giant impact did not fractionate

Mg isotopes, different from those proposed for Fe isotopes (Poitrasson et al., 2004).
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G. Conclusion

This study presents the most comprehensive Mg isotopic data for lunar samples

including most types of available samples to date. The main conclusions are:

1.

§°°Mg values range from -0.608 %o to 0.020 %o in mare basalts, from -0.335 %o to -0.177
%o in highland rocks, from -0.328 %o to -0.136 %o in mare breccias, from -0.226 %o to -
0.140 %o in highland regolith, and from -0.410 %o to -0.197 %o in mare regolith samples.
The similar Mg isotopic compositions among mare and highland regolith samples, mare
breccias, and highland rocks indicate that the surface processes on the Moon (e.g., solar
wind, cosmic rays, micrometeorite bombardments, meteorite impacts, etc.) did not
significantly fractionate Mg isotopes in these samples.

High-Ti basalts are on average isotopically lighter than low-Ti basalts, mostly reflecting
their heterogeneous cumulate sources produced during the lunar magmatic differentiation.
High abundance of ilmenite with light Mg isotopic composition than coexisting olivine and
pyroxene may cause the light Mg isotopic composition of high-Ti basalts.

Using the average Mg isotopic composition of the lunar crust and mantle and their
volumetric proportions, the weighted average Mg isotopic composition of the Moon is
estimated to be -0.259 + 0.162 %o for §°Mg and -0.128 £ 0.071 %o for §*>Mg.

The Mg isotopic composition of the Moon (8®°Mg = -0.259 + 0.162 %o) is
indistinguishable from those of the Earth (§°°Mg = -0.25 + 0.07 %o) and chondrites (5°°Mg
=-0.28 = 0.06 %o0), suggesting the homogeneity of Mg isotopes in the solar system and the

negligible Mg isotope fractionation during the Moon-forming giant impact.
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(2SD, n = 4, Table 4.2), respectively, which are in agreement with the data reported by Teng et

al. (2010a) and Ling et al. (2011).

Table 4.2. Magnesium isotopic compositions of reference materials.

Sample Type Mg  2SD? 8*°Mg 2SD?
Allende chondrite -0.320 0.063 -0.162 0.040
Duplicate” -0.329 0.072 -0.192 0.060
Duplicate -0.275 0.072 -0.141 0.060
Duplicate -0.251  0.081 -0.162 0.068
Replicate® -0.300 0.076 -0.162 0.048
Average® -0.298  0.032 -0.163 0.023
Murchison chondrite -0.335 0.063 -0.144 0.040
Duplicate -0.370  0.070 -0.170 0.060
Duplicate -0.340  0.050 -0.180 0.050
Average -0.347 0.032 -0.161 0.028
Seawater -0.841 0.063 -0.458 0.050
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Replicate -0.806
Replicate -0.873
Duplicate -0.914
Average -0.861

0.072

0.096

0.063

0.036

-0.403

-0.484

-0.450

-0.451

0.060

0.064

0.040

0.025

 2SD = 2 times the standard deviation of the population of n (n >20) repeat measurements

of the standards during an analytical session.

® Duplicate: Repeated measurement of Mg isotopic ratios on the same solution.
¢ Replicate: Repeat the main-Mg column chemistry from the same stock sample solution.

¢ Average is weighted average calculated based on inverse-variance weighted model using

Isoplot 3.75-4.15. 2SD for the average is twice the standard deviation errors propagated

from the assigned errors.
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Figure 4.2. Magnesium three-isotope plot of all achondrites and pallasites analyzed in
this study (Table 4.1), the Earth and chondrites (Teng et al., 2010), the Moon (Sedaghatpour et
al., 2012), and seawater (Ling et al., 2011). The solid line represents a fraction line with a slop

of 0.509.
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Figure 4.3. Variation of Mg versus Mg# of meteorites studied here. The solid line
represents the average 6°°Mg of -0.25 for the Earth (Teng et al., 2010). Reference data are

listed in Table 4.1.
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F. Discussion

In this section, we first discuss Mg isotopic variation among and within different types
of achondrites and the behavior of Mg isotopes during magmatic differentiation of the parent
bodies, then estimate the average Mg isotopic composition of achondrites and evaluate their

chondritic origins and implications.

