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Introduction: Apollo 17 sample 78236 is a highly
shocked and nearly pristine Mg-suite norite [1]. Its
major element chemistry compared to other Mg-suite
samples places it near the Mg-rich end-member of the
suite, potentially representing the end of the lunar
magma ocean stage and the beginning of Mg-suite
magmatism [2], and thus providing important age constraints on the early evolution of the Moon. The sample originated from the station 8 boulder that is described as small, ~ 0.5 m in diameter, and glass covered and was collected from atop the lunar regolith in
the Sculptured Hills adjacent to the North Massif [3].
78236 is composed of ~50% orthopyroxene and about
~50% plagioclase and contains trace amounts of clinopyroxene, Si-rich glass, phosphate minerals, potassium
feldspar, baddelyite, zircon, troilite, ilmenorutile, ilmenite, chromite, and impact melt [4-5].
Methods: The glassy rind was removed from the
allocated ~1 g sample of Apollo 17 78326,28 and the
sample was gently crushed and separated into fractions
of plagioclase, pyroxene, plagioclase with oxide inclusions, pyroxene with oxide inclusions, and whole rock.
Trace element concentrations of representative grains
from the sample aliquots were obtained by laser ablation ICP-MS at the University of Houston in order to
calculate optimal spiking for Sm-Nd and Lu-Hf measurements. Samples of about 50 mg of each fraction
were weighed, spiked, and dissolved. In addition to
Sm-Nd and Lu-Hf, Gd was separated for investigating
the neutron fluence of this particular sample; for the
same purpose, unspiked whole rock was also analyzed.
Isotope data were measured on a Nu Plasma II MCICP-MS at the University of Houston. Data reduction
follows the methods outlined in [6-7].
Results & Modeling: The four mineral fractions
and whole rock give a thermal neutron fluence corrected Sm-Nd age of 4448±32 Ma and an initial
143
Nd/144Nd ratio of 0.507024±38 (Figure 1). The plagioclase, pyroxene, and pyroxene with oxide inclusions give an apparent Lu-Hf age of 4419±23 Ma and
an apparent initial 176Hf/177Hf ratio of 0.279777±17. A
significant anomaly in mass bias-corrected 180Hf of
about -1.8 ε units was observed for all samples, suggesting that the Hf isotopes are affected by thermal
neutron capture. The unspiked whole rock has a 178Hf
anomaly of +1 ε unit. Using 149Sm as a monitor for
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Figure 1: Five point Sm-Nd isochron, giving an age of
4448±32 Ma, and 143Nd/144NdI of 0.507024±0.000038.
thermal neutron fluence, following the equations of
[8], a model for the effect of thermal neutron capture
on the Lu-Hf isotope system was created [7]. As 176Lu
has a large thermal neutron capture cross section and,
contrary to Hf is a strong non-1/v nuclide, there are
significant temperature and parent-daughter ratio dependencies for thermal neutron capture in the Lu-Hf
system. Figure 2 shows the mass bias-corrected (i.e.
internally normalized to a 179Hf/177Hf = 0.7325) 178Hf
and 180Hf anomalies for the unspiked whole rock data
and modeled isotopic shifts based on the neutron flux
estimated from 149Sm. The exposure temperature of
78236 is not well known but it is apparent from the
model that the shifts in Hf isotopes follow the pattern
predicted by Sm. The measured 149Sm anomaly is
+29.4 ε units, however the neutron flux predicted from
this anomaly is too low to explain the observed Hf
isotope anomalies. Neutron fluxes predicted from isotope anomalies of Gd in 78236 (155Gd is +10.8 ε and
157
Gd is +48.2 ε units) underestimate the required neutron flux more than Sm even at the upper limits for
realistic Lunar surface temperatures.
Epithermal neutron capture will generate anomalies
in 180Hf that are about -7 times those of 178Hf, this is
not consistent with the observed pattern, and although
a small epithermal contribution cannot be ruled
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Figure 2: Stable Hf isotopic shifts for unspiked whole
rock with models of thermal neutron effects based on
the on shift in 149Sm for temperatures of 273 K & 20 K,
and a best-fit thermal neutron model for Hf in 78236.

Figure 3: Three point Lu-Hf isochron corrected for
thermal neutron fluence, giving an age of 4446±23
Ma, and a 176Hf/177HfI of 0.279692±0.000017.

out given the uncertainty in the data, the observed pattern is fully consistent with thermal neutron capture.
Neutron capture effects on Lu-Hf isochrons. Neutron capture will lead to a clock-wise rotation of the
Lu-Hf isochron [9,10] as the positive shift in 176Hf is
relatively higher for samples with low Lu/Hf ratios.
Higher Lu/Hf ratios have a greater relative input from
176
Lu into 177Hf and will keep the 179Hf/177Hf ratio
closer to normal and thus create a smaller shift in 176Hf
due to improper mass-bias correction. This results in
apparent Lu-Hf ages that are too young and initial
176
Hf/177Hf ratios that are too high. For Apollo 17 sample 78236,28 these corrections are significant. Using
the neutron flux estimated internally from the unspiked
Hf isotope data, the pyroxene with the highest
176
Lu/177Hf ratio has a correction on 176Hf/177Hf of 1.8±0.5 epsilon units, due to thermal neutron fluence,
for the pyroxene with oxide inclusions with intermediate 176Lu/177Hf ratio the correction on 176Hf/177Hf is 2.4±0.5 epsilon and for the plagioclase with the lowest
176
Lu/177Hf ratio the correction on 176Hf/177Hf is 2.8±0.5 epsilon. This results in a corrected three-point
isochron with an age of 4446±23 Ma and an initial
176
Hf/177Hf ratio of 0.279692±17 (Figure 3). This bring
the Sm-Nd and Lu-Hf ages of 78236,28 in complete
agreement and changes the initial 176Hf/177Hf by -3.0
epsilon units. The initial 176Hf/177Hf of 78326 is now
substantially sub-chondritic relative to [11] and only
+0.3±0.9 ε units higher than the Solar System initial
value of [12] suggesting that 78236 is derived from a
reservoir that has seen very early enrichment and was
not subjected to any irradiation events that may have
increased the chondritic 176Hf/177Hf value from Solar

System initial (e.g. [13]).
Conclusions: Apollo 17 sample 78236,28 give
neutron fluence corrected Sm-Nd and Lu-Hf ages of
4448±32 and 4446±23 Ma, these are older than some
Sm-Nd ages [2,14], but are in agreement with the SmNd age of [15] and the U-Pb age of [16], and are not
consistent with a young formation age of the Moon of
4360 Ma [17]. The Lu-Hf systematics of lunar surface
samples are significantly affected by thermal neutron
fluence. Using neutron dosimeters like 149Sm, 155Gd,
and 157Gd will result in an underestimation of the effective neutron flux affecting the Lu-Hf isotope system.
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