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Introduction:  Baddeleyite (monoclinic zirconia, 

m-ZrO2) is a late-stage accessory mineral in some 

planetary basalts [1] and is a robust U-Pb 

geochronometer for determining the crystallization 

ages of shergottites (martian basaltic meteorites) [e.g., 

2,3,4]. Secondary ion mass spectrometry (SIMS) U-Pb 

chronology of baddeleyite in enriched shergottites has 

yielded ages in strong agreement with ages obtained 

from other isotopic systems (e.g., Rb-Sr, Sm-Nd, Lu-

Hf), demonstrating formation during the late 

Amazonian [2,3,4]. Baddeleyite in shergottites 

displays highly variable microstructures in response to 

locally heterogeneous shock metamorphism; these 

include preserved magmatic twinning, crystal-plastic 

deformation (CPD), as well as transformation to high-

P orthorhombic zirconia polymorphs (o-ZrO2; >3.3 

GPa [5]) and subsequent reversion [4,6]. While 

resolvable Pb loss is observed in some baddeleyite 

grains in the highly shocked basaltic shergottite 

Northwest Africa (NWA) 5298 [3,6], examination of 

three less shocked shergottites revealed no correlation 

between baddeleyite microstructures and U-Pb isotope 

systematics [4]. However, these observations remain to 

be tested with shergottites showing shock features 

intermediate between those in NWA 5298 and those 

reported in [4]. In this study, we use electron 

backscatter diffraction (EBSD) and SIMS to 

investigate three basaltic shergottites which span a 

range of bulk shock pressure greater than those 

reported in [4], with the objective of further 

constraining how U-Pb isotope systematics in 

baddeleyite respond to shock. 

Samples and Methods: Jiddat al Harasis (JaH) 

479, NWA 10299, and NWA 12919 are enriched 

basaltic shergottites. JaH 479 and NWA 10299 exhibit 

coarse-grained subophitic texture, while NWA 12919 

is medium-grained. Pyroxene is zoned, with magnesian 

cores and progressively ferroan rims. Accessory phases 

include titanomagnetite, ilmenite, merrillite, 

chlorapatite, Fe sulfides, fayalitic olivine, silica glass, 

and baddeleyite [7]. Shock features include planar 

fractures, mosaicism, and mechanical twins in 

pyroxene, as well as localized shock melt veins and 

pockets. While former igneous plagioclase in JaH 479 

and NWA 12919 has completely transformed into 

maskelynite, in NWA 10299 it has locally been shock-

melted into a vesiculated glass, suggesting NWA 

10299 has undergone higher bulk shock pressures (45-

55 GPa) compared to the other two samples (up to ~45 

GPa) [7]. Vesicular plagioclase melt has also been 

reported in NWA 5298 [6].  

EBSD analyses were conducted on baddeleyite 

targets identified and characterized in [7], using a Zeiss 

EVO MA10 LaB6 SEM with an Oxford Instruments 

Symmetry S2 detector at the University of Portsmouth. 

Samples were analyzed uncoated at 20 kV and 1.5–2 

nA, with step sizes of 30–80 nm. SIMS analyses were 

conducted using a Cameca IMS-1280 ion microprobe 

at Heidelberg University following methods outlined 

in [8], with a 0.5 nA primary O2
- beam focused to ~5 

μm and secondary ions extracted at 10 kV. 

 

Fig. 1: Group 1 example; NWA 10299 baddeleyite 

018. Degraded crystallinity with preservation of a 

single orientation across majority of grain surface, 

interpreted as primary magmatic baddeleyite. 

EBSD Microstructures:  Baddeleyite micro-

structures in JaH 479, NWA 10299, and NWA 12919 

are comparable to those previously reported in NWA 

7257, NWA 8679, and Zagami [4]. Based on EBSD 

characteristics, these grains are broadly divided into 

four groups: 1) single orientation or orientations 

consistent with known magmatic twin relationships, 

typically with high band contrast (BC) values 

signifying good crystallinity across the majority of the 

grain, as well as CPD (up to 12° cumulative 

misorientation; Fig. 1), 2) resembling Group 1 but 

containing subgrains related by orthogonal orientation 

relationships (ORs), 3) low BC values across the 

majority of the grain, yielding localized areas of simple 

orientations or orthogonal ORs, or complete lack 
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thereof, and 4) high BC values across the majority of 

