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ABSTRACT 

We report on the discovery of two high-pressure minerals, tuite and ahrensite, 

located in two small shock-induced melt pockets (SIMP #1 and #2) in the Zagami 

martian meteorite, coexisting with granular and acicular stishovite and seifertite. Tuite 

identified in this study has two formation pathways: decomposition of apatite and 

transformation of merrillite under high P-T conditions. Chlorine bearing products, 

presumably derived from the decomposition of apatite, are concentrated along the 

grain boundaries of tuite grains. Nanocrystalline that ahrensite occurred within the 

pyroxene clast in SIMP #2 is likely to be a decomposition product of pigeonite under 

high P-T conditions by a solid state transformation mechanism. The pressure and 

temperature conditions estimated from the high-pressure minerals in the shock 

induced melt pockets are ~ 12-22 GPa and ~ 1100-1500 ℃, respectively, although 

previous estimates of peak shock pressure are higher. This discrepancy probably 

represents the shift of kinetic relative to thermodynamic phase boundaries in the 

particular, comparatively small hotspot that we examine here rather than a principal 

disagreement about the peak shock conditions. 
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Many meteorites from Mars (Baziotis et al., 2013; Hu et al., 2020; Miyahara et 

al., 2016; Sharp et al., 2019), the Moon (Kayama et al., 2018; Miyahara et al., 2013; 

Ohtani et al., 2011; Zhang et al., 2010), Howardite-eucrite-diogenite (HED) 

meteorites (Miyahara et al., 2014; Pang et al., 2018; Pang et al., 2016), and ordinary 

chondrites (e.g., Binns et al., 1969; Chen et al., 1996; Sharp and DeCarli, 2006; 

Stöffler et al., 1991; Tschauner et al., 2014) are highly shocked, as evidenced by the 

observation of deformation in constituent minerals and formation of various 

high-pressure phases. The high-pressure minerals discovered in these extraterrestrial 

natural samples could reveal the impact history on their parent bodies and provide 

insights into the phase transformation mechanisms in the interior of Earth (Petrova 

and Grokhovsky, 2019). To date, high-pressure polymorphs of olivine (Binns et al., 

1969; Chen et al., 2004; Ma et al., 2016; Miyahara et al., 2008; Putnis and Price, 

1979), pyroxene (Chen et al., 1996; Sharp et al., 1997; Tomioka and Fujino, 1999; 

Tschauner et al., 2014), feldspar (Fritz et al., 2020; Gillet et al., 2000; Liu, 1978; Ma et 

al., 2018; Tschauner et al., 2021), zircon (Glass et al., 2002; Xing et al., 2020), 

silica (El Goresy et al., 2004; El Goresy et al., 2000b; Hu et al., 2020; Miyahara et al., 

2014; Ohtani et al., 2011; Sharp et al., 1999), chromite (Chen et al., 2003; Ma et al., 

2019), and Ca phosphate (Wang et al., 2017; Xie et al., 2002; Xie et al., 2013) have 

been reported from various meteorites displaying shock effects. 

Tuite, a high-pressure polymorph of Ca-phosphate with the structure of γ-

Ca3(PO4)2, is of great significance as a host for larger lithophile elements in the deep 

Earth (Skelton and Walker, 2017; Xie et al., 2002). It has been reported in shocked 

chondrites (Hu and Sharp, 2016; Xie et al., 2016; Xie et al., 2002), martian meteorites 

(Baziotis et al., 2013; Boonsue and Spray, 2012; Fritz and Greshake, 2009; Wang et 

al., 2017), and iron meteorites (Litasov and Podgornykh, 2017). Tuite was proposed to 

form from decomposition of apatite or solid-state phase transformation of merrillite 

(Murayama et al., 1986; Xie et al., 2016; Xie et al., 2002; Xie et al., 2013). Some tuite 

grains in Suizhou (Xie et al., 2016) and NWA 7755 (Wang et al., 2017) were found 

coexisting with Cl-rich apatite, with a Cl content of up to ~ 3.9 wt%, consistent with 

possibility that they formed through decomposition of adjacent chlorapatite. However, 

the ideal formula of tuite, Ca3(PO4)2, similar to extraterrestrial merrillite, does not 

contain Cl or other halogens (Jolliff et al., 2006; McCubbin et al., 2014). A reasonable 74 
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explanation is that the Cl measured in tuite is derived from partial decomposition of 

precursor apatite (Wang et al., 2017; Xie et al., 2016). Another explanation is that 

there are some other Cl-bearing products, e.g., CaCl2, accompanying the formation of 

tuite by decomposition of apatite (Murayama et al., 1986; Xie et al., 2013). However, 

the details about how these Cl-bearing products exist are still unclear, which 

are crucial for better understanding the transformation mechanism of apatite during 

shock metamorphism (Xie et al., 2013). 

Ahrensite, a natural γ-Fe2SiO4, has been previously reported from shock-melt 

pockets in ordinary chondrites (Feng et al., 2011; Xie et al., 2002b), lunar basalts 

(Zhang et al., 2010), and olivine-phyric shergottites (Ma et al., 2016; Sharp et al., 

2019). It was thought to be formed either via fractional crystallization from shock-

induced melt (Miyahara et al., 2009; Xie et al., 2002b) or by solid-state transformation 

of olivine (Chen et al., 2004). Theoretically, ahrensite and/or ringwoodite can also be 

formed from decomposition of pyroxene at pressure of 18–22 GPa and temperature of 

~ 1300 ℃ (Gasparik, 1990; Tomioka and Miyahara, 2017), but this pyroxene-derived 

formation mechanism was not reported until this study. 

