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P L A N E TA R Y  S C I E N C E

Plagioclase under compression: A path to diaplectic 
glass and maskelynite
Tianqi Xie1,2*, Sean R. Shieh1*, Stella Chariton3, Mauritz van Zyl1, Ricardo D. Rodriguez1,  
Vitali B. Prakapenka3, Dongzhou Zhang3

Diaplectic glass and maskelynite in shocked plagioclase serve as key diagnostic features for high level of shock 
metamorphism in impact craters and meteorites. However, their formation mechanisms remain unclear and have 
long been argued, mainly due to the lack of phase diagram for plagioclase with extended pressure-temperature 
conditions. We report the stabilities of labradorite and anorthite at pressure up to 65 gigapascals and temperature 
up to 4000 kelvin. Our experimental results reveal the pressure-temperature conditions for amorphization, de-
composition, and melting of labradorite and anorthite. The boundary between amorphous plagioclase and crys-
talline high-pressure phases in our phase diagram indicate diaplectic glass can form at 1300 to 1500 kelvin, and 
the melting line suggests that maskelynite can be generated above 3000 kelvin at high pressures. Formation con-
ditions of diaplectic glass and maskelynite in plagioclase-bearing rocks are also suggested by the combination of 
phase diagram and shock Hugoniot data. These findings will advance our understanding of the bombardment 
history on rocky planetary surfaces.

INTRODUCTION
Plagioclase feldspar is the most abundant component of igneous 
rocks in Earth’s crust and commonly appears as a solid solution, 
ranging from anorthite (CaAl2Si2O8) to albite (NaAlSi3O8) in com-
position. Plagioclase is also found on the other rocky planetary bod-
ies throughout our solar system. Anorthite is widely found on the 
highland of the Moon, and intermediate plagioclase has been de-
tected remotely on the surface of Mars, Venus, and Mercury (1–7). 
When the surfaces of these rocky bodies got bombarded by hyper-
velocity impactors, plagioclase would be subjected to high pressure 
and heat from the shock wave (8–10). The microscopic features, 
preserved in terrestrial impact structures and meteorites, are key in 
characterizing the impact events. Among the variety of shock fea-
tures observed in plagioclase-rich rocks, diaplectic glass and maske-
lynite are regarded as the most diagnostic ones for high level shock 
metamorphism (8, 11, 12).

Diaplectic glass was first observed in the Ries impact structure 
and named by von Englehardt in 1967. The word “diaplectic” was 
derived from the Greek word diaplesso, which means to destroy by 
striking (13, 14). Diaplectic glass refers to the colorless, optically iso-
tropic grains that retain the chemical composition, morphology, and 
inherited texture of the original plagioclase crystals. It has been ob-
served in terrestrial impact structures with intermediate plagioclase 
composition (9, 15, 16), and fewer cases have been reported with 
anorthite composition (An73–96) from lunar samples returned by the 
Apollo missions (17, 18). Unlike fused glass, no flow textures or vesi-
cles are observed in diaplectic glass, suggesting that it is formed by 
a solid-state transformation. Reproduced experimentally, diaplectic 
glass has been observed in the quench product of dynamic shock 
experiments on plagioclase and plagioclase-rich rocks (19–26), 
and its pressure-induced amorphous nature has been proved by 

compressing plagioclase under static high-pressure conditions (27–30). 
The current classification system for progressive shock metamor-
phism outlines the pressure range of 28 to 45 GPa for the formation 
of diaplectic glass in plagioclase-rich rocks (12), but the formation 
temperature range remains uncertain due to the difficulty of tempera-
ture measurement in dynamic experiments.

Maskelynite was originally observed in the Shergotty Martian 
meteorite and named by G. Tschermak in 1872 in honor of Mervyn 
Herbert Nevil Story-Maskelyne. Initially, he described it as a new 
cubic mineral with a composition similar as labradorite from Labrador, 
Canada but later reinterpreted it as a pseudomorphs product formed 
from labradorite via melting (31–33). Since then, maskelynite has 
been observed in ordinary chondrites, Lunar, Vestian, and Martian 
meteorites (11). Maskelynite is colorless and optically isotropic 
similar to diaplectic glass, but it lacks textures such as inherited 
fractures, cleavages from plagioclase and shock-induced fractures. 
Bordered by surrounding crystals, maskelynite generally displays a 
nonvesicular flow pattern. Surrounding minerals usually show radi-
ated fractures emerging from the smooth maskelynite, which may 
result from volume expansion during the melting of plagioclase and 
shrinkage from solidification (8, 34, 35). However, the melting of 
plagioclase was mostly studied at low pressures, and the melting 
point at high pressure was very limited (36–40), leading to ambigu-
ity when interpreting the formation of maskelynite and melt veins 
within meteorites.

