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Introduction:  Baddeleyite (ZrO2), a common ac-

cessory mineral in igneous rocks with low silica activ-
ity, has been used extensively for U-Th-Pb geochro-
nology of terrestrial mafic rocks [1]. The potential of 
baddeleyite in martian meteorites to date igneous crys-
tallization, and thereby potentially address discrepan-
cies between Rb-Sr, Sm-Nd and Lu-Hf mineral sepa-
rate ages [2, 3] and Pb-Pb ages [3] was raised by [4]. 
The robustness of baddeleyite against Pb loss is the 
primary advantage of this mineral; whereas the U-Pb 
system may be disturbed [2], baddeleyite may preserve 
crystallization ages of a rock that has been thermally 
disturbed, e.g., due to impact shock. Niihara et al. [5, 
6] carried out shock-recovery experiments on 2060 Ma 
Phalaborwa baddeleyite and found no change in age, 
even at peak shock pressures of 57 GPa, demonstrating 
the apparent robustness of baddeleyite against shock. 

The largest challenge posed by baddeleyite in 
many basaltic planetary samples is small grain size, 
which requires large (kg) sample sizes to yield suffi-
cient numbers of grains for TIMS [7]. Baddeleyite 
grains in martian meteorites are typically < 1 to 30 μm 
in longest dimension [4]; often, the entire meteorite is 
kg-sized or less. Furthermore, Fe-Ti oxides typically 
enclose baddeleyite [4], making mineral separation 
nearly impossible [7]. As such, the most promising 
methods for U-Pb dating of baddeleyite in martian 
meteorites involve high spatial resolution and high 
sensitivity for U and Pb isotopes.  

To date, in situ U-Pb ages of baddeleyite in mete-
oritic samples are limited to results from LA-MC-ICP-
MS [4] and secondary ion mass spectrometry (SIMS) 
using the SHRIMP II instrument [8]. Herd et al [4] 
obtained LA-MC-ICP-MS 206Pb/238U ages of 70 ± 35 
Ma for Zagami (Dark Mottled Lithology) and 171 ± 29 
Ma for Northwest Africa (NWA) 3171.  Subsequently, 
two additional laser spots on the same grain in NWA 
3171 yielded a 206Pb/238U age of 96 ± 26 Ma [9]. 
Ozawa et al. [8] analyzed baddeleyite grains in Sher-
gotty, Zagami and the NWA 2737 chassignite. They 
report clusters of ages of 230, 400 and 3000 Ma for 
Shergotty (Zagami ages were unconstrained).  It has 
been shown that U-Pb ages obtained by SHRIMP II 
SIMS are variable by up to 10% due to crystal orienta-
tion effects [10], limiting application primarily to Pre-
cambrian rocks [7]. In evidence is the relatively pre-
cise 1640 ± 70 Ma age reported by [8] for NWA 2737.  

Here we present the results of Transmission Elec-
tron Microscope (TEM) and Scanning Electron Micro-
scope Cathodoluminescence (SEM-CL) analysis of 
baddeleyite in the NWA 3171 shergottite, in order to 
provide insights into its petrogenesis and the effects of 
shock metamorphism. We demonstrate that the badde-
leyite retains its low-pressure crystal structure in spite 
of having been subjected to peak shock pressures of 
30-35 GPa, and that the baddeleyite is not metamict. 

Methods: A petrographic thin section of NWA 
3171 was used in this study. Peak shock pressure was 
estimated from petrographic features.  Epoxy-mounted 
grains of Phalaborwa baddeleyite were also studied.  

FIB and TEM. Focussed Ion Beam (FIB) is the 
most advanced tool in sample preparation for TEM 
[11-13].  A ~ 3 x 5 µm baddeleyite grain located near a 
shock melt vein was extracted from the NWA 3171 
thin section using a planview liftout technique [13] at 
CANMET-MTL, as shown in Figure 1.  A 15 x 15 µm 
area (Fig. 1b) was cut free in FIB using the primary 
ion beam, lifted out using a micro-manipulator and 
mounted onto a TEM grid (Fig. 1c) for final FIB thin-
ning to TEM transparency. The FIB thinned sample 
was imaged (Fig. 1d) showing one-to-one correlation 
with the target area (Fig. 1a). The TEM sample was 
then analyzed using a Philips CM20 FEG TEM. 

Cathodoluminescence. Baddeleyite grains were 
imaged using a Zeiss EVO SEM equipped with a Ga-
tan ChromaCL system with a spectral response of 300-
880 nm, with a peak at 420 nm.  A total of 5 grains in 
NWA 3171 and the Phalaborwa baddeleyite sample 
were imaged. 