The Zagami martian meteorite is a basaltic shergottite, mainly consisting of 

pyroxene (mostly augite and pigeonite) and maskelynite with minor amounts of 

ilmenite, pyrrhotite, phosphate, and titanomagnetite (Langenhorst et al., 1991; McCoy 

et al., 1992). Several high-pressure phases have been observed in Zagami, including 

stishovite (Langenhorst and Poirier, 2000b), seifertite (El Goresy et al., 2008), 

liebermannite (Ma et al., 2018), zagamiite-donwilhelmsite (Beck et al., 2004; Fritz et 

al., 2020; Tschauner and Ma, 2017), and akimotoite (Langenhorst and Poirier, 2000b). 

These high-pressure polymorphs substantiate that Zagami was highly-shocked on 

Mars. The peak shock pressure of Zagami was estimated to be ~ 30 GPa using shock 

barometers (Langenhorst et al., 1991; Stöffler et al., 1986). Based on the high-

pressure mineral assemblages and their phase diagrams, the shock pressure and 

temperature have been reported to ~20-25 GPa and ~ 1900-2200 ℃, respectively, for 

shock-induced hotspots and melt veins (Beck et al., 2004; El Goresy et al., 2000a; El 

Goresy et al., 2008; El Goresy et al., 2013; Langenhorst and Poirier, 2000a; 

Langenhorst and Poirier, 2000b; Ma, 2018; Ma et al., 2016; Ma et al., 2015; Ma et al., 

2018). 106 
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In this study, we report new occurrences of tuite and ahrensite associated with 

stishovite and seifertite in Zagami. A combined investigation using scanning electron 

microscope, electron microprobe, transmission electron microscope, and Raman 

spectroscopy were conducted to reveal the textural, physical, and chemical 

characteristics of these high-pressure minerals for shedding light on their formation 

mechanism and conditions during a hypervelocity impact event experienced on the 

parent body. 

2. Materials and experimental Methods

2.1. Sample and SEM 

Petrographic observations of Zagami (P24058) were carried out by 

backscattered electron (BSE) imaging using the Thermofisher Apreo field 

emission scanning electron microscope (FE-SEM) with a Bruker XFlash 60 

energy dispersive spectrometer (EDS) detector at the Institute of Geology and 

Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing, China. The 

instrument was operated at accelerating voltages of 10~15 kV with beam 

currents of 1.6-13 nA. Minerals distribution map was conducted using Maps and 

Nanomin software. 

2.2. EPMA 

Quantitative chemical compositions of phosphates and silicates were measured 

using JEOL 8100 electron probe microanalyzer (EPMA) with four Wavelength 

Dispersive Spectrometers (WDS) at IGGCAS. The instrument was operated at an 

accelerating voltage of 15 kV, a probe current of 20 nA, and a ~1-2 μm spot size. The 

standards used were natural and synthetic minerals: albite for Na Si and Al, diopside 

for Mg and Ca, fluorite for F, apatite for P, tugtupite for Cl, hematite for Fe, bustamite 

for Mn, sanidine for K, rutile for Ti and Cr2O3 for Cr. All data were processed with 

the ZAF correction procedure supplied with the JEOL microprobe. Detection limits 

are: 0.01 wt% for Mg and Cl, 0.02 wt% for Si, Na, F, Si, Cr, Al, Mg, Fe, Ca, Ni and 

Ti, 0.04 wt% for P. 

2.3. Raman 

The Raman spectra of minerals were collected using a WITec alpha 300R 

confocal Raman system. An optical microscope with objective of 0.9 NA and 100× 

magnification was used to focus the excitation laser beam of 532 nm excitation 

wavelength on the target phases. Initially, to avoid damage of high-pressure minerals, 

a 2 mW laser power was used to identify the high pressure minerals. Ultimately, 
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Raman spectra were acquired with a total integration time of 90 s with a 5 mW laser 

power. A 20 mW laser power was used for removing the thick coating of carbon 

that was applied in order to obtain a high spatial resolution BSE image on the 

tuite aggregate. 

2.4. FIB and TEM 

Two transmission electron microscopy (TEM) foils containing high-pressure 

minerals were prepared using Zeiss Auriga Compact focused ion beam (FIB) dual 

beam system equipped with an Omniprobe 200 micromanipulator. Ion milling was 

carried out with an accelerating voltage of 5-30 kV and various beam currents (50 pA 

to 2 nA). The final foils were about ~ 100 nm in thickness. It took about 2.5 hours to 

prepare a foil. The microtextural and mineralogical characterizations of these two 

foils were performed using JEM 2100 TEM at IGGCAS and FEI Talos 200S at 

Chongqing University. All the TEM observations were performed at 200 kV. 

Conventional bright field (BF) TEM and high angle annular dark field (HAADF) 

imaging were performed to record the petrographic textures of the TEM foils. 

Selected area electron diffraction (SAED) and high-resolution TEM (HRTEM) 

images were used to determine the mineral structures; meanwhile, energy 

dispersive X-ray spectroscopy (EDS) was used to determine chemical compositions 

of minerals. The detection limits is about ~0.1 wt%. 

3. RESULTS

3.1. Petrography of Zagami meteorite 

Zagami studied in this work has a typical porphyritic texture with a partial fusion 

crust (Fig. 1), mainly composed of pyroxene (71.6 area%) and maskelynite (24.1 

area%) with minor phosphate (1.6 area%), silica (1.2 area%), and opaque minerals 

(pyrrhotite, ilmenite and titanomagnetite, 1.4 area%). Pyroxene displays patchy 

zoning with pigeonite cores, augite rims, and often an overgrowth of Fe-rich 

layer. Most pyroxene grains display exsolution lamella. Merrillite and Cl-rich apatite 

are the major phosphates and they are usually found in the interstitial regions with 

grain sizes up to 200-300 m in width (Fig. 1). The chemical compositions of 

pyroxene and maskelynite are Fs32-53Wo11-33En34-38 and An36-52Ab46-60Or2-3, 

respectively (Table 1). Merrillite usually contains minor amount of Na2O (1.2-1.5 wt

