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A B S T R A C T   

The effects of collisions on the evolution of asteroids, ranging from local fracturing to brecciation or even to 
catastrophic disruption, depend primarily on the encounter velocities. Here we present a refined view of the 
mineralogy and texture of the recent fall Viñales, an L6 ordinary chondrite meteorite. It preserves features that 
require at least one energetic impact, including numerous shock melt veins of variable thickness. We report the 
identification of two high-pressure phases, majorite and albitic jadeite, limited to just one of these shock melt 
veins. Viñales is a moderately shocked sample, shock stage S4, that experienced a complex and spatially variable 
pressure-temperature-time history with a low (but non-zero) probability of preservation of high-pressure phases.   

1. Introduction 

Some ordinary chondrites contain high-pressure (HP) minerals and 
other impact-related features, such as shock melt veins (MVs) and melt 
pockets, that yield constraints on shock conditions and hence parame
ters such as the sizes of colliding bodies and their encounter velocity. 
The L-chondrites, in particular, commonly record a major shock event 
ca. 470 Ma ago that is thought to be associated with disruption of the 
parent body (Bogard et al., 1976; Heymann, 1967; Schmitz et al., 2001; 
Korochantseva et al., 2007; Yin et al., 2014). The presence of HP min
erals formed in shock melt veins may suggest specific pressure and 
temperature conditions of formation at some time after the achievement 
of conditions sufficient to induce melting. Known HP phases in ordinary 
chondrites include dense forms of silicates (ringwoodite and wadsleyite 
with olivine composition; akimotoite, majorite, and bridgmanite with 
pyroxene composition; lingunite and albitic jadeite with feldspar 
composition), oxides (monoxides such as stishovite, mixed oxides such 
as xieite), metals, sulphides, phosphates (e.g., tuite) and carbon (e.g., 
impact diamonds) (Binns et al., 1969; Chao et al., 1962; Chen et al., 
2003; James, 1969; Liu, 1978; Mason et al., 1968; Ma et al., 2022; Putnis 
and Price, 1979; Sazonova et al., 2006; Sharp et al., 1997; Tschauner 

et al., 2014; Xie et al., 2002). 
Here, we report our observations on samples of the Viñales L6 or

dinary chondrite, an observed fall from February 1st 2019. Hundreds of 
stones of variable size and weight, >100 kg in total, were recovered 
shortly after the fall in the province of Pinar del Rio, Cuba. A number of 
specimens show more or less abundant MVs cross-cutting the ground
mass, but no verifiable occurrence of any HP mineral in Viñales has so 
far been reported in the literature, leading to propose a shock stage S3 
(Gattacceca et al., 2020) or partly S4 (Yin and Dai, 2021). 

Our study includes new textural, compositional, micro-Raman 
spectroscopy, and electron back-scatter diffraction (EBSD) data for the 
Viñales meteorite. We have so far identified – through careful study of 
fifteen shock-melt areas – one region in a single MV that hosts the HP 
phases majorite and albitic jadeite. From the HP minerals present and 
their textural association with melt veins, we infer constraints on the 
pressure-temperature conditions experienced by Viñales during impact. 
Our findings contribute to the record of physical conditions of impacts 
recorded by the L-chondrites in general. 
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2. Material and analytical methods 

2.1. Material 

One polished mount (VIN19), prepared from a sample of the Viñales 
meteorite obtained from a private collection, was investigated for shock 
indicators with special attention to the MVs. Fifteen distinct areas 
located in nine MVs were analyzed for their texture and mineral 
chemistry (Fig. 1). Several regions were studied with spatially correlated 
micro-Raman spectroscopy and electron microscopy; one site, so far, has 
been identified as a host for two HP phases in this meteorite (Fig. 1B). 
Additionally, two polished thin sections (NHMW-O1166 and NHMW- 
O1192) from the Natural History Museum Vienna were investigated 
by optical microscopy for the key petrographic features used in shock 
stage classification schemes (see Fritz et al., 2017; Stöffler et al., 1991, 
2018). Furthermore, we inspected the remnant of the meteorite chip 
from which one thin section (NHMW-O1166) was cut (Fig. 1A). 