the grain, with granular subdomains related by 

orthogonal ORs (Fig. 2). Following [4,6] we interpret 

that Groups 2, 3, and 4 reflect transformation to o-ZrO2 

and subsequent reversion to m-ZrO2 under varying 

conditions. Group 2 grains underwent partial 

transformation, whereas Groups 3 and 4 grains 

underwent complete to near-complete transformation; 

the poor crystallinity of Group 3 grains are analogous 

to previously described quasi-amorphous micro-

structures [4,6], suggesting that post-shock 

temperatures were insufficient for the nucleation of 

m-ZrO2 at scales large enough to be detected at the 

EBSD interaction volume (a few 10’s of nm in this 

study). In contrast, Groups 2 and 4 grains reverted 

under sufficient temperature gradient to form 

submicron- to micron-scale subgrains with orthogonal 

ORs. 

 

Fig. 2: Group 4 example; JaH 479 baddeleyite F38. 

Strongly diffracting subgrains with orthogonal 

orientation relationships (ORs). 

Group 3 grains comprise the vast majority of 

baddeleyite surveyed in NWA 10299 (17 out of 18) 

and NWA 12919 (28 out of 29), with Group 1 as the 

only other present microstructure type. In JaH 479 

(n=23), roughly half of the baddeleyite grains are 

Group 3 (n=11), followed by Group 1 (n=4), Group 2 

(n=3), and Group 4 (n=2); three grains contain both 

Group 3 and Group 1 or 4 microstructures. The 

prevalence of Group 3 grains in NWA 10299 and 

NWA 12919 indicates lower bulk post-shock 

temperatures that suppressed significant nucleation of 

reverted m-ZrO2. In comparison, the more variable 

degrees of transformation to o-ZrO2 in JaH 479 suggest 

lower shock pressures which allowed more 

preservation of magmatic crystal orientations. 

U–Pb Geochronology: Twenty-three in-situ U-Pb 

SIMS baddeleyite measurements were taken in NWA 

10299 (n=14) and NWA 12919 (n=9), representing 

only Group 3 grains. As the baddeleyite grains are 

cogenetic, the discordia defined by uncorrected U-Pb 

isotopic ratios in Tera-Wasserburg plot represents 

mixing between radiogenic and unradiogenic (U/Pb=0) 

reservoirs. The upper and lower intercepts of the 

regressed discordia yield the common Pb 207Pb/206Pb 

isotopic composition and the 238U-206Pb crystallization 

age of the sample, respectively. SIMS U-Pb results 

yield discordia lower intercept ages of 196±11 Ma 

(95% confidence; MSWD 5.5) for NWA 10299 and 

188±11 Ma (95% confidence; MSWD 1.5) for NWA 

12919. The two new crystallization ages are consistent 

with the range of enriched shergottites (220–157 Ma), 

further demonstrating that enriched shergottites tend 

towards the younger end of the spectrum of known 

shergottite ages. All baddeleyite grains selected for 

SIMS analysis exhibit Group 3 microstructures, 

precluding a direct assessment of U-Pb isotope 

systematics across different microstructural groups. 

The discordia regressions for NWA 10299 and NWA 

12919 are well-defined, suggesting that U-Pb isotope 

systematics in these grains were not significantly 

disturbed by transformation to o-ZrO2 and subsequent 

reversion. This may have been caused by 

transformation and reversion occurring at low post-

shock temperatures such that the diffusion of Pb 

isotopes across grain boundaries was negligible. 

Conclusions: EBSD analysis of JaH 479, NWA 

10299, and NWA 12919 reveals a range of baddeleyite 

microstructures which reflect the heterogeneous 

distribution of post-shock temperature conditions. 

While a small population of grains preserves magmatic 

crystal orientations, most record partial to complete 

transformation to high-P o-ZrO2 polymorphs. 

Subsequent reversion to m-ZrO2 yielded subgrains 

ranging from <10’s of nm to the micron-scale; 

orthogonal ORs in subgrains detectable by EBSD 

attests to this phase heritage. SIMS analysis of Group 3 

grains in NWA 10299 and NWA 12919 yields 

crystallization ages consistent with enriched 

shergottites; we find no evidence of significant 

disturbance to the U-Pb isotope systematics in these 

shocked baddeleyite grains. Results from our study 

demonstrate that microstructurally constrained in-situ 

SIMS U-Pb baddeleyite analysis is a robust tool for 

determining magmatic crystallization ages in shocked 

shergottites. 
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