%), MgO (2.2-3.1 wt%), and FeO (2.6-3.6 wt%) without any detectable F and Cl 

(Table 1). Apatite grains from 

171 
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Zagami have Cl and F contents ranging from 0.2 to 4.1 wt% and from 0.1 to 1.8 wt% 172 

(Table 1), respectively. 173 

Two small shock-induced melt pockets (< 200 m2) were observed across the 174 

section, as indicated by two square regions (Fig. 1, 2 and 6). Four high-pressure 175 

polymorphs of silica, phosphate, and olivine are identified in the two shock-induced 176 

melt pockets (Sections 3.2 and 3.3). In addition, all of the silica grains occurring with 177 

maskelynite throughout the host rock have been transformed into high-pressure 178 

polymorphs of silica: stishovite and seifertite. 179 

3.2. High-pressure polymorphs in shock induced melt pocket #1 180 

The shock-induced melt pocket #1 (SIMP#1) is located at the interface region 181 

between a maskelynite and a pyroxene (Fig. 2a). SIMP#1 is mainly composed of a 182 

fine-grained matrix which also contains some small silica grains (darkest phases in the 183 

BSE image) and a phosphate clast (Fig. 2a). The higher magnification BSE images 184 

show abundant euhedral silica grains with grain sizes less than 2 m, embedded in the 185 

glassy matrix (Figs. 2b and 2d-f). These silica grains in SIMP#1 are stishovite. The 186 

phosphate clast in SIMP#1 is an aggregate of submicrometer-sized tuite showing a 187 

major Raman band at 975 cm-1 with minor weak bands at 412, 577, 1001, and 1094 188 

cm-1 (Figs. 2d and 3c). In addition, there are many bright nanometer sized particles189 

located at the triple junction of tuite grains (Fig. 2e-f). The adjacent coarse silica grain 190 

showing lamellar textures has transformed into seifertite and stishovite with Raman 191 

bands at 231, 513, and 750 cm-1 (Figs. 2a and 3b). In contrast, the apatite inclusion 192 

with characteristics of Raman bands at 959 cm-1 (Fig. 3d) in the coarse silica grain has 193 

not transformed into tuite (Fig. 2a). However, an elongate apatite grain close to SIMP 194 

#1 has partially transformed into tuite (Figs. 2a and 3c). The host pyroxene grain 195 

displays exsolution lamellae without any signs of high-pressure polymorphs (Fig. 3e) 196 

and the plagioclase has been transformed into maskelynite. 197 

A focused ion beam (FIB) foil (FIB #1) was extracted on the tuite aggregate for a 198 

detailed petrographic investigation of SIMP #1 (Fig. 2d). FIB #1 is ~ 5 m in width 199 

and ~ 13 m in length (Fig. 4a). The secondary electron image after extraction 200 

displays abundant euhedral silica grains in the SIMP #1 (Fig. 4a). The tuite grains are 201 

less than 500 nm in length with subhedral shapes assembled together as an aggregate 202 

(Fig. 4b). Many bright spots less than 50 nm are located along the grain boundaries of 203 
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tuite grains, mainly at the triple junctions (Fig. 4b). The groundmass of FIB #1 is 204 

dominantly composed of silicate glasses containing some euhedral stishovite grains 205 

less than ~ 200 nm, as identified by the TEM SAED patterns (Fig. 4b-d). Most 206 

stishovite grains identified in this location were easily vitrified under the TEM beams. 207 

The HAADF-EDS mapping images of tuite aggregate outlined by the white 208 

rectangle in Fig. 4b indicate that tuite grains are homogeneous in O, P, and Ca with 209 

some hotspots of Cl (Fig. 5). The bright spots along the boundaries (dashed white 210 

lines in Fig. 5a-e) of tuite grains are significantly Fe-enriched (Fig. 5b). The Cl is 211 

mainly concentrated along the grain boundaries of tuite with some hotspots at the 212 

triple junctions (Fig. 5c). The matrix associated with the tuite aggregate is silicate 213 

glass characterized by the higher Fe, Mg, Al, and Si contents (compared to tuite) 214 

containing several euhedral Si and O rich grains (Fig. 5b-i). The two spots (labelled 215 

as 1 and 2 in Fig. 5c) yield a quantitative chemical composition of tuite as 216 

determined by the STEM-EDS mapping. Both contain some Cl varying from 0.5 to 7 217 

wt% (Table 3).  218 

3.3. High-pressure polymorphs in shock induced melt pocket #2 219 

The shock induced melt pocket #2 (SIMP #2) is located in the interstitial region 220 

of pyroxene, which displays common exsolution features with an area of ~ 40 × 70 221 

m2 (Figs. 1 and 6). SIMP #2 is mainly composed of silica grains, a relict pyroxene 222 

grain, phosphate grains, and the matrix (Fig. 6). There are two types of silica grains, 223 

granular in micrometer sizes and tiny euhedral grains (< 1 m) embedded in the 224 

matrix (Fig. 6). The granular silica grains display a strong Raman band at 751 cm-1225 

and two minor ones at 231 and 584 cm-1 (Fig. 7e). The phosphate grains in SIMP #2 226 

have been transformed into tuite with a strong Raman band at 974 cm-1 and several 227 

minor bands at 412, 577, 998, and 1095 cm-1 (Fig. 7d). The tuite identified in SIMP 228 

#2 has a chemical composition (in wt%) of CaO 44.7, P2O5 44.2, FeO 3.86, MgO 2.76, 229 

SiO2 2.11, Na2O 1.56, and minor MnO, Al2O3, and K2O, without detectable F and Cl 230 

(Table 2). The relict pyroxene grain in SIMP #2 with exsolution lamellae has Raman 231 

bands at 285, 782, and 839 cm-1 (Fig. 7c). The chemical composition of the relict 232 

pyroxene (in wt%) is SiO2 48.5, FeO 32.8, MgO 10.4, CaO 5.68, P2O5 1.23, and MnO 233 

0.84, with minor Al2O3, TiO2, and Na2O (Table 2). 234 

 The surrounding pyroxene grains in SIMP #2 are pigeonite and augite as 235 

confirmed by Raman (Fig. 7a-b). A FIB foil (FIB #2) on the relict pyroxene was 236 
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prepared and analyzed using TEM (Fig. 8). FIB #2 is mainly composed of one tuite 

grain, one relict pyroxene grain (white dashed lines), and the surrounding fine-grained 

matrix (Fig. 8a-b). The relict pyroxene grain, most likely a pigeonite based on the 

chemical composition (Table 1), displays well defined augite exsolution lamellae (Fig. 