2.2. Analytical methods 

We used transmitted and reflected light microscopy to characterize 
color, texture, and likely mineralogy of the different phases large 
enough to be resolved optically. Furthermore, optical microscopy was 
used to evaluate the bulk-rock deformation features associated with the 
shock stage experienced by the meteorite. Whole high-resolution thin 
sections scans were obtained using a uScopeGX-10 digital microscope 
scanner from Microscopes International at the Natural History Museum 
Vienna (Austria). Field-emission scanning electron microscopy used a 
JEOL JSM-IT300LV at the University of Münster, Germany, and a Zeiss 
1550VP at California Institute of Technology (Caltech), USA, equipped 
with EBSD for determination of crystal structure. Mineral chemistry was 
determined with electron probe microanalyzers (EPMA), a JEOL JXA 
8900 at Agricultural University of Athens, Greece, and a JEOL JXA 
8530F at University of Münster. We also used a Renishaw InVia Confocal 
Raman microscope at the Mineral Spectroscopy Laboratory at Caltech. 
The 514 nm laser was set to <2 mW power to avoid laser damage. Each 
spectrum in the map was collected for 5 s with a 3000 line/mm 
diffraction grating, spanning Raman shifts of 200–1100 cm−1. 

3. Results 

The meteorite chip is 3–5 mm thick and we were able to trace many 
of the complex melt veins around the edge and the back side of the rock. 
This suggests that the melt veins are tabular in shape and that they 
intersect the plane of section at a high angle, such that the observed 
width of the melt veins on the plane of the section is close to the true 
thickness of the veins. 

3.1. Petrography of groundmass 

The Viñales meteorite shows a light-colored interior, typical of an L6 
ordinary chondrite, surrounded by a thin, dark fusion crust and cut by a 
network of dark veins (Fig. 1A). Most chondrules are poorly defined and 
a few delineated ones show a wide variety of textures, including 
porphyritic olivine-pyroxene, porphyritic olivine, and barred olivine. 
The average chondrule size is in the range of ~0.9–1.1 mm (Figs. 1, S1, 
S2). Abundant irregular or planar fractures are found in olivine and 
pyroxene, with less common fracturing of plagioclase (Figs. 2, 3). 

3.1.1. Olivine 
Olivine (Fo75.1–75.6) is the predominant mineral in the groundmass of 

Viñales. It exhibits various deformation-related features such as irreg
ular fractures, planar fractures, undulatory extinction, and mosaicism 
(Figs. 2, 3). Planar microstructures, interpreted as planar deformation 
features are present, but rare, in both polished thin sections (Figs. 2E, 
3B). The density of these shock-related features in olivine varies 

considerably in the two thin sections studied. Olivine has variable 
crystal sizes in the range of 100–600 μm. 

3.1.2. Pyroxene 
Pyroxene (En77.7–78.0Fs20.2–21.2Wo1.1–1.8) shows both planar and 

irregular fractures and moderate degrees of mosaicism (Figs. 2, 3). 

3.1.3. Plagioclase 
In transmitted light, the plagioclase in Viñales is always anisotropic; 

we have not identified diaplectic glass in either thin section. Undulatory 
extinction of plagioclase is common in the MV-bearing thin section 
NHMW-O1166 (Fig. 2H) but rare in section NHMW-O1192 (Fig. 3F). 
The plagioclase in Viñales has a composition of 
Ab88.2–89.7An8.0–9.8Or1.8–2.3. 

3.2. Melt veins 

Numerous dark MVs cross-cut the light-colored lithology of our 
samples, commonly associated with L6 type. The investigated polished 
mount (VIN19) shows at least nine subparallel MVs, ranging from 50 up 
to 600 μm in thickness on the section surface, as well as a few thinner 
(≤40 μm thick) veins at an angle to the main ones. At this stage it is 
unclear whether they are the product of a single or multiple impacts. The 
MVs contain equigranular to anhedral silicate mineral grains, host-rock 
clasts, plus small (1–3 μm wide) rounded blebs of Fe–Ni metal and 
troilite as the main components. In a few cases, elongated oxides 
(chromite) occur near the edges of the MVs. 