Now, when describing isotropic grains with plagioclase composi-
tion observed from terrestrial impact structures or meteorites, the 
names of “diaplectic glass” and “maskelynite” have been used inter-
changeably, but with controversial interpretations on their formation 
conditions. This could be largely due to the lack of understanding 
of the behavior of plagioclase under high pressures and tempera-
tures. Phase diagrams of end-member plagioclase felspar are only 
reported at pressure ranges up to 25 GPa and temperature up to 
2500 K (41–44), much lower than the corresponding pressure-
temperature range of high-level shock stages expected from hyper-
velocity impact events. There is no phase diagram of intermediate 
plagioclase available.
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RESULTS AND DISCUSSION
Decomposition of plagioclase
To understand the stability of plagioclase, we conducted in  situ 
high-pressure and high-temperature x-ray diffraction measure-
ments on intermediate plagioclase labradorite (An51) and anorthite 
(An96) (detailed chemical compositions listed in table S1) at pres-
sure up to 65 GPa and 4000 K. Phase assemblages were identified 
during prolonged high-pressure–temperature experiments and from 
mapping the heated spots in quenched samples at room tempera-
ture and high pressures. Representative diffraction patterns of the 
phase assemblages under different pressures at room temperature 
are shown in Figs. 1 to 3, and the parameters for these phases are 
shown in table S2.

During in situ high pressure-temperature experiments, labrador-
ite (An51) decomposed into jadeite (Jd) +  stishovite (St) +  Ca-Al 
silicate (CAS) + grossular (Gr) at pressure around 15 GPa and tem-
perature higher than 1300 K. At 23 to 27 GPa and temperature above 
1300 K, the phase assemblage transformed to St + CAS + CaSiO3 
perovskite (Dvm) + CaFe2O4-type (CF) phase + corundum (Crn). 
At 28 to 50 GPa and temperature above 1400 K, a phase assem-
blage of St + Dvm + CF + Crn was observed initially, and then 
St + Dvm + Crn + new phase was observed at higher pressure-
temperature conditions. The new phase was found emerging above 
43 GPa and >1500 K. The most intense peaks of this new phase were 
seen right next to intense Dvm peak near 8°, and right next to Pt 
peak near 9°, the diffraction rings belonging to the new phase can be 
identified by their spotted feature (Fig. 2B). Using GSASII and Crys-
fire2020, the new phase obtained at 60 GPa (Fig. 2) was tentatively 
assigned to a tetragonal crystal structure with a  =  3.3832 (3) Å, 
b = 3.3832 (3) Å, c = 4.7307 (8) Å, α = β = γ = 90°. Compared with 
calculated patterns by Powdercell software using these parameters, 
this new phase has a space group no higher than P4/mmm.

Several samples were later decompressed to 1 bar, and quench-
able phases were identified by x-ray diffraction mapping. We found 
several phases i.e., Jd, St, CAS, Gr, and Crn can be retained at ambi-
ent conditions but not all. The new phase was not seen in the recov-
ered sample, nor was Dvm or CF phase. Element mapping of the 
quenched sample was also performed to help identify phases with 
element enrichments (fig. S1). It seems that most of the elements are 
relatively even distributed. However, Al shows slightly concentrated 
at particular spots which can be assigned to the Al2O3 (Crn) phases. 
A few spots with high Ca concentration were also observed and 
seem to show free or low Al, Na and K concentration. Furthermore, 
a close look at the triangle grain in fig. S1 confirms it to be Ca-Pv 
(CaSiO3) in composition. Na and K did not appear to mix with each 
other and may form separate Na-bearing (e.g., Jd or CF) and K-
bearing high-pressure phases. Note that the concentration of K in 
our samples is too low to be confidently attributed to any phase, 
but K-bearing phases might contribute to some unidentified peaks 
in Figs. 1 and 3.