8a). The BF-TEM image (Fig. 8c) of the local region outlined in Fig. 8a from the 

relict pyroxene shows polycrystalline textures. The d-spacings are approximately 2.9 

and 2.5 Å (Fig. 8d), which are consistent with the (220) and (113) of a spinel phase, 

respectively. No other diffraction spot or ring was observed (Fig. 8d). The 

nanocrystals in between the augite exsolution lamellae are less than 50 nm (Fig. 8e-f). 

The SAED patterns along two different zones shown in Fig. 8e-f are consistent 

with the crystallography of ahrensite. Two TEM-EDS spots are carried out on the 

ahrensite and the associated amorphous region (3 and 4 marked in Fig. 8f). The 

ahrensite grain has a chemical composition (in wt%) of O (38.5), Fe (38.2), Si 

(15.8), and Mg (7.5) (Table 3). The associated amorphous area has higher Si (34.3), 

O (54), and Ca (5.0), and lower Fe (8.0) and Mg (1.7) compared with that of the 

ahrensite grain (Table 3). 

4. DISCUSSION

4.1. Formation mechanism of tuite in Zagami 

4.1.1. Decomposition of apatite to tuite in SIMP #1 

The chemical compositions (Tables 1 and 2), textures (Figs. 2 and 4), 

morphologies (Fig. 5), and Raman analysis (Fig. 3) of the tuite aggregate identified in 

SIMP #1 indicate that these submicrometer-sized tuite grains were decomposed 

from a precursor Cl-rich apatite grain. The first reported occurrence of tuite, 

formed through transformation of apatite, was reported in an ordinary chondrite, 

Suizhou (Xie et al., 2013). Some chlorapatite grains adjacent to the shock veins in 

Suizhou were partially decomposed to tuite based on the Raman analysis and lower 

Cl contents in tuite (~ 3.2 wt%) than the host apatite (~ 5.5 wt%) (Xie et 

al., 2013). The decomposition of apatite to tuite in martian meteorites has 

only been reported previously in NWA 7755 (Wang et al., 2017). The phosphate 

aggregate identified in SIMP #1 from Zagami displays diagnostic Raman peaks of 

tuite (Figs. 2 and 3c) (Xie et al., 2002). The morphology of the tuite aggregate (Fig. 

2) is more consistent with that of tuite crystals synthesized from chlorapatite (Xie et 

al., 2013), both displaying subhedral features and compacted with triple junctions. In 

addition, the tuite aggregate identified in SIMP #1 from Zagami have some minor 

contents of Cl, SiO2, FeO, MgO, 

269 
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and Al2O3, similar to the chemical composition of host apatite (Tables 1 and 2). 

Furthermore, the adjacent apatite grain to SIMP #1 has also been 

partially decomposed to tuite (Fig. 2a). These features are nearly identical to the 

observations of tuite grains, argued for being formed through decomposition of 

chlorapatite in Suizhou (Xie et al., 2013) and NWA 7755 (Wang et al., 2017). 

During the decomposition of apatite to tuite [2Ca5(PO4)3(Cl, F, OH) → 3-

Ca3(PO4)2 + Ca(Cl, F, OH)2], CaCl2, CaF2, or Ca(OH)2 was expected to be observed 

associated with tuite (Murayama et al., 1986; Xie et al., 2013). TEM-STEM analyses 

indicate that the tuite aggregate in SIMP #1 is mainly composed of submicrometer-

sized tuite grains with minor Fe-rich hotspots along the tuite grain boundaries, without 

identification of CaCl2, CaF2, and Ca(OH)2 (Fig. 5). One possible explanation is that 

the fractions of CaCl2, CaF2, and Ca(OH)2 are too small and widely dispersed in the 

polycrystalline texture of tuite (Murayama et al., 1986). Another possible explanation 

is that these phases, e.g., CaCl2, are highly soluble in water, and are probably lost 

during sample preparation (Xie et al., 2013). The Cl content of the tuite aggregate in 

Zagami is significantly enriched along the grain boundaries of tuite and most enriched 

at the triple junctions (Fig. 5c). This feature suggests that Cl in the precursor apatite 

grain was redistributed during decomposition. On the other hand, the ideal molecular 

formula of tuite, -Ca3(PO4)2, is incompatible with Cl-, F-, and OH- (Jolliff et al., 

2006; McCubbin et al., 2014; Murayama et al., 1986; Xie et al., 2013). TEM-EDS 

analytical results show that the tuite grains have minor Cl (~ 0.5 wt%), which is much 

lower than at the triple junctions (~ 7 wt%) (Table 3) and the host apatite (~ 2.3 wt%) 

(Table 2), probably due to the signal of a nearby/underlying Cl-bearing phase. This 

observation strongly indicate that the products of apatite decomposition, e.g., CaCl2, 

could be partially retained in tuite grains because of short duration of asteroid impact 

and a relatively short post-shock cooling time period (Beck et al., 2005; Ma et al., 

2016; Walton et al., 2014). We propose that decomposition of apatite under high-

pressure and high-temperature conditions could form a variety of phases on 

nanometer size scale. The tuite nanophases grew to larger sizes incorporating other 

products within them simultaneously accompanied with the outwards Cl diffusion 

because of its incompatible nature in tuite. The other decomposition products of 

apatite except tuite are mainly concentrated along the grain boundaries of tuite and 

potentially they were dissolved by water used for sample 302 
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preparation or were lost with the water vapor during decomposition of the precursor 

apatite [Ca(OH)2 → CaO + H2O] if it had some hydroxyl-component (Xie et al., 

2016). 