Although no HP minerals have previously been reported in the 
Viñales meteorite, we observed and characterized two HP minerals in 
VIN19: majoritic garnet and albitic jadeite (Fig. 4). A Raman spectrum, 
obtained from a grain (~2–3 μm in diameter) located within MV1-3b 
displays the characteristic major peak at ~925 cm−1 and minor peak 
at ~583 cm−1 reported from both synthetic and natural majorite 
(Fig. 5A). The EBSD pattern collected from the same point can be 
indexed only with the garnet structure (Fig. 5B). The EPMA composi
tions of five grains in this area, with these Raman and EBSD charac
teristics, show nearly end-member majorite composition, 
Ca0.15Mg2.96Fe0.55Al0.41Si3.87O12. 

Within a Na-rich melt pool adjacent to the majorite-bearing melt 
vein, we also identified small crystals, <1–2 μm in diameter, with 
irregular shape, as albitic jadeite. The EPMA analysis yields the empir
ical formula (Na0.52Ca0.06Mg0.04K0.01□0.37)M2(Al0.75Si0.26)M1Si2O6, with 
Ca# [100 × Ca/(Ca + Na)] of 10.2. The M2 vacancy and excess Si on M1 
show that this is albitic jadeite (Baziotis et al., 2022b; Ma et al., 2020, 
2022). The Raman spectrum is similar to other reported instances of 
albitic jadeite (Baziotis et al., 2022b), with distinct peaks at ~700, 375, 
and 381 cm−1 (Fig. 6). Unfortunately, the [Si2O6]4− vibration region, a 
doublet at ~988 and ~ 1034 cm−1 in stoichiometric jadeite that merges 
into a single broad peak in albitic jadeite, was not observed here. No 
EBSD signal could be obtained from this beam-sensitive material. 

4. Discussion 

4.1. Shock conditions and garnet barometry 

The presence of HP mineral phases in MVs constrains the shock 
conditions of the Viñales meteorite. If a part of the melt veins reached 
peak temperatures above the liquidus of the matrix material and 
maintained that state long enough to reach complete melting, then the 
MV would have evolved according to the liquidus relations of a cooling 
chondritic liquid. The texture of the MV hosting the majoritic garnet 
suggests crystallization from a liquid, indicated by the equigranular 
crystal shape and 120ο triple junctions (Fig. 4F). As such, the measured 
composition of majorite indicates likely crystallization conditions of 
17–20 GPa and 1800–2100 ◦C (Tomioka et al., 2016). True jadeite, 
present in some meteorites (Miyahara et al., 2013; Ohtani et al., 2017), 
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Fig. 1. (А) Macrophotograph of a large thin slice of Viñales (NHMW-O2400) showing a complex network of shock melt veins. (В) Back-scattered electron mosaic of 
Viñales from the polished mount (VIN19) showing the nine shock MVs examined by Raman spectroscopy. Site MV1-3b (upper left corner) contains the two HP phases 
reported in this study. 
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Fig. 2. Optical features of Viñales thin section NHMW-O1166: (A) one set of planar fractures in olivine (PPL); (B) moderate to strong mosaicism in olivine (XPL); (C) 
three sets of planar fractures in olivine (PPL); (D) weak mosaicism in olivine (XPL); (E) planar fractures (2 sets) and planar microstructures (also 2 sets; possible 
planar deformation features) in olivine (PPL); (F) pyroxene with irregular and planar fractures (PPL); (G) pyroxene at extinction to show mosaicism (XPL); (H) 
plagioclase undulatory extinction (XPL). See Fig. S1 for image positions. PPL = plane-polarized transmitted light. XPL = cross-polarized transmitted light. 
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can yield a pressure-temperature constraint given the known stability 
field of NaAlSi2O6 jadeite. The Raman spectra and composition from the 
Na-rich fine-grained region in MV3-1b of Viñales indicate a jadeite-like 
pyroxene, but the non-stoichiometric composition currently precludes 
the use of the jadeite stability field as a pressure-temperature constraint 
(Baziotis et al., 2022b). To date there are no experimental data on 
synthesis or recovery of albitic jadeite. Inferences from assemblages of 
HP minerals that have been found to coexist with albitic jadeite suggest 
that it probably forms at 18–22 GPa (Ma et al., 2022), as implied here by 
the coexistence with near end-member majorite. This range is consistent 
with the absence of lingunite in Viñales, which suggests maximum 
pressure < 21 GPa, the threshold for formation of lingunite (Gasparik, 
1989; Liu and El Goresy, 2007). 