1. Magnesium isotopic variation among different groups of achondrites

Origin, spatial distributions of achondrites, and their magmatic evolution are reflected
in their isotopic compositions. For example, O isotopic variation within achondrites suggest
different parent bodies for their different groups (e.g., Clayton and Mayeda, 1996; Mittlefehldt
et al., 1998; Mittlefehldt, 2004). Iron isotopic study of HED meteorites indicates a chondritic
iron isotope composition for this class of achondrites (Zhu et al., 2001; Poitrasson et al., 2004;
Weyer et al., 2005; Wang et al., 2012). However, iron isotopic compositions of angrites are
heavier than that of HEDs (Wang et al., 2012), reflecting isotopic fractionation by either
volatilization during accretion or magmatic differentiation in the parent body.

All samples analyzed in this study fall on a straight line with a slope of 0.509 (Fig.
4.2), consistent with mass-dependent isotope fractionation (Young and Galy, 2004; Teng et al.,
2010). Magnesium isotopic compositions of achondrites and pallasite meteorites (Table 4.1
and 4.2) reveal small but measurable variations among Mg isotopic compositions of
achondrites and their Mg#s (Fig. 4.2). The Mg isotopic variation among these meteorites could
be possibly due to terrestrial weathering, volatilization during accretion of parent body or

impact, and/ or magmatic differentiation of parent bodies.
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a. Terrestrial weathering

Meteorites are classified into a) falls: the ones that are observed during their entering to
the Earth atmosphere and collected after their falls, and b) finds: the ones found on the surface
of the Earth. Meteorite finds that have been on the surface of the Earth for several to thousands
of years can be subjected to weathering at low temperature. Metal and crystalline silicates are
the least and the most resistant minerals to terrestrial weathering, respectively (e.g., Weiss et
al., 2010). Therefore, meteorites are classified into seven groups based on the degrees of the
alteration appeared in their polished sections, in which WO is for the ones with no visible
oxidation metal or sulfides and W6 is for the most altered meteorites with clay mineral and
oxide replacing silicates (Krot et al., 2004). Previous studies of terrestrial samples reveal that
Mg isotope can be fractionated during fluid-rock interactions and weathering processes at low
temperature (e.g., Brenot et al. 2008; Shen et al., 2009; Li et al., 2010; Teng et al., 2010b).
Hence, Mg isotopes can be fractionated in these meteorites, if they have gone under severe
terrestrial weathering. However, the enrichment of heavy Mg isotopes in some achondrites
during terrestrial weathering is unlikely because: a) all the meteorites from winonaite-1AB-iron
silicate group including Winona are finds and weathered (e.g., Mason and Jarosewich, 1967)
but have Mg isotopic compositions similar to those of falls achondrites (this study) and the
Earth (Teng et al., 2010a), b) although D'Orbigny with heavier Mg isotopic composition
(826Mg = -0.190 = 0.035 %o) i1s find meteorite, all the HEDs meteorite slightly enriched in

heavy Mg isotopes (6°°Mg = -0.203 + 0.033 %o, 2SD, n = 7) are falls meteorites.