Similar to labradorite but lacking Na-rich phase, anorthite (An96) 
decomposed to St + kyanite (Ky) + Gr above 12 GPa and >1300 K.  
Next, this phase assemblage transformed into St + CAS + Gr at 
15 to 22 GPa with temperature above 1600 K, St + CAS + Dvm at 22 
to 27 GPa and temperature above 1700 K and then St + Dvm + Crn 
at >27 GPa and T > 1700 K. No new phase was found from this 
composition at pressure above 42 GPa. When quenched from above 
27 GPa, St and Crn were the two crystalline phases observed from 
the quenched product, while Dvm phase became amorphous at am-
bient conditions.

Phase diagram of labradorite and anorthite
Based on our observation from in situ x-ray diffraction data, we were 
able to draw pressure-temperature boundaries between amorphization 

Fig. 1. High-pressure phase assemblages from decomposition of labradorite. Representative XRD patterns of labradorite An51 obtained at 15 to 60 GPa after quench-
ing from high temperatures. Only Crn and St were observed in quenched samples obtained from 60 GPa. Different solid symbols denote different phases. Pt, Platinum; Ne, 
Neon; Jd, Jadeite; St, Stishovite; CAS, Ca-Al silicate; Gr, Grossular; Dvm, CaSiO3 perovskite; CF, CaFe2O4-type (CF) phase; Crn, Corundum; New, new phase.
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and decomposition of plagioclase and were also able to draw the 
melting line. Building upon previously reported phase relations 
(29, 41–47), we construct a phase diagram for labradorite and update 
the phase diagram of anorthite with extended pressure-temperature 
range, as in Fig. 4.

We observed the amorphization of labradorite above 22 GPa 
and temperature < 1200 K, in agreement with the crystalline to 
amorphization boundary reported by Kubo et al. (29) (Fig. 4A). The 
complete amorphization was identified by the loss of all Raman 
peaks at room temperature and x-ray diffraction patterns during 
heating, suggesting the vanish of crystallinity (fig. S2). Upon heat-
ing from amorphization, we observed the emerging of new peaks, 
and we were thus able to draw the moderate-temperature boundary 
around 1200 K between amorphous and high-pressure phases. 
The boundary between Jd + St + CAS + Gr and CF + St + CAS + 
Dvm + Cr was mainly determined by the disappearance of Jd and 
appearance of CF. When compressed above 22 GPa and >1400 K, 
no Jd was observed, while the CF phase was still observable but 
weak. This pressure-temperature range agrees well with the previous 
reports (29, 41, 43, 48). The boundary between CF + St + CAS + 
Dvm + Cr and CF + St + Dvm + Cr was determined mainly due 
to the disappearance of CAS phase. While some suggested that the 
CAS phase was stable to about 44 GPa and 2000 K, others reported 
that the CAS phase decomposed into a mixture of Dvm, Crn, and 
St at around 30 GPa and 2000 K (49, 50). We observed CAS phase 
from 15 to 26 GPa, in good agreement with the decomposition 
report of CAS. At pressure and temperature above 42 GPa and 
1300 K, a new phase was observed together with St + Dvm + Cr. 
From 42 to 49 GPa, the new phase was better observed after quench 
from heating. When compressed above 50 GPa and heated >1600 K, 
the same new peaks were still observed and developed profoundly 
during heating, suggesting a stable high-pressure phase. Based on 
above observations, we draw the boundary for this new phase as-
semblage around 42 GPa. As previously reported, St may undergo 

Fig. 2. Synthesis of the new phase. (A) Diffraction patterns obtained from different 
temperatures at 60 GPa. Different colored symbols denote different phases. (B) Cake 
image of the diffraction pattern obtained from 60 GPa after temperature quench.

Fig. 3. High-pressure phase assemblages from decomposition of anorthite. Representative XRD patterns of anorthite (An96) obtained at 13 to 41 GPa after quench 
from high temperatures. Only Crn and St were observed from the quenched pattern at ambient conditions. Different solid symbols denote different phases. Re, Rhenium; 
Ky, Kyanite.
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a displacive phase transition to the orthorhombic CaCl2-type SiO2 
phase at ~50 GPa (51). However, no CaCl2-type SiO2 phase was 
observed in this study.