4.1.2. Transformation from merrillite to tuite in SIMP #2 

The tuite grains identified in SIMP #2 display granular textures with grain sizes 

ranging from ~ 3 to ~ 10 m in length (Fig. 6). These tuite grains have minor Na2O 

(1.56 wt%), MgO (2.76 wt%), and FeO (3.86 wt%) without detectable Cl and F, 

nearly identical to the chemical compositions of merrillite (Table 1). Such chemical 

and morphological features are consistent with previously reported tuite in some 

martian meteorites (Baziotis et al., 2013; Boonsue and Spray, 2012; Fritz and 

Greshake, 2009; Malavergne et al., 2001; Miyahara et al., 2016), indicating that they 

were directly transformed from precursor merrillite grains. The tuite grains identified 

in SIMP #2 likely did not experienced melting during their formation based on the 

granular textures, probably attributed to the heterogeneous heat distribution in this 

melt pocket (Hu and Sharp, 2017). 

4.2. Formation mechanism of ahrensite: Decomposition of pigeonite 

Raman analysis (Fig. 7) and TEM-SAED patterns (Fig. 8) of the pyroxene clast 

in SIMP #2 strongly suggest that ahrensite identified here is a high-pressure 

polymorph of olivine rather than a high-pressure polymorph of pyroxene. The 

strongest Raman band position on this clast is 839 cm-1, corresponding to a fayalite 

content of ~ 65 mol % (Feng et al., 2011), which is consistent with the TEM-EDS 

analysis on the crystalline nanophases from FIB #2 (Table 3). Both the chemical 

compositions and Raman spectra of the pyroxene clast reveal that it should be an 

ahrensite grain (Ma et al., 2016). 

Ahrensite and ringwoodite are the Fe- and Mg-endmember of -(Mg, Fe)2SiO4, 

respectively (Ma et al., 2016; Tomioka and Miyahara, 2017). The commonly 

identified olivine high-pressure polymorph is ringwoodite in martian meteorites Dar 

al Gani (DaG) 670 (Greshake et al., 2013), Elephant Moraine (EET) A79001 

(Miyahara et al., 2016; Walton, 2013), NWA 4468 (Boonsue and Spray, 2012), NWA 

7755 (Wang et al., 2017), Grove Mountains (GRV) 020090 (Lin et al., 2011), 

Tissint (Ma et al., 2016), and Chassigny (Fritz and Greshake, 2009). To date, 

Tissint and NWA 8159 were reported to contain ahrensite (Ma et al., 2016; Sharp et 

al., 2019). All of these martian meteorites contain abundant igneous olivine 

macrocrystals (Boonsue 

335 
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and Spray, 2012; Fritz and Greshake, 2009; Greshake et al., 2013; Lin et al., 2011; Ma 336 

et al., 2016; Miyahara et al., 2016; Sharp et al., 2019; Wang et al., 2017). In contrast, 337 

olivine is rare in the basaltic shergottites including Zagami, except where it occurs in 338 

trace amounts through decomposition of late-crystallized Fe-rich pyroxene grains into 339 

Fe-rich olivine, hedenbergite and silica (Wadhwa et al., 1993). There are no olivine 340 

grains identified across the Zagami section used in this study (Fig. 1). The pyroxene 341 

clast with Raman diagnostic bands of ahrensite in SIMP #2 is likely not related to the 342 

transformation of olivine as supported by the identical morphologic texture to the 343 

adjacent pigeonite with well defined augite exsolution lamellae (Fig. 6). This 344 

inference is further supported by its identical chemical composition to pigeonite 345 

(Table 2). These characteristics indicate that ahrensite identified in SIMP #2 from 346 

Zagami was a decomposition product of pigeonite by solid state transformation under 347 

high-pressure and high-temperature conditions. 348 

The more detailed TEM-EDS analysis on the major components, ahrensite 349 

nanograins and amorphous silicate groundmass in the pyroxene clast reveals that 350 

elements of Fe, Mg, and Ca might have been redistributed between the ahrensite 351 

nanograins and the groundmass (Table 3). The ahrensite grains have higher Fe 352 

contents (Fa ~ 65 mol%) than that of the associated amorphous groundmass and the 353 

pyroxene clast (Fe/(Fe + Mg) = 48 mol%) (Tables 2 and 3). One possible explanation 354 

is that Fe is more compatible in ahrensite than in pyroxene (Miyahara et al., 2009; 355 

Miyahara et al., 2008). During the decomposition of pigeonite, (Fe,Mg,Ca)SiO3 → 356 

- (Fe,Mg)2SiO4 + SiO2 + CaSiO3, most Fe in the pigeonite clast would have been 357 

partitioned into ahrensite, leaving the groundmass relatively Fe- and Mg-poorer and 358 

Ca-richer than the pyroxene clast (Tables 2 and 3). There are no CaSiO3 perovskite or 359 

any high-pressure phases of silica (e.g., stishovite) identified in pyroxene clast (Fig. 8), 360 

which is probably because they were not stable to ambient conditions (Martinez et al., 361 

2019; Tomioka and Kimura, 2003).  362 

4.3. P-T-t Constraints 363 

Two high-pressure minerals, tuite and ahrensite (Figs. 2, 3, 6, and 7), are identified 364 

in this study from the Zagami basaltic shergottite. The multiple high-pressure minerals, 365 

intergrowth of seifertite and stishovite co-occurring in the adjacent silica grain to 366 

SIMP #1 indicate that the peak pressure was ~ 22-30 GPa (Bläß, 2013; El Goresy et 367 

al., 2008; Langenhorst and Deutsch, 2012; Ma et al., 2018). The apatite grain enclosed 368 
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400 

by stishovite and seifertite intergrowth (R8 in Fig. 2a) did not transform to tuite (Fig. 