b. Volatilization during planetary accretion or meteorite impact
Experimental and theoretical investigations, and studies of calcium-aluminum rich

inclusions (CAIls) and chondrules reveal significant Mg isotopic fractionations at high
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temperatures during condensation and evaporation processes (e.g., Clayton et al., 1988; Davis
et al., 1990; Richter et al., 2002; 2007; Young et al., 2002). Hence, the evaporation of lighter
Mg isotope during accretion processes or impact events may cause the heavier Mg isotopic
compositions of D'Orbigny (angrite), and Juvinas, Pasamonte, and Sioux county (HED)
meteorites. Nevertheless, §°°Mg of achondrites do not correlate significantly with Na/Al ratio
as an index of moderately volatile element depletions (Fig. 4.4). Furthermore, if the
enrichment of the heavy isotopes in these achondrites were caused by volatilization during
impacts, Estherville (mesosiderite silicate) and Goalpara (ureilite) that are similarly depleted in
moderately volatile elements should not have had the lightest Mg isotopic compositions
among achondrites analyzed in this study (Fig. 4.4). All these observations rule out the
possibility of Mg isotope fractionation in these meteorites by volatilization during planetary

accretion and meteorite impacts.
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Figure 4.4. Variation of §°°Mg versus Na/Al, an index of moderately volatile element
depletion of parent bodies in meteorites studied here. The solid line represents the average

8%°Mg of -0.25 for the Earth (Teng et al., 2010a). Reference data are listed in Table 4.1.
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c. Magmatic differentiation

Although a limited Mg equilibrium isotope fractionation observed in terrestrial basalts
(a; Wiechert and Halliday, 2007; Handler et al., 2009; Yang et al. 2009; Chakrabarti and
Jacobsen, 2010; Schiller et al., 2010; Liu et al., 2011; Pogge von Strandmann et al., 2011), a
significant Mg isotopic variation is observed in lunar basalts, which mainly reflects the source
heterogeneity produced during the lunar magmatic differentiation (Wiechert and Halliday,
2007; Sedaghatpour et al., 2012). Hence, magnesium isotope fractionation can be expected in
achondrites because the magmatic processes within achondrite parent bodies are also occurred
under different conditions.

Isotopic studies of achondrites for some elements (e.g., O, Z, Fe) indicate isotopic
heterogeneity in some groups of achondrites, which reflect rapid mixing of the interior
sources, primary source heterogeneity and/or heterogeneities produced by magmatic
differentiation of the parent bodies (e.g., Wiechert et al., 2004; Paniello et al., 2012; Wang et
al., 2012). For example, a recent iron isotopic study of HEDs indicates a heavier Fe isotopic
composition of Stannern-trend (ST) eucrites compared to the other types of eucrites and
HEDs, which could result from magmatic differentiation of the parent body, asteroid 4 Vesta
(Wang et al., 2012). In contrast to the heavy-Fe isotopic compositions of ST eucrites, Mg
isotopic composition of Bouvante, which is a basaltic ST eucrite, is similar to those of MG
eucrites (Béréba, Juvinas, and Sioux county) and ungrouped (Pasamonte and Ibitira), and
diogenites (Bilanga, Johnstown, and Tatahouine) analyzed in this study. In addition, some
eucrites have shown evidence of fluid-rock interactions and metasomatic events on 4 Vesta
(e.g., Barrat et al., 2011). Mg isotopic studies of terrestrial samples display significant Mg
isotope fractionation during the chemical weathering and formation of the secondary phases

(e.g., Brenot et al., 2008, Tipper et al., 2010, 2012; Teng et al., 2010b, Haung et al., 2012).
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Two eucrites among our samples, Sioux County; an equilibrated eucrite and Pasamonte; an un-
equilibrated eucrite, have secondary minerals which may have resulted from the pre-terrestrial
fluid interactions. However, none of these samples reveals Mg isotope fractionation compared
to the other eucrites. Mg isotopic compositions of the meteorites form aubrites (Pefia Blanca
Spring and Bishopville), ureilites (Goalpara and Novo-Urei), mesosiderite silicates (Esterville
and Crab Orchard), winonaite-IAB-iron group (Campo del Cielo, Landes, and Winona) and
pallasites (Mount Vernon and Brahin) also display no significant Mg isotope fractionation
within each individual group, different from the one observed for other isotopes (Wiechert et
al., 2004; Wang et al., 2012; Paniello, 2012).