The sensitivity of majorite composition to pressure has been cali
brated by Collerson et al. (2010) and Wijbrans et al. (2016). In partic
ular, Collerson et al. (2010) expressed the pressure estimate for majoritic 

garnet by: 

P (GPa) = 5.78 + 18.23 × XCatMj, (1)  

where XCatMj represents the average value of two estimates of the 
majorite cation fraction, XCatMj(1) = IV,VI(Si + Ti) - 3 + VIIINa and 
XCatMj(2) = [1–0.5 × VI(Al + Cr)] + VIIIM2+

A . The EPMA analysis of 
Viñales majorite, converted to cation mole fractions on the crystallo
graphic sites, give pressure of 21.0 ± 0.3 GPa. Although Wijbrans et al. 
(2016) proposed two empirical barometers for majoritic garnet in 
peridotitic and eclogitic compositions, the peridotite calibration does 
not extend above 3.3 Si atoms per formula unit and the eclogitic cali
bration is based on majorite with very different chemistry from that in 
Viñales. The pressure estimate from the Collerson et al. (2010) cali
bration is in good agreement with the peak shock pressure inferred from 
static experiments on the liquidus field of majorite in chondritic melt 

Fig. 3. Optical features of Viñales thin section NHMW-O1192: (A) olivine crystal with irregular fractures and one set of planar microstructures (possible planar 
deformation features; not visible on this overview microphotograph, but enlarged in B) (XPL); (B) enlarged view of the planar microstructures (PPL); (C) one set of 
planar fractures in an olivine crystal that exhibits undulatory extinction (PPL); (D) large pyroxene with irregular and planar fractures and undulatory extinction 
(XPL); (E) pyroxene with mosaicism, rare in this section; (F) typical birefringent plagioclase with undulatory extinction. See Fig. S2 for image positions. 
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compositions. 

4.2. Thermal history and preservation of HP phases 

Recovery of high-pressure phases in shock melt veins generally re
quires that a local high temperature region, driven above its liquidus 
presumably by shock collapse of porosity or by shear localization, cools 
by loss of heat to adjacent regions while still at elevated pressure. In the 
early stages after the passage of a shock front, the melt flows turbulently 
and heat transport is dominated by advection. However, this turbulence 
dissipates quickly and most of the subsequent cooling path can be 
approximated (or at least bounded) by a conductive model that gives an 
upper bound to cooling time. Two-dimensional Finite Element Heat 
Transfer (FEHT) modeling (Klein et al., 2003) was applied to estimate 
the maximum lifetime of selected shock melt veins in Viñales, focusing 
on the vein where majorite and albitic jadeite were found. Key param
eters of the model include the thickness of the vein and the thermal 
diffusivity of the meteorite matrix. We obtained densely sampled mea
surements of vein thickness in order to develop a robust estimate of the 

typical width; several veins yielded clusters of width measurements near 
20 μm, whereas MV3 also has several segments close to 200 μm wide. 
Hence, we modeled the evolution of both 20 and 200 μm thick melt 
veins. The initial density of Viñales, based on relative mineral modes, is 
estimated at 3.240 g cm−3 and a typical ordinary chondrite Hugoniot 
then indicates that the density at 16 GPa is about 3.653 g cm−3 (Walsh 
and Christian, 1955; Stöffler et al., 1988; Ahrens and Johnson, 1995a, 
1995b). We considered values of thermal conductivity of 3, 5, and 10 W 
× m−1 × K−1; the lowest value yields the longest quench time (Xie et al., 
2006). The specific heat capacities of both matrix and melt were set at 
846 J × kg−1 × K−1 (Turcotte and Schubert, 2014). The initial tem
perature of the matrix was set at 27 ◦C, whereas the shock melt was set at 
2300 ◦C. The temperature relaxation was then calculated as a function of 
time and distance in a two-sided slab geometry. 