3d). Another apatite grain, closer to SIMP #1 has partially transformed to tuite (Fig. 

2a). These features indicate that the shock-induced temperature in the adjacent area to 

SIMP #1 had a large temperature gradient and was lower than ~ 1000 ℃ (Murayama 

et al., 1986). The SIMP #1 was at least partially melted based on the textures and 

presence of abundant acicular stishovite grains (Fig. 2). The tuite aggregate, 

recrystallized stishovite grains, and granular stishovite co-existing in SIMP #2 (Fig. 2) 

requires the shock pressure and temperature of ~ 12-22 GPa and > 1100 ℃ (El Goresy 

et al., 2013; Hu and Sharp, 2017; Langenhorst and Deutsch, 2012; Murayama et al., 

1986; Sharp et al., 2019; Xie et al., 2016), respectively. These constraints reveal that 

the P-T conditions of the shock metamorphism experienced by Zagami were 

heterogeneously distributed in a very limited area. This observation is consistent with 

other studies of the distribution of high-pressure phases in meteorites and 

considerations of how shock waves propagate in heterogeneous target 

materials (Sharp and DeCarli, 2006). 

There are four types of high-pressure phases: granular tuite and stishovite, 

euhedral stishovite, and ahrensite coexisting in SIMP #2 (Figs. 6 and 7). Most 

domains in SIMP #2 have been melted based on the textures except some relict 

mineral clasts (Fig. 6). The absence of majorite suggests a relatively lower formation 

temperature (Akaogi et al., 2004). These characteristics indicate that the pressure and 

temperature of the shock metamorphism in SIMP #2 should be ~12-22 GPa and ~ 

1100-1500 ℃ (Fig. 9) (El Goresy et al., 2013; Hu and Sharp, 2017; Langenhorst and 

Deutsch, 2012; Ma et al., 2018; Murayama et al., 1986; Sharp et al., 2019; Tschauner 

et al., 2021; Xie et al., 2016), respectively, which is consistent with the estimates for 

the surrounding of hotspots where liebermannite and stöfflerite formed (Ma et al., 

2018; Tschauner et al., 2021), in accordance with the fact that the kinetic 

transformation boundaries are both time- and temperature-dependent (Ma et al., 

2016). 

Previous studies on Zagami shergottite have identified six high-pressure minerals, 

stishovite (Langenhorst and Poirier, 2000b), seifertite (El Goresy et al., 2008), 

liebermannite (Ma et al., 2018), zagamiite-donwilhelmsite (Beck et al., 2004; Fritz et 

al., 2020; Tschauner and Ma, 2017), and akimotoite (Langenhorst and Poirier, 2000b). 

A peak-shock pressure in Zagami was estimated to be ~ 30 GPa based on inferred 401 
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shock barometers (Langenhorst and Poirier, 2000a; Langenhorst et al., 1991). The 402 

shock pressure and temperature estimated from the high-pressure mineral assemblage 403 

are about 20-22 GPa and 1900 ~ 2200 ℃ (Beck et al., 2004; El Goresy et al., 2000a; 404 

El Goresy et al., 2008; El Goresy et al., 2013), respectively. Such P-T conditions are 405 

slightly higher than the estimates in this work. The reason is the fact that the P-T 406 

conditions estimated are for local hotspots rather than the peak shock conditions (Fritz 407 

et al., 2017; Ma et al., 2018; Tschauner et al., 2021). This lower shock temperature 408 

might offset the kinetic transformation boundaries from the bulk rock shock peak 409 

pressure (20 to < 30 GPa) and the reactions which occur at lower static equilibrium 410 

pressures were observed. Another possibility is that the parent rock derived from 411 

regions outside the isobaric core, where shock wave has lost its broad pressure plateau, 412 

and mineral assemblages in shock melt pockets form at a lower shock pressure (Fritz 413 

et al., 2017). The cooling time of the melt pockets is estimated to be ~2 ms by thermal 414 

conduction equation (Fritz and Greshake, 2009) and ~3 ms by HEAT program (Shaw 415 

and Walton, 2013). The smaller melt pockets could have quenched more rapidly and 416 

easily compared with the larger ones (Hu and Sharp, 2017; Sharp et al., 2019). In 417 

addition, the nanometer sizes of ahrensite might further support a fast postshock 418 

cooling rate. 419 

5. Implications420 

421 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

Most high-pressure minerals found in shocked meteorites were formed either by 

crystallization from melts or via solid state transformation from their precursor phases. 

The discovery of tuite aggregate in SIMP #1 and ahrensite in SIMP #2 could shed 

light on the phase decomposition under high P-T conditions. During the 

shock-induced decomposition of apatite, the hydroxyl and halogen bearing products 

would be mobilized and then concentrated along the grain boundaries of tuite grains. 