In contrast to the homogeneity of Mg isotope in each individual group, there are small
Mg isotopic variations between some groups, which may reflect mineralogical differences
produced by magmatic differentiation within these groups. Petrology and mineralogy of
angrites indicate significant abundance of clinopyroxene (Cpx) in these meteorites (e.g.,
Boesenberg et al., 1995; Mittlefehldt et al., 2002). By contrast, olivine (Ol) and orthopyroxene
(Opx) have high abundances in aubrites and pallasites (e.g., Mittlefehldt, 2004). These mineral
abundances are also reflected on CaO vs. MgO plot for achondrites (Fig. 4.1). Angrite and
some HEDs are plotted in the area with higher CaO content, which may reflect more
abundances of Cpx in these meteorites (Fig. 4.1). However, aubrites are plotted in the area
with Ol and Opx chemical compositions.

Theoretical and experimental studies of terrestrial rocks and minerals have shown that
clinopyroxene is slightly heavier than orthopyroxene and olivine in Mg isotopes (e.g., Young
et al., 2009; Liu et al., 2011; Schauble, 2011). This slight enrichment of Cpx in §**Mg
compared to Ol and Opx is discussed in detail by Liu et al. (2011) and Schauble (2011). There

is small but significant variation of Mg isotopic compositions of achondrites versus their
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chemical compositions (Fig. 4.3 and 4.5). The higher Mg#s of achondrites reflect more
abundance of olivine with slightly lighter Mg isotopic composition. This is in agreement with
a negative trend between 8°Mg and Mg# in achondrites (Fig. 4.3). In addition, an increase of
clinopyroxene with a slightly heavier Mg isotopic composition in achondrites must increase
8%°Mg values. Since clinopyroxene is a mineral formed in more oxidizing condition, it can be
more abundant in the meteorites such as angrites that are formed in extremely oxidizing
condition (e.g., Foit et al., 1987; Abdu et al., 2009). Therefore, a positive trend between §*°Mg
and FeO/MnO as an index of redox condition of the parent bodies is expected, which is the
case here (Fig. 4.5). Overall, these chemical and isotopic data suggest that the small Mg
isotopic variations between these achondrite groups are caused by different mineralogical
sources of their parents bodies. Further work is needed to characterize Mg isotope

fractionation between minerals in achondrites.

2. Magnesium isotopic composition of achondrites and its implications

Here, we estimate the average Mg isotopic composition of achondrites using the MgO-
weighted average 5°°Mg value of these samples, which is -0.260 + 0.046 %o (2SD, n = 22).
The average Mg isotopic composition of achondrite estimated here is between those reported
by Wiechert and Halliday (2007) and Chakrabarti and Jcobsen (2010). Magnesium isotopic
compositions of terrestrial and extraterrestrial samples reported by these two groups are also
different from those in other studies (Teng et al., 2007, 2010a; Yang et al., 2009; Handler et
al., 2009; Young et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Liu et al., 2010, 2011,
Li et al.,, 2010, 2011; Pogge von Strandmann et al., 2011). Although, the cause of this
discrepancy is not clear, the most complete database of achondtites in this study, and terrestrial

and extraterrestrial samples from the same laboratory (Teng et al., 2010a; Sedaghatpour et al.,
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2012) allow us to compare Mg isotopic compositions of these materials without being affected

by inter-laboratory bias.
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Figure 4.5. Variation of §*°Mg versus FeO/MnO ratio in meteorites studied here. The
solid line represents the average 8°°Mg of -0.25 for the Earth (Teng et al., 2010a). Reference

