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Introduction: Martian meteorites were excavated 

from the Martian crust and launched by bolide impacts. 
Thereby, Martian meteorites experienced strong shock 
metamorphism, as evidenced by fractures, planar de-
formation features, maskelynitization of plagioclase, 
and shock melting. In addition, the shock-induced, 
high-pressure (P) phases of olivine, pyroxene, plagio-
clase, merrillite and quartz have been reported in iso-
lated occurrence in different Martian meteorites. These 
high-P phases are typically small (<10 µm) and were 
only observed in isolated occurrences in or near shock-
induced melts within the meteorites [1, 2]. These high-
P minerals and the chemical compositions have been 
used to estimate the dynamics of the impacting bolides 
and the size of the resulting craters on Mars [1-5]. 

Recently, we observed the unusual occurrences of 
all high-P minerals in Tissint, with large ringwoodite 
grains [1]. This has led us to re-examine several other 
shergottites. Here, we present observations of high-P 
phases in olivine-phyric shergottites Tissint and EET 
79001, and the lack of those phases in LAR 06319 
(olivine-phyric) and Y 984028 (lherzolitic). We further 
consider the implications of these observation on the 
impact processes on Mars.   

Methods: Samples include 8 polished sections of 
Tissint reported in [1], 2 sections of lithology A of 
EET 79001 (EET-A), 3 sections of LAR 06319, and 1 
section of Y 984028. Possible high-P minerals ob-
served with optical microscopy were further investigat-
ed using Raman spectroscopy with a JY Horiba 
LabRam HR (high resolution) 800 mm spectrometer, 
coupled with a 514 nm Argon-ion laser and a 100× 
objective. The laser beam was focused at the surface of 
the samples with an approximate diameter of 1-2 μm 
and ~5 mW laser power.  Compositions of these high-P 
minerals were determined with a Cameca SX100 elec-
tron microprobe.  

Results: In these four shergottite, all plagioclase 
has been converted to maskelynite, and shock-induced 
melt veins and pockets are common. 

Tissint. Tissint is a depleted, olivine-phyric sher-
gottite [6,7]. In sections made from a 10-g piece, we 
observed all previously reported high-P phases [1]. In 
particular, we noted a large grain of ringwoodite (75 x 
150 µm2) in a melt pocket, representing the largest size 
observed to date in Martian  meteorites.  Other high-P 

 
Fig. 1. A large tuite (γ-Ca3(PO4)2 structure) grain in 
melt vein in EET 79001, 524. The Raman spectrum of 
a smaller grain (spot 2, outside the field of view) is 
also shown.  The spectrum of a merrillite grain from 
another region of the sample is plotted for comparison. 

 
phases include smaller ringwoodite (up to 10 µm) in 
olivine rims, akimotoite (ilmenite structure of pyrox-
ene), vitrified Mg-Si-perovskite, tuite (γ-polymorph of 
merrillite), lingunite (Na-hollandite structure of plagio-
clase) + majorite (garnet-srtucture of pyroxene), 
stishovite (α-TiO2 structure of quartz), and glasses of 
pyroxene and plagioclase composition in melt pockets 
across this sample [1]. Allowing for the uncertainty in 
applying available static high-pressure data to Tissint, 
we derived a peak pressure of ~25 GPa and tempera-
ture of ~2000 °C, with localized shock reaching 40 
GPa and >>2000 °C [1]. 
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EET-A. In our sections, we identified ringwoodite, 
akimotoite, and tuite. This is the first identification of 
akimotoite and tuite in EET-A. Tuite is present as indi-
vidual grains in and near melt veins. One grain of 22 
µm by 70 µm inside a melt vein represents the largest 
grain observed to date in Martian meteorites (Fig. 1). 
The chemical formula of this grain from EMP analyses 
is Ca2.6Mg0.2Fe0.1Na0.1(P1.00O4)2. Akimotoite occurs as 
a 5 µm thick boundary layer between a melt vein and 
an orthopyroxene grain. The ringwoodite occurs as 5-
25 µm thick boundary layers between melt veins and 
olivines. To date, only one other study has reported 
sub-micron ringwoodite in a melt vein in EET 79001 
[8]. These high-P phases and the shock-induced melts 
suggest shock pressure up to ~23 GPa and temperature 
of up to 2000 °C.  

LAR 06319 and Y 984028. The shock-induced 
melting (veins and pockets) suggests a minimum tem-
perature of 1900 °C. However, among the four sections, 
we have not observed any high-P phases using Raman 
spectroscopy. Similar observations have been made for 
other Y 984028 sections by Hu et al. [9] and Ozawa et 
al. [10]. One explanation for the lack of high-P miner-
als is that the sample was cooled slowly at low-P after 
shock [11], thereby allowing re-equilibriation. Another 
possibility is that the grain size is small (<1 µm) and 
the abundance of these phases is low.   

Discussion: There is a limited region where P and 
T are favorable for high-P minerals to form and grow 
[11]. The pressure pulse (“impact duration”) from 
shock needs to be longer than the quench time for 
shock induced heating (Fig. 2). This duration is rough-
ly proportional to impactor and crater size [4].   

For Tissint and EET-A, the P-T-t condition may be 
similar to curve 1 and 2 in Fig. 2. For LAR 06319 and 
Y 984029, the lack of high-P minerals may indicate 
that the pressure pulse is sufficiently shorter than the 
quench time (similar to curve 3 in Fig. 2), perhaps a 
smaller impact or slower cooling. Previous studies 
have estimated the “impact duration”, using the size 
and chemical information of high-P minerals [4,12-14]. 
Using the interface-controlled growth rate for ring-
woodite [15], we obtained a growth rate of ~2 μm/s, 
which implies that ringwoodite (avg. 2 μm) grew in ~1 
s. Based on the pi-scaling relation of Melosh [16], the 
shock duration above indicates an impact crater size of 
~90 km. This method for EET-A ringwoodite produced 
an impact crater size of ~50 km.  

The cosmic-ray exposure (CRE) ages of Martian 
meteorites were used to date the time when these sam-
ples were launched from Mars. CRE ages of all Mar-
tian meteorites fall into 8 groups [17], which have been 
suggested to represent 8 impacts that formed 3-7 km 

 
Fig. 2. Schematic T-t (cooling) and P-t diagram of a 
shock-induced melt vein, adapted from [10]. 
 
diameter craters [18]. The CRE age of EET-A is 0.73 
±0.15 Ma [19], which is broadly similar to Tissint (0.7 
Ma [7], 1.1 Ma [20]). Most other olivine-phyric sher-
gottites have CRE age of ~1.1 Ma [16], except for 
LAR 06319 is ~3.3 Ma [21]. Y 984028 was source 
paried to Y 000027/47/97 and may have a similar CRE 
age (5 Ma [17]). These results concur with [4] that the 
younger CRE shergottites may be derived from differ-
ent portions of 1-2 larger impacts, one of which exca-
vated and launched Tissint.   

Owing to incomplete understanding of high-P 
mineral formation (kinetics) during shock, these esti-
mates have considerable room for uncertainties. We 
continue to pursue different methods in estimating 
shock durations versus different locations within a sin-
gle impact. 
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