In a 20 μm wide vein, the outermost 3 μm begins crystallizing 
(<2000 ◦C) almost instantaneously after the melting, the outer 6 μm on 
both sides begins crystallizing within 30 μs, and the center of the vein 
crystallizes within 40 μs. Thus, veins of such a thickness were probably 
fully crystallized while still under high pressure. In a 200 μm wide vein, 

Fig. 4. (A) Site MV1-3a, hosting only low-pressure phases, enlarged in (C) and (D). (B) Site MV3-1b, hosting the HP phases, enlarged in (E) and (F). (C) A heart- 
shaped composite clast in site MV1-3a. (D) Enlarged area of (C) showing likely albitic jadeite. (E) The locations of Raman acquisitions indicating HP phases 
majorite (#01) and albitic jadeite (#06, #10). (F) Enlarged area of (E), showing a clast consisting of irregular, fine-grained crystals of albitic jadeite. The nearby 
matrix of the MV consists of equigranular dark majorite with brighter Fe-rich rim. 
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models show that the outermost 30 μm zones on both sides of the vein 
would start to crystallize within 500 μs, the outermost 60 μm zones on 
both sides begin crystallizing in 1 ms, and the center of the vein would 
start crystallizing within 2 ms after melting. Translating these times into 
impactor sizes introduces additional uncertainty, but impacts between 
chondritic bodies that achieve pressures of 16 GPa at the center of 
impact site involve encounter velocities of at least ~1.5 km s−1. A two- 
way travel-time criterion for shock release implies minimum object sizes 
of 1 to 6 m to achieve preservation of albitic jadeite and majoritic garnet 
in 20 to 200 μm wide shock melt veins. As such, our results are consistent 
with the recent study of Ciocco et al. (2022) that L chondrites may have 

either (1) separated from the parent body before its catastrophic 
disruption and been shocked by secondary impacts among smaller ob
jects or (2) originated from various depths in the parent body that 
experienced a range of shock time scales. 

4.3. Shock stage classification 

Several systems of criteria have been used in the last few decades to 
define shock stages and for ordinary chondrites the pressures marking 
the boundaries between stages (Stöffler et al., 1991; Chen et al., 1996; 
Sharp and DeCarli, 2006; Stöffler and Grieve, 2007; Fritz et al., 2017; 

Fig. 5. (A) Selected Raman spectrum of the majorite in Viñales from site MV1-3b, compared to reference spectrum for olivine (green line; RRUFF X050088), and 
majorite (orange line; Handbook of Raman Spectra; Rauch et al., 1996). (B) EBSD pattern spatially correlated with Raman spectrum MV1-3b-01 given in A. (C) 
Indexing of the EBSD pattern as majorite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

I.P. Baziotis et al.                                                                                                                                                                                                                               



Icarus 390 (2023) 115326

8

Stöffler et al., 2018). Important clarifications of the shock pressures 
associated with the classification of ordinary chondrites have been 
published recently by Bischoff et al. (2019) and Hu and Sharp (2022), 
but the shock stages of L6 meteorites remain controversial. 

4.3.1. Shock classification of the Viñales meteorite 
Observations of HP mineral phases, i.e., majorite and albitic jadeite, 

MVs, as well as shock-induced features in the matrix of Viñales are all 
relevant to the shock state of this meteorite. Previous works suggested 
shock stage S3 based on the observations of Gattacceca et al. (2020) or 
partly S4 based on the observations (<30% of feldspar has been trans
formed into maskelynite, and > 50% of olivine shows irregular frac
tures) of Yin and Dai (2021). In Table 1 we summarize our optical 

examination of two thin sections of Viñales and apply the classification 
schemes of both Fritz et al. (2017) and Stöffler et al. (2018). Impor
tantly, we observe some heterogeneity among samples. One thin section 
(Figs. 2, S1), containing a complex network of melt veins, meets the 
criteria for S4 in both classification schemes. Another thin section 
(Figs. 3, S2), free of melt veins, is S4 according to Stöffler et al. (2018) 
but S3 according to Fritz et al. (2017). 

4.3.2. Outstanding issues with shock stage classification 
We highlight that shock stage classification of L6 chondrites remains 

challenging for several reasons: heterogeneity among different samples 
of a given meteorite, difficulty of unambiguous optical determination, 
different pressure estimates for the different shock stages, and poor 

Fig. 6. Selected Raman spectra of the albitic jadeite in Viñales from site MV1-3b, compared to reference spectrum for jadeite (RRUFF R050220.2).  