Although this study did not definitely confirm the dissociation product of apatite, 

CaCl2, the Cl-rich phases along the grain boundary of tuite is the most plausible 

candidate to CaCl2. A more detailed experimental setup is required to make a further 

confirmation, for instance, a water-free sample preparation protocol to avoid dissolve 

of CaCl2. Nanocrystalline ahrensite that identified in the pyroxene clast from Zagami is 

likely the product of decomposition of pigeonite under high P-T conditions through a 

solid state transformation mechanism. This dissociation of pigeonite to 433 
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434 

435 
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440 

441 
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445 
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447 

448 

ahrensite/ringwoodite plus other phases may be widespread in other heavily shocked 

meteorites but potentially been overlooked in previous studies. 
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Tables 699 

700 

Table 1. Representative chemical compositions of pyroxene, maskelynite, merrillite, and apatite from Zagami. 701 
Pyroxene Maskelynite Merrillite Apatite 

187 213 227 231 194 195 214 230 198 204 210 225 207 184 196 223 

SiO2  50.8 50.2 50.5 50.9 58.6 57.7 60.1 59.3 0.75 0.43 0.23 0.18 0.90 1.89 0.80 1.00 

TiO2 0.39 0.53 0.54 0.47 0.09 0.12 0.05 0.09 b.d. 0.04 b.d. b.d. b.d. 0.05 b.d. 0.08 

Al2O3 1.24 0.46 0.53 1.04 25.4 24.9 25.7 25.1 0.03 0.03 0.03 b.d. 0.19 0.03 b.d. 0.09 

Cr2O3 0.53 0.07 0.04 0.42 b.d. 0.04 b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. 0.04 

FeO 19.5 29.8 31.0 20.2 0.70 2.05 0.85 1.48 2.51 3.32 2.80 3.02 0.79 1.90 1.23 1.11 

NiO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.00 

MnO 0.66 0.84 0.85 0.63 b.d. 0.03 0.04 0.03 0.11 0.14 0.14 0.15 0.08 0.14 0.13 0.12 

MgO 11.5 12.8 11.8 12.4 0.08 0.58 0.06 0.30 3.05 2.36 2.44 2.30 0.04 0.45 0.11 0.07 

CaO 15.4 5.41 5.11 14.2 8.60 9.12 8.47 8.57 45.9 46.6 46.7 46.9 53.0 53.9 53.0 51.7 

Na2O 0.23 0.10 0.10 0.20 5.55 5.52 5.57 5.74 1.25 1.27 1.49 1.43 0.17 0.06 0.12 0.20 

K2O b.d. 0.04 0.03 0.03 0.39 0.45 0.48 0.28 b.d. 0.05 0.07 0.05 0.14 b.d. b.d. 0.13 

P2O5  0.08 b.d. 0.03 0.07 0.05 0.02 b.d. b.d. 45.4 45.7 47.3 47.0 43.0 41.0 42.1 42.7 

F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.01 1.81 1.05 0.42 

Cl b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 0.02 0.03 0.03 1.53 0.17 1.80 3.37 

Total 100.3 100.2 100.6 100.6 99.46 100.6 101.4 100.9 99.07 100.0 101.3 101.1 100.2 100.7 99.7 100.5 

b.d.: below detection limit.702 

703 

704 
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Table 2. EPMA compositions of apatite, merrillite, tuite, ahrensite and pyroxene in 705 

shock induced melt pockets #1 and #2 from Zagami. 706 

SIMP #1 SIMP #2 

Apatite Tuite 1 Tuite 2 Matrix Tuite-Cl free Ahrensite Pigeonite Augite 

SiO2 2.18 3.02 2.71 56.6 2.11 48.5 49.8 49.8 

TiO2 0.08 0.01 b.d. 0.2 b.d. 0.43 0.47 0.63 

Al2O3 0.33 0.44 0.27 11.7 0.05 0.4 0.5 0.81 

Cr2O3 0.02 0.02 0.01 b.d. b.d. b.d. 0.06 0.02 

FeO 1.52 2.28 1.64 14.3 3.86 32.8 31.3 20.9 

NiO b.d. 0.04 b.d. b.d. b.d. b.d. b.d. b.d.

MnO 0.18 0.15 0.12 0.35 0.13 0.84 0.89 0.64 

MgO 0.14 0.33 0.15 3.96 2.76 10.4 11.3 10.2 

CaO 51.2 49.8 51.1 7.15 44.7 5.68 5.67 16 

Na2O 0.21 0.22 0.17 2.72 1.56 0.06 0.09 0.22 

K2O b.d. 0.03 b.d. 0.2 0.06 b.d. b.d. b.d.

P2O5 40.2 39 42.6 1.56 44.2 1.23 0.03 0.43 

F 0.69 0.6 0.81 b.d. b.d. b.d. b.d. b.d.

Cl 2.27 2.15 2.05 0.08 b.d. b.d. b.d. b.d.

Total 98.3 97.4 100.9 98.9 99.4 100.3 100.1 99.6 

O= 13 13 13 13 6 6 6 

Si 0.2 0.27 0.24 0.18 1.93 1.98 1.95 

Ti 0.01 b.d. b.d. b.d. 0.01 0.01 0.02 

Al 0.04 0.05 0.03 b.d. 0.02 0.02 0.04 

Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d.

Fe 0.11 0.17 0.12 0.27 1.06 1.04 0.68 

Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d.

Mn 0.01 0.01 0.01 0.01 0.03 0.03 0.02 

Mg 0.02 0.04 0.02 0.35 0.62 0.67 0.59 

Ca 4.96 4.86 4.76 4.02 0.24 0.24 0.67 

Na 0.04 0.04 0.03 0.25 b.d. 0.01 0.02 

K b.d. b.d. b.d. 0.01 b.d. b.d. b.d.

P 3.08 3.01 3.13 3.14 0.04 b.d. 0.01 

F 0.2 0.17 0.22 b.d. b.d. b.d. b.d.

Cl 0.35 0.33 0.3 b.d. b.d. b.d. b.d.