Results:  NWA 3171 is an unbrecciated meteorite 
that records petrographic evidence of relatively strong 
shock. We estimate the equilibration shock pressure of 
NWA 3171 based on observations of plagioclase 
(complete transformation to maskelynite), pyroxene 
(irregular and planar fractures/mosaicism) and the 
presence of shock melts, heterogeneously distributed 
throughout the host rock as veins and pockets. These 
petrographicaly observable features, when compared 
to the existing shock-recovery database compiled by 
[14], indicate a shock pressure of ~30–35 GPa. This 
corresponds to a post-shock temperature increase of 
250–350 oC [14], or 200 oC based on the calculations 
of [15]. A shock pressure of 30–35 GPa for NWA 
3171 falls within the range of other basaltic shergot-
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tites (Zagami, Shergotty and EET79001 lithology B) 
but is less than that recorded in Los Angeles, QUE 
94201, and the lherzolitic and olivine-phyric shergot-
tites (with the exception of Y-980459; [15]). 

Selected area electron diffraction patterns obtained 
by TEM on the FIB extracted baddeleyite demonstrate 
monoclinic symmetry. However, the grain has a nm-
scale microstructure indicative of recrystallization. 
SEM-CL results show moderately bright blue CL in all 
imaged baddeleyite grains in NWA 3171. In contrast, 
Phalaborwa baddeleyite shows no or very dull CL. 

Discussion: Baddeleyite in NWA 3171, as in other 
martian meteorites, is the result of crystallization of 
late-stage melt [4]. We see no evidence to suggest that 
any of the grains are the result of the decomposition of 
zircon, as suggested by [16]. Decomposition of zircon 
during impact shock metamorphism is restricted to 
conditions involving peak shock pressures of > 60 GPa 
and post-shock temperatures > 1600 °C [17], condi-
tions not experienced by NWA 3171.  

The P-T phase diagram for ZrO2 [18] shows that 
baddeleyite is monoclinic under igneous crystallization 
conditions (T < 1000 °C, P < 4 GPa). Phase transfor-
mations occur at ~4 GPa (mon  orth I); at ~14 GPa 
(orth I  orth II) and at ~600 °C between 3 and 14 
GPa (orth I  tet). Our TEM results show that the 
baddeleyite is monoclinic and consists of micron-scale 
subdomains. We see no evidence for preserved high-
pressure polymorphs in the subdomains, although 
more detailed TEM work is forthcoming. It is unlikely 
that high-P polymorphs were stabilized in the short 
duration of peak shock P and T.  Post-shock tempera-
ture did not reach the orth I  tet transition. Our ob-
servations are consistent with those of [6] which dem-
onstrate via Raman analysis that shock metamorphism 
does not result in polymorphic phase transformations.   

The blue CL observed in NWA 3171 baddeleyite is 
likely caused by crystal defects and/or REE impurities, 
by analogy with zircon [19].  Studies of zircon show 
that CL intensity correlates with crystallinity; radiation 
damage (metamictization) drastically reduces CL [19]. 
The low CL of Phalaborwa baddeleyite may indicate 
that it is metamict, and if so, the shock experiments of 
[5, 6] likely caused recrystallization, annealing and 
restoration of the CL. The use of baddeleyite CL as a 
peak shock pressure estimation tool may therefore be 
limited, only applicable to grains that were initially 
metamict. However, baddeleyite CL would be ex-
pected to vary in martian meteorites depending on 
peak shock pressure, age and U concentration; we 
would expect baddeleyite in the ~1.3 Ga Nakhlites, for 
example, to have weaker CL due to metamictization 
and low shock metamorphism. Baddeleyite CL may be 

used as an initial indicator of age or shock pressure, in 
combination with other observations. 

Our results show that baddeleyite in NWA 3171 is 
not metamict, is monoclinic, and has undergone nano-
scale recrystallization. Given previous studies of the 
effects of shock on baddeleyite U-Pb ages [5, 6], 
petrographic evidence [4], and the short duration of 
shock metamorphism [e.g., 14, 15] which likely pre-
cludes quenchable phase transformations, we conclude 
that baddeleyite should be a reliable geochronological 
tool for determining ages of martian meteorites. A 
newly developed technique for accurately dating 
baddeleyite in < 500 Ma rocks by Cameca SIMS U-Pb 
analysis [7] shows significant promise in this regard.   
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Figure 1. FIB planview liftout (a) area of interest identified, 
(b) FIB W deposit to protect the area of interest, (c) area of 
interest cut-free, lifted out and mounted onto TEM grid, (d) 
FIB image of the TEM foil showing the baddeleyite grain. 
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