Table 1 
Observations on Viñales meteorite from two thin sections and assignment of shock stage based on Fritz et al. (2017) and Stöffler et al. (2018).   

SOX UE UE & PFs WM & PFs SM & PDFs Phases in melt zones Shock stagea Shock stageb 

Thin section NHMW-O1166 
Olivine − + þ +

S4 S4 
Pyroxene − + + −

Plagioclase − + + − −

Melt vein      −

Melt pocket      −

Thin section NHMW-O1192 
Olivine − + + +

S3 S4 
Pyroxene − + + − −

Plagioclase − + − −

Melt vein      −

Melt pocket      −

Polished Mount VIN19 
Melt vein      LP, Maj, Ab-Jd, Gl 

S4 S4 
Melt pocket      LP, Gl 

SOX: sharp optical extinction; UE: undulatory extinction; PFs: planar fractures; WM: weak mosaicism; SM: strong mosaicism; PDFs: planar deformation features; Maj: 
majorite; Ab-Jd: albitic jadeite; LP: low-pressure phases; Gl: glass; a: Fritz et al. (2017); b: Stöffler et al. (2018). 
-: the feature is absent; +: the feature or features are present; +: the feature or features are common. 

I.P. Baziotis et al.                                                                                                                                                                                                                               



Icarus 390 (2023) 115326

9

integration of HP mineral constraints together with optical criteria. 
As emphasized by Bischoff et al. (2019), there is a disconnection 

between the accepted practice of assigning a given meteorite a single 
shock stage classification and the heterogeneity among different sam
ples of some meteorites. Viñales is a good example, with one thin section 
containing abundant MVs and rare planar microstructures interpreted to 
be planar deformation features (PDFs) and another one in which no MVs 
are visible. Meteorite classification is often based on examination of only 
one thin section, but it is apparent that this can provide an incomplete 
picture (Bischoff et al., 2019). 

Another issue is that shock classification is commonly based exclu
sively on optical microscopy. From a practical standpoint, optical mi
croscopy may be the only tool available, but it requires considerable 
expertise to apply it correctly and in a reproducible way. Some features, 
e.g. PDFs, can be easily missed or misidentified. Regions of shocked 
meteorites that have experienced intense shock darkening may not 
transmit enough light to be able to identify shock features under the 
optical microscope. To reach robust standards for the recognition of 
shock stages, the classification schemes may need to be expanded to 
include evidence from additional analytical methods. For example, X- 
ray diffraction can clarify the evolution of crystal structure (Rupert 
et al., 2020; Imae and Kimura, 2021) with progressive shock stages. 
Raman spectroscopy and electron microscopy are essential for the 
recognition of HP minerals, whose presence or absence probably ought 
to be better integrated with deformation-related criteria for shock stage 
classification. A reliable method of shock stage assignment and under
standing of the significance of HP minerals in shock classification likely 
calls for the paired application of qualitative optical criteria (as in Fritz 
et al., 2017 and Stöffler et al., 2018) and quantitative criteria as 
described in, e.g., Rupert et al. (2020) and Imae and Kimura (2021). 