Total 8.46 8.46 8.33 8.24 3.99 4 4

b.d.: below detection limit.707 

708 
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Table 3. The chemical compositions (corresponding to Fig. 5c) of tuite and ahrensite 709 

measured by TEM-EDS. 710 

1 (wt%) 2 (wt%) 3 (wt%) 4 (wt%) 

Ca 35.1 41.5 5.0 

P 22.9 18.9 

Cl 0.5 7.0 

O 41.6 33 38.5 54 

Si 15.8 34.3 

Mg 7.5 1.7 

Fe 38.2 8.0 

711 

712 
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Figures 713 

714 
Figure 1. BSE mosaic image (a) and minerals distribution map (b) of Zagami studied 715 

in this work. It consists mainly of pyroxene (augite and pigeonite) and maskelynite, 716 

with minor accessory minerals, apatite, merrillite, titanomagnetite, ilmenite, silica, 717 

and baddeleyite. Squares (1 and 2) are the locations of shock-induced melt pockets 718 

identified in the section. 719 

720 

721 
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 722 

Figure 2. Petrography of shock-induced melt pocket 1 (SIMP #1). (a) SIMP #1 is 723 

located at the contact area between pyroxene and maskelynite. A coarse grain of silica 724 

at lower left has been transformed into stishovite and seifertite. The white boxes with 725 

letters correspond to the areas shown at higher magnification in 2b, 2c and 2d. (b) 726 

Acicular stishovite grains in the upper left corner outlined in (a). (c) High 727 
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magnification BSE image of the silica grain showing lamellar texture. (d) Tuite 728 

aggregate in SIMP #1. Foil 1 is the location for FIB-TEM analysis. (e) Details of 729 

white rectangular region outlined in (d). Tuite, in submicron sizes, is enclosed by 730 

silicate glasses in which display nanometer-sized euhedral stishovite grains. Some 731 

bright spots are mainly located in the interstitial areas. (f) The morphology of tuite 732 

aggregate after bombardment by a laser with energy of 20 mW. Tuite grains are 733 

loosely compacted with triple junctions. Px: pyroxene; Sti: stishovite; Ap: apatite; 734 

Msk: maskelynite; Sei: seifertite. R+number: Raman analysis location. 735 

736 

737 
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 738 

Figure 3. Raman spectra of stishovite (a), intergrowth of stishovite and seifertite (b), 739 

tuite (c), apatite (d), and host pyroxene (e) marked in figure 2. 740 

 741 

 742 

  743 
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744 

Figure 4. Petrographic textures of FIB foil sample of melt pocket 1 (foil 1). (a) SEM 745 

image of cross-section after extraction. The tuite aggregate is enclosed by silicate 746 

glasses containing some euhedral silica grains showing darker contrast. (b) HAADF 747 

image of tuite aggregate and the associated outer areas. Tuite grains, in nanometer 748 

sizes, are compacted showing triple junctions. Some anhedral bright grains are usually 749 

found along the grain boundary of tuite. More detailed textures of tuite grains and 750 

bright spots are shown in Fig. 5. (c-d) Acicular and euhedral stishovite grains occur in 751 

the groundmass of silicate glasses. Inset image in (d) shows the SAED pattern on a 752 

stishovite grain from the circled area in (d). The crystal axis calculated to be [11̅3]. 753 

Most stishovite grains were easily vitrified under the TEM beam irradiation. 754 

755 

756 
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757 
Figure 5. HAADF image (a) and EDS elemental mapping of Fe (b), Cl (c), Ca (d), P 758 

(e), Al (f), Mg (g), Si (h), and O (i) of tuite aggregate in foil 1 outlined by the white 759 

rectangle in figure 4b. The bright particles in (a) are probably iron oxides (b), which 760 

are mainly present along the grain boundary of tuite grains, consistent with the 761 

distribution of Cl (c). Stishovite grains in euhedral and acicular shapes are enclosed 762 

by the matrix of silicate glasses (g-i). The chemical compositions of Cl hotspot (#2 in 763 

(c)) and tuite grain (#1 in (c)) were measured by STEM-EDS and listed in Table 3. 764 

765 

766 
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767 
Figure 6. BSE image of shock induced melt pocket 2 (SIMP #2) outlined by white 768 

dashed lines. Pyroxene displays common exsolution lamellae. Micrometer-sized 769 

granular aggregates of stishovite grains are occurring on the left side of SIMP #2. 770 

Tuite grains are mainly present in areas above to the right of SIMP #2. A pigeonite 771 

grain outlined by a white rectangle in melt pocket 2 displays Ca-rich exsolution 772 

lamellae, similar to the texture of host pyroxene. However, Raman analysis indicates 773 

that this grain has been transformed into ringwoodite/ahrensite. Px: pyroxene; Sti: 774 

stishovite. Ahr: ahrensite. 775 

776 

777 
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778 
Figure 7. Raman spectra of various phases marked in Fig. 6. (a) pigeonite (R28), (b) 779 

augite (R27), (c) ahrensite (R24), (d) tuite (R23), (e) stishovite (R22). 780 

781 

782 
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783 

Figure 8. (a) HAADF image of foil sample of melt pocket 2 (foil 2), which contains 784 

ahrensite, tuite and the associated matrix. (b) Ca element distribution mapping shows 785 

that the exsolution lamellae in pigeonite are Ca-rich. (c) TEM image of the 786 

fine-grained mineral assemblage. Average grain size is approximately 50 nm. (d) The 787 

polycrystalline electron diffraction ring of ahrensite grains. The lattice spaces are 2.9 788 

Å and 2.5 Å, respectively. (e) High magnification of one ahrensite grain and its 789 

corresponding SAED pattern. (f) Different zone axis of the same grain with (e). The 790 

EDS composition of the point 3 is consistent with the ahrensite grain, whereas the 791 

point 4 shows SiO2 rich composition (Table 3). The inset shows the corresponding 792 

SAED pattern. Ahr: ahrensite. 793 

794 
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796 
Figure 9. P-T constraints revealed by the formation of tuite, ahrensite, and stishovite 797 

in Zagami meteorite. Black line is the phase diagram of MgSiO3 (Gasparik, 1990). 798 

Blue lines show the stability fields of F- and OH-apatite (Murayama et al., 1986). 799 

Orange dashed line is the boundary of coesite and stishovite transformation (Zhang et 800 

al., 1996). 801 
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