Similarly, when compressing anorthite An96, we observed the 
graduate loss of the crystallinity from 13 to 25 GPa, indicated by the 
decreasing peaks in diffraction patterns. When compressed above 
26 GPa, anorthite showed a complete loss of crystalline features at 
low temperatures (<1400 K), this pressure range agrees with previ-
ous amorphization studies (27, 47, 52). Therefore, the crystalline 
to amorphization boundary of anorthite was drawn with negative 
slope similar to the amorphization boundary of labradorite An51. 

Also, moderate-temperature boundary around 1500 K was drawn 
between amorphous anorthite and its high-pressure phases. Note 
that crystal structure changes and phase boundaries below 22 GPa 
are adapted from Hackwell and Angel (45) and Liu et al. (46) (Fig. 4B). 
When compressed between 10 to 25 GPa, a phase boundary between 
St + Gr + Ky and St + CAS + Gr was determined by the disappear-
ance of Ky, and later, the phase boundary between St + CAS + Gr and 
St + CAS + Dvm was determined mainly by the phase transition 
from Gr to Dvm. The boundary between St +  CAS +  Dvm and 
St + Dvm + Cr was determined by the disappearance of CAS above 
30 GPa (50), similar to the one drawn for labradorite, but with a 

Fig. 4. Phase diagram of plagioclase. Phase diagram of labradorite An51 (A) and anorthite An96 (B). Solid/dashed blue and red lines are phase boundaries drawn from 
this study. The pressure and temperature error bars are also shown.
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slightly gentler slope. Compared to the one drawn for labradorite, this 
boundary shifts to higher pressures, possibly because of the chemical 
composition differences.

To induce melting at high pressure, high temperatures were 
reached by burst laser heating amorphous labradorite and anor-
thite with a duration of 0.1 to 0.3 s. During heating, the anomaly 
diffusion scattering hump shown around 8° to 9° in diffraction 
pattern were used as indication for melting (Fig. 5). After quench, 
the appearance of bull’s eye patterns at the heating spots, a sign of 
thermal expansion, was also used as evidence for melting (Fig. 5). 
Melting line of labradorite was thus determined in the range of 15 
to 65 GPa, extending from the melting point at ambient condi-
tions from Bowens (Fig. 4A) (36). Melting line of anorthite was 
also determined in the similar pressure range but drawn at higher 
temperatures, extending from previous report by Liu et al. (46), 
and in good agreement with the shock melt data from Schmitt et al.  
(38) (Fig. 4B).

Formation of diaplectic glass and maskelynite
The colorless and optical isotropic appearance, chemical composi-
tion, morphology, and texture of diaplectic glass suggest that it is an 
amorphous plagioclase formed via solid-state transformation. Pre-
vious static compression experiments suggested the pressure for 
complete amorphization of plagioclase crystals is above 22GPa at 
ambient temperature, and the pressure for amorphization will de-
crease as temperature increases (27–29). In Fig. 6, our phase dia-
gram shows that labradorite will stay amorphous until heated above 
1300 K, whereas for anorthite, the amorphization is below 1500 K.  
When combined with shock Hugoniot data from various plagio-
clase crystals and plagioclase-rich rocks (22, 24, 53, 54), our phase 
diagrams suggested diaplectic glass with intermediate plagioclase 
composition can be formed, under 42 GPa, 1450 K in basalt, 45 GPa, 
1450 K for oligoclase crystals, and 57 GPa, 1550 K for granite. For 
Ca-rich plagioclase, anorthite crystals will turn into diaplectic glass 
below 47 GPa and 1800 K, 53 GPa and 1900 K for basalt, and 60 GPa 