data are listed in Table 4.1.
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The MgO-weighted average isotopic composition of achondrites (§°°Mg = 0.260 +
0.046 %o, 2SD, n = 22) estimated here is indistinguishable from those of the Earth (5°°Mg = -
0.25 + 0.07 %o; 2SD, n = 139), chondrites (5°°Mg = -0.28 + 0.06 %o; 2SD, n = 38), and the
Moon (5°°Mg = -0.259 + 0.162 %o) measured in the same laboratory (Teng et al., 2010;
Sedaghatpour et al., 2012). This result agrees well with the homogeneous chondritic Mg
isotope composition of inner solar system concluded by Chakrabarti and Jacobsen (2010).
Furthermore, primitive achondrites that have not undergone the well-mixing processes are
goodrecords of the early isotopic and chemical heterogeneity in the solar system. These
meteorites also have similar Mg isotopic compositions to the differentiated achondrites and the
MgO-weighted average isotopic composition of achondrites. Hence, the chondritic Mg
isotopic composition of achondrites studied here along with the chondritic Mg isotopic
compositions of the Earth and the Moon (Teng et al., 2010a; Sedaghatpour et al., 2012) further
support the homogeneity of Mg stable isotopes in the early solar system. This homogeneity
rules out the possibility of physical separation and sorting processes of isotopically
differentiated chondrules and CAls in the planetary accretion disk processes.

Magnesium isotopic composition of the Earth is mainly reported based on the upper
mantle (e.g., Teng et al., 2007, 2010a; Yang et al., 2009; Handler et al., 2009; Bourdon et al.,
2010; Pogge von Strandmann et al., 2011). However, there is still some uncertainty on the
Earth’s bulk composition because of the unknown composition of the lower mantle (Righter
and O'Brien, 2011). Pallasites that are from the mantle-core boundary of a planetary object can
provide insights into lower mantle composition of the planetary body. These meteorites have
similar Mg isotopic composition to those of the Earth (resulted from the upper mantle) and

chondrites. This similarity may indicate the similar Mg isotopic composition of the deeper
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interior portions of the Earth and the upper mantle, and further support the lack of Mg isotope

fractionation during the terrestrial planetary accretion.

G. Conclusion
The most comprehensive high precision Mg isotopic data are reported for achondrites
including meteorites from 7 different groups and pallasites. The main conclusions are

1. The 8**Mg values vary from -0.267 %o to -0.222 %o in winonaite-l1AB-iron silicate group,
from -0.369 %o to -0.292 %o in aubrites, from -0.269 %o to -0.159 %o in HEDs, from -0.299
%o t0 -0.209 %o in ureilites, from -0.307 %o to -0.294 %o in mesosiderites, and from -0.303
%o to -0.298 %o in pallasites.

2. There is a significant Mg isotopic variation among achondrite groups. Chemical and
isotopic data indicate that this variation is not caused by weathering at low temperature or
volatilization during the accretion processes and impact events.

3. The isotopic and chemical compositions of achondrites suggest that Mg isotopic variations
among chondrites are likely caused by mineralogical differences produced during the
magmatic differentiation of the parent bodies at different conditions.

4. 8®Mg values range from -0.318 %o to -0.183 %o in achondrites with the average §°°Mg
value of -0.260 + 0.046 %o, which is identical to those of chondrites (§°°Mg = -0.28 + 0.06
%o), the Earth (§°Mg = -0.25 + 0.07 %), and the Moon (8°°Mg = -0.259 + 0.162 %) (Teng
et al., 2010a; Sedaghatpour et al., 2012).

5. The identical chondritic Mg isotopic compositions of achondrites, the Earth, and the Moon
suggest homogeneous Mg isotopic distribution in the solar system and the lack of Mg

isotope fractionation during accretion disk processes.
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V. CONCLUSION

Over the past ten years, our understanding of Mg isotopic compositions of the Earth
and chondrites has improved dramatically due to the advent of multi-collector, inductively
coupled plasma mass spectrometer (MC-ICPMS). Although there have been an agreement on
the similar Mg isotopic compositions of the Earth and chondrites, little has been known about
the Mg isotopic compositions of the Moon and achondrites. The purpose of this dissertation is
to study the Mg isotopic composition of the Moon and achondrites, to investigate the
magnitude of Mg isotope fractionation during the magmatic differentiation under different
conditions, and to evaluate the extent of Mg isotopic heterogeneity in the solar system. The

main conclusions of this dissertation are:

1. High-precision Mg isotopic data with uncertainty <0.09 %o indicate the similar Mg isotopic
compositions among mare and highland regolith samples, mare breccias, and highland
melts. These samples are produced by surface processes such as solar wind, cosmic rays,
micrometeorite bombardments, meteorite impacts, etc., and they represent different
degrees of space weathering. Hence, their homogeneous Mg isotopic compositions suggest
the lack of Mg isotope fractionation during these surface processes.

2. The average 8°°Mg value of high-Ti basalts is lighter than low-Ti basalts. The Mg isotopic
variations between low- and high-Ti basalts most likely reflect Mg isotope fractionation
during lunar magmatic differentiation, producing different cumulate sources for these
basalts. The chemical and mineralogical data for low- and high-Ti basalts together with
their Mg isotopic compositions suggest that ilmenite with light Mg isotopic composition
and high abundance in high-Ti basalts lead to the lighter Mg isotopic composition of high-

Ti basalts.
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3. Using the lunar highland impact-melt rocks and regolith samples, we have estimated the
MgO-weighted average 5°°Mg value of the lunar crust, which is -0.243 + 0.065 %o. On the
basis of the estimated proportions of low- and high-Ti basalts and their average §*°Mg
values, the weighted average value of the lunar mantle is also estimated to be -0.261 +
0.149 %o. Magnesium isotopic composition of the bulk Moon is estimated by combining
the average 6°°Mg values of lunar crust and mantle based on their weight percentages in
the Moon. This weighted average is estimated to be -0.259 + 0.162 %o for 6°°Mg and -
0.128 £ 0.071 %o for 8°Mg.

4. High-precision Mg isotopic data with uncertainty <0.09 %o indicate the similar Mg isotopic
compositions within individual groups of achondrites with different parent bodies.
However, measurable Mg isotopic variation occurs among all different types of
achondrites, with §°®Mg ranging from -0.318 %o to -0.183 %o.

5. The similar Mg isotopic composition between some finds (unweathered) and falls
(weathered) achondrites indicates that enrichment of heavy Mg isotopes in some
achondrites during terrestrial weathering is unlikely.

6. Although Mg isotopes can be fractionated during the evaporation processes, 826Mg of
achondrites do not correlate significantly with Na/Al ratio as an index of moderately
volatile element depletion of the parent bodies. Therefore, Mg isotopic variations in these
meteorites were not produced by volatilization during planetary accretion and meteorite
impacts.

7. Magnesium isotopic variations among achondrites are likely caused by mineralogical
differences produced during magmatic differentiation of the parent bodies under different
conditions. The isotopic and chemical compositions of achondrites suggest that the slightly

heavy Mg isotopic compositions of some achondrites are likely resulted from higher
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abundance of clinopyroxene with slightly heavy Mg isotopic composition relative to
orthopyroxene and olivine.

. The Mg isotopic compositions of the Moon (§°°Mg = -0.259 + 0.162 %o) and achondrites
(8°Mg = -0.260 + 0.046 %o) estimated here are indistinguishable from those of the Earth
(Mg = -0.25 + 0.07 %o) and chondrites (§°°Mg = -0.28 + 0.06 %o). The identical Mg
isotopic compositions for these differentiated planetary bodies and chondrites suggest the
homogeneity of Mg isotopes in the solar system.

In contrast to Fe and Zn, Magnesium with volatility similar to Fe and lower than Zn has a
homogeneous isotopic distribution in the inner solar system. This homogeneity implies the
lack of Mg isotope fractionation by physical separation and sorting of the chondrules and
CAls in planetary accretion disk processes. In addition it suggests the negligible Mg
isotope fractionation by volatilization during the impact events such as the Moon-forming

giant impact.
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