Finally, even when classification schemes agree on optical criteria — 
e.g., Fritz et al. (2017) and Stöffler et al. (2018) concur that S3 is marked 
by local development of MVs — they differ in the peak pressures that are 
thought to correspond to some shock features and stages. Fritz et al. 
(2017) concur with Stöffler et al. (1991, 2018) that the lower boundary 
of S3 is 5–10 GPa and the upper boundary of S3 is 15–20 GPa (with 
maximum post-shock temperature of 373–423 K) (Schmitt, 2000). 
However, Fritz et al. (2017) revise the upper boundary of S4 downwards 
to 25–35 GPa from the 30–35 GPa range given by Stöffler et al. (1991, 
2018). The classification of Stöffler et al. (2018) also includes estimates 
for pre-heated targets, allowing for the transition to S5 to begin as low 
20 GPa from initial temperature of 920 K. These differences are 
important because shock stage S4 ought to be consistent with both the 
formation and the preservation of HP minerals such as ringwoodite and 
majorite in MVs. These phases require peak pressures in the range of 
17–23 GPa (Hu and Sharp, 2022), but in some cases they coexist with 
“maskelynite” (here we note an ambiguity in terminology, with some 
authors using the word maskelynite to describe both diaplectic glass 
formed by solid-state transformation and glass quenched from a melt; 
see Ferrière and Brandstätter, 2015), which is indicates pressure above 
28–35 GPa in An-rich feldspar, according to some studies (e.g., Stöffler 
et al., 1986). For Viñales, plagioclase is mostly crystalline (generally 
associated with S3 or less) but the threshold shock pressure for 
amorphization increases towards the albite end-member. The high Ab 
content of plagioclase in Viñales allows for crystalline feldspar to persist 
into the S4 pressure range. Moreover, the cooling paths must reach low 
post-shock temperatures to avoid back-transformation (Hu and Sharp, 
2022), which is possible from S4 but not from higher stages (Fritz et al., 
2017). Equilibrium reversion of majorite to lower-pressure phases oc
curs along a curve that passes through 17 GPa at 1800 K and 15.5 GPa at 
2500 K (Jacobs et al., 2017). However, the inference that a sample 
preserving majorite must have cooled rapidly enough to remain below 
this boundary presently lacks confidence. Kinetic decompression ex
periments are not available to precisely define the effective meta
stability limit for majorite (Hu and Sharp, 2022) and critical 
temperatures for garnet minerals are roughly 1300–1500 K (Thieblot 

et al., 1998). There are no available synthesis or reversion experiments 
for albitic jadeite. 

4.4. Fragmentation upon atmospheric entry and shock-related features 

Viñales, upon atmospheric entry, exploded and broke apart into 
numerous pieces. The Meteoritical Bulletin Database reports that 
“Hundreds of individual samples were collected by the local residents. […] 
The masses of stones are in a range 2 to 1100 g. In total, about 50-100 kg of 
the meteorite were collected”. The fragmentation of the Viñales fall is not 
unusual among chondrites; for example, in one of the most spectacular 
events of the last few decades, the LL5 fall Chelyabinsk broke up in a 
similar fashion (Walton et al., 2021). The magnitude of aerodynamic 
stresses that drive fragmentation is most strongly dependent on mete
oroid size, but the response of the meteoroid to those stresses depends on 
its material strength and internal structure. We speculate that frag
mentation may be localized along shock melt veins and be more efficient 
(for a given meteoroid size) in objects containing penetrative networks 
of MVs upon their arrival at Earth. Popova et al. (2013) argued that 
shock melt vein with a segregated layer of metal may cause structural 
weakness by differential thermal expansion, although shock melting 
generally increase the material strength. Similarly, in Viñales, a high 
density of interconnected MVs of variable thickness is present in our 
studied sections (as also visible at the macroscopic scale on Fig. 1A) and 
in fragments studied by other researchers (e.g., Yin and Dai, 2021). Most 
of the MVs in Viñales feature a segregated metal-rich layer as well 
(Fig. 4). The weakness of strongly shocked chondritic meteorites, pro
moting highly fragmentary falls, may therefore be related to the cata
strophic impacts that disrupted their parent bodies. Later, secondary 
impacts that triggered the delivery of these meteoroids to Earth (Ciocco 
et al., 2022) may have further weakened them with networks of frac
tures (Baziotis et al. 2022a, 2022b). 

5. Conclusions 

Pending further analyses, it is now clear that Viñales hosts minerals 
that formed at elevated pressure and temperature, including majorite 
and albitic jadeite. Hence, the investigated sections of Viñales shows 
features more consistent with shock stage S4 (Fritz et al., 2017; Stöffler 
et al., 2018; Hu and Sharp, 2022) than with the previously documented 
S3 (Gattacceca et al., 2020) or partly S4 (Yin and Dai, 2021). The 
presence of discrete melt veins indicates heterogeneity of the tempera
ture field, likely the result of the collapse of spatially variable porosity 
during shock compression or slip along localized shear bands (Baziotis 
et al., 2018). We cannot presently define the full range of peak condi
tions or P-T paths experienced by the meteorite or rule out the recording 
of multiple shock events on its parent body. Priorities for future work 
include determining the chronology of the different shock vein gener
ations in Viñales to place further constraints on the parent-body break 
up event and other impact event(s) recorded in L6 meteorites. 
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