Fig. 5. Melting of labradorite An51 and anorthite An96. (A and D) Diffraction patterns from one burst heating cycle of labradorite at 57 GPa and anorthite at 66 GPa, 
collected from preheating, during, and after heating; the diffusion scattering hump from glass in quench pattern is marked by the red arrow. (B and E) Two-dimensional 
(2D) diffraction images after heating from labradorite and anorthite, respectively. (C and F) Optical images after heating, showing the bull’s eye in heating spot, marked 
by red arrow. The white square is 20 μm by 20 μm, and the cross marks the middle of the heating spot.
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Fig. 6. The formation of diaplectic glass and maskelynite. Phase diagram of labradorite An51 (A) and anorthite An96 (B), together with Hugoniot data from plagioclase 
(oligoclase Ab75An19 and anorthite An96) and plagioclase-rich rocks [basalt and granite in both (A) and (B) and anorthosite with 19% porosity in (B)] (22, 24, 55, 57). Pressure 
and temperature conditions for amorphization (marked in blue) and melting (marked in red) are obtained from intersection of phase boundaries and Hugoniot curves of 
different minerals and rocks. Qz, Quartz; Coe, Coesite.
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and 2000 K for granite. For porous anorthosite, diaplectic glass may 
be formed under much lower pressures and temperatures.

Maskelynite, while being colorless and isotropic similar to dia-
plectic glass, has some features that suggested that it is formed from 
plagioclase via a different path. Optically, maskelynite is smooth 
with no inherited texture from plagioclase but shown a nonvesicular 
flow pattern, in contrast with surrounding minerals bearing abun-
dant radiated fractures, suggesting that it is formed from melting 
(8,  34,  35). Spectroscopically, while showing similar broad peaks 
around 500 and 1000 cm−1 to diaplectic glass, Raman spectra from 
maskelynite shows distinguishably higher intensity of the peak 
around 1000 cm−1 (16, 34, 55). This points to more nonbridging 
oxygens and short-range order characteristics in maskelynite than 
diaplectic glass (56), which can be attributed to higher temperature 
heating. Nevertheless, because of the limited understanding of the 
behavior of plagioclase under extended high-pressure temperature 
conditions, these differences between diaplectic glass and maskel-
ynite have been overlooked, resulting in confusion and misinterpre-
tation. In Fig. 6, we extrapolated the melting lines of plagioclase in 
our phase diagram to intersect with shock Hugoniot data. It is sug-
gested that melting of oligoclase requires pressure and temperature 
to reach at least 72 GPa and 3000 K, and melting of labradorite in 
granite requires 80 GPa and 3200 K and 84 GPa and 3400 K for 
anorthite. Also, while anorthite can be melted above 75 GPa and 
3500 K, it could also be melted only at 32 GPa and 2800 K in porous 
anorthosite, such as lunar highland rock with 19% porosity (24). 
Moreover, depending on the quench rate and melting paths, some 
high-pressure phases such as St and CAS can be observed next to 
maskelynite in meteorites (54, 57, 58). It is evident that our phase 
diagrams of labradorite and anorthite show invaluable information 
that can be combined with Hugoniot data collected from a wide 
range of plagioclase-bearing rocks for the investigation of hypervel-
ocity impact events on terrestrial planetary bodies.

MATERIALS AND METHODS
Starting material
Natural intermediate plagioclase from Labrador, Canada and anor-
thite from Miyake-Jima, Tokyo, Japan were used as starting materials 
in this study. Intermediate plagioclase labradorite An51 was selected 
as a starting material due to its composition similar as the shocked 
plagioclase from terrestrial impact craters and Martian meteorites, 
and anorthite An96 was selected as a representative composition 
based on Apollo samples (16). The detailed chemical composition 
of labradorite and anorthite samples is listed in table. S1. Their 
chemical compositions were analyzed by a JXA-8530F field emis-
sion electron probe microanalyzer at the University of Western 
Ontario. Quantitative chemical composition of the labradorite and 
anorthite crystals was determined with beam operating conditions at 
accelerating voltage of 10 to 15 kV, probe current of 20 nA, and a 
beam diameter of <5 μm. Mineral calibration standards used for 
wavelength dispersive spectrometry analyses were as follows: albite 
(CM Taylor) for Na and Si, Orthoclase (CM Taylor) for Si and K, and 
anorthite (Smithsonian USNM 137041, Great Sitkin Island, AL) 
for Al and Ca.

Labradorite An51 and anorthite An96 crystals were ground sepa-
rately into powder (1 to 3 μm). A 10% platinum powder was mixed 
with each starting material, which served as a laser absorber and in-
ternal pressure standard. The sample mixtures were compressed into 

a ~15- to 20-μm-thick disc and loaded in a 120- to 50-μm-diameter 
rhenium gasket sample chamber, which was pre-indented to a thick-
ness of 30 to 35 μm. Small crumbles of sample were added on both 
sides of the disc to separate it from the diamond anvils. The elevation 
of the disc allows the pressure medium to flow above and below sam-
ples for maintaining the samples in a quasi-hydrostatic environment. 
Neon was loaded as a pressure medium and thermal insulation. One 
or two ruby spheres were used as the second pressure standard for 
gas loading. The gas loading was operated at GeoSoilEnviroCARS, 
Advanced Photon Source. Ruby pressures are determined by the 
ruby fluorescence method, and platinum pressure was determined 
by the equation of state of platinum (59). For melting plagioclase 
runs, amorphous silicon dioxide (SiO2) was used as pressure medium 
and insulator.

In situ high-pressure room-temperature Raman experiment 
on single crystal
High-pressure and room-temperature single-crystal Raman study 
was performed on labradorite An51 at the high-pressure diamond 
anvil cell laboratory, University of Western Ontario. The micro-
Raman is a custom-built system equipped with a 514.5-nm laser and 
500-mm focal length spectrometer. The beam size was focused by a 
50× objective and estimated to have a spot size of about 2 μm. The 
laser power onto the sample is about 6 mW. The instrument control 
and data collection are performed by WinSpec software. The labra-
dorite An51 crystal was polished into a thin disk and loaded in T301 
steel gasket sample chamber. A 4:1 mixture of methanol and ethanol 
was used as a pressure medium. Methanol + ethanol mixture pro-
vides nearly hydrostatic condition at ambient temperature up to its 
glass transition at 10 GPa (60). Two ruby spheres were loaded next 
to the labradorite An51 disk as a pressure marker. The pressure was 
determined by ruby fluorescence method based on the shift of the 
R1 line (61).

In situ high-pressure and high-temperature synchrotron 
x-ray diffraction experiment
In situ high-pressure and high-temperature synchrotron x-ray dif-
fraction (XRD) experiments were performed at beamline 13-ID-D 
of the GeoSoilEnviroCARS, sector of the Advanced Photon Source. 
Monochromatic x-ray beam with a wavelength of 0.3344 Å was fo-
cused to a beam size of 3 μm  by 4  μm (62). LaB6 was used for 
sample-to-detector distance calibration. In  situ synchrotron XRD 
images were collected before, during, and after heating at each pres-
sure step. Thermal pressure during heating was determined by the 
equation of state of Pt (59). Errors of pressure were decided by aver-
aging the calculated pressure from different diffraction peaks of Pt, 
usually within 1 GPa. Samples were heated by the double-sided 
laser-heating system with a yttrium lithium fluoride (YLF) fiber la-
ser and a heating spot with ~20-μm diameter to achieve tempera-
tures up to 4000 K, in either continuous or burst mode. Errors of 
temperature were determined by averaging the reading from both 
upstream and downstream, usually around 50 to 150 K. Continuous 
heating time varied from 30, 60, to 120 min due to the sluggish 
phase transition from amorphous plagioclase, while burst heating 
time varied from 0.1 to 3 s to gauge the melting temperature. The 
temperature of the heated spots was determined by fitting Planck 
equation to the thermal radiation spectra from both sides of the 
sample. The synchrotron x-ray diffraction images were collected by 
Pilatus 1 M CdTe 3X detector with exposure times of 0.1 to 30 s 
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during heating and after temperature quench. XRD mapping of the 
heated area was performed.

After decompression to 1 bar, some quenched products were exam-
ined at beamline 13-BM-C, sector of GSECARS, Advanced Photon 
Source. LaB6 was used for sample-to-detector distance calibration. 
The wavelength of the monochromatic x-ray beam at 13-BM-C was 
0.434 Å, and beam size was focused to 12 μm by 18 μm. XRD patterns 
were collected by Pilatus 1 M Si detector, and the exposure time of 
each image was 90 to 120 s. Two-dimensional images of synchrotron 
XRD pattern were integrated and reduced to one-dimensional pat-
terns using Dioptas software (63). Element mapping using EPMA 
was also performed on quenched samples to understand the ele-
ment distributions at the University of Western Ontario. Because of 
the small size of the samples, they were not polished, and therefore, 
the concentration of the elements in the mapping results should be 
considered qualitative but not quantitative.
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