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LITHOS. 

The manuscript presents a novel approach based on three dimensionally reconstruction of 

a volume of slab of Al Haggounia 001 meteorite, in which the spatial distribution of 

mineralogical phases and voids, their volume percentage, shape, and size were studied. 

The study was carried out on a fragment of meteorite (thin section and slab) combining a 

3D reconstruction of pores and grain features, obtained by micro-Computed x-ray 

Tomography (µ-CT), with chemo-mineralogical characterization obtained of phases by 

SEM-EDS.  

The volumetric analyses used in this work providing information about the spatial 

relationships between open and closed pores and mineralogical phases, add new 

evidence about the origin of porosity in Al Haggounia 001 meteorite, distinguishing a 

primary porosity  related to degassing of sulfides during impact melting event from a 

secondary porosity caused by terrestrial weathering.  
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In the frame of a broader study on impact effects on meteorites microstructures and 
mineralogy, we studied the internal structures and grain features of Al Haggounia 001 
meteorite, a very interesting EL3 impact melt characterized by a strong porosity. The study 
was carried out using a 3D reconstruction obtained by micro-Computed x-ray Tomography 
(µ-CT) supported by chemo-mineralogical characterization obtained by SEM-EDS. The 
fragments examined consist of a matrix of enstatite, plagioclase, with minor phases such 
as sulfides, oxides, and phosphides. Only one relict chondrule was observed that consists 
of a radial pyroxene with enstatite composition, Na plagioclase and silica mesostasis. 
SEM-EDS analyses reveal that the average composition of pyroxene and plagioclase is 
(En98.4 Fs0 Wo1.6) and (Ab80 An12 Or8), respectively. The minor phases found are 
daubréelite, schreibersite, oldhamite, troilite, graphite, tiny kamacite grains survived to the 
weathering, and N-bearing oxide. In addition to primary phases, terrestrial products as 
jarosite and halite were found. Kamacite appears variably oxidized. HR-SEM images 
reveal resorption features as well as rounded etch pits on the surfaces of daubréelite, holes 
on plagioclase and scalloped enstatite crystals. The µ-CT measurements show an uneven 
porosity with an average percentage of about 15% that consists averagely of open pores 
(12 %) and closed pores (3%) with irregular to round shapes. The innovative 
methodological approach, based on volumetric investigation, providing information about 
the spatial distribution, volume percentage and shape of voids and mineralogical phases 
with different density, add new elements about the origin of porosity in this meteorite. 
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 volumetric analyses of porosity and grain features of Al-Haggounia 001 

meteorite 

 combined use of μ-CT and microanalyses to reconstruct the 3D internal 

structure  

 total porosity consists of open and closed pores with different genetic 

implications 

 links among spatial distribution, vol% and sizes of pores and 

mineralogical phases  
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Abstract:  7 

In the frame of a broader study on impact effects on meteorites microstructures and mineralogy, we studied 8 

the internal structures and grain features of Al Haggounia 001 meteorite, a very interesting EL3 impact melt 9 

characterized by a strong porosity. The study was carried out using a 3D reconstruction obtained by micro-10 

Computed x-ray Tomography (µ-CT) supported by chemo-mineralogical characterization obtained by SEM-11 

EDS. The fragments examined consist of a matrix of enstatite, plagioclase, with minor phases such as sulfides, 12 

oxides, and phosphides. Only one relict chondrule was observed that consists of a radial pyroxene with 13 

enstatite composition, Na plagioclase and silica mesostasis. SEM-EDS analyses reveal that the average com-14 

position of pyroxene and plagioclase is (En98.4 Fs0 Wo1.6) and (Ab80 An12 Or8), respectively. The minor phases 15 

found are daubréelite, schreibersite, oldhamite, troilite, graphite, tiny kamacite grains survived to the weath-16 

ering, and N-bearing oxide. In addition to primary phases, terrestrial products as jarosite and halite were 17 

found. Kamacite appears variably oxidized. HR-SEM images reveal resorption features as well as rounded 18 

etch pits on the surfaces of daubréelite, holes on plagioclase and scalloped enstatite crystals. The µ-CT meas-19 

urements show an uneven porosity with an average percentage of about 15% that consists averagely of open 20 

pores (12 %) and closed pores (3%) with irregular to round shapes. The innovative methodological approach, 21 

based on volumetric investigation, providing information about the spatial distribution, volume percentage 22 

and shape of voids and mineralogical phases with different density, add new elements about the origin of 23 

porosity in this meteorite. 24 

Keywords: EL3 impact melt meteorite 1; pores and vesicles 2; sulfides 3  25 

 26 

1. Introduction 27 

The “fossil meteorite” [1 (Bunch et al., 2014)], Al Haggounia 001, is a EL3 impact melt rock (Rubin 2016). It is 28 

an interesting meteorite because, with paired samples named Northwest Africa (NWA), with a total mass of 29 

about 3 tons (MBD), represent the largest enstatite meteorite known. This meteorite was found in 2006 in 30 

western Sahara in sedimentary rocks such as conglomerates. Due to lack of expected metal and well-defined 31 
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chondrules, low abundances of sulfides, and the presence of vesicles, Al Haggounia 001 suffered a complex 32 

classification history. In a first moment was classified as an aubrite; whereas its paired fragments (e.g., NWA 33 

002, 1067, 2736, 2828, 2965, 7401) were classified not only as aubrites but also as different types of enstatite 34 

chondrites (EL6, EL6/7, E6, EL3) (e.g., Lowe et al. 2005; Kuehner et al.2006; Irving et al. 2010). Recently, Rubin 35 

(2016) reclassified this meteorite as "vesicular, incompletely melted, EL chondrite impact melt rock[s]." 36 

As an EL3 impact melt, this meteorite belongs to enstatite meteorite clan that, among the other groups of 37 

meteorites, show to have a highly reduced nature and mineralogy with fO2 similar to that of Mercury esti-38 

mated using data from the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSEN-39 

GER) spacecraft (McCubbin et al. 2012, 2017; Zolotov et al. 2013; Udry et al., 2019). Al Haggounia 001 is 40 

characterized by the presence of graphite and sulfides (oldhamite, alabandite and troilite) that represent 41 

typical phases found in reduced enstatite chondrite (Szurgot et al., 2011; Rubin 2016). This meteorite exhibits 42 

a terrestrial age of about 23,000 +- 2000 yr., as measured by 14C dating (Chennaoui-Aoudjehane et al., 2009) 43 

and shows, also, a heavily weathering (W4–W5 grade). 44 

An unusually high porosity characterizes Al Haggounia 001 (Kuehner et al., 2006). This singular feature was 45 

previously studied by Rubin (2016) that observed voids in Al Haggounia 001 and its paired meteorite frag-46 

ments; some were rounded, some irregular and other showed elongated shape. The apparent diameter meas-47 

ured on 40 voids ranged between 50 and 610 m with an average of around 200 _+ 140 m. The modal 48 

abundance of voids observed by optical observations in transmitted light of NWA 7401 is 6.8 vol% (Rubin, 49 

2016). The same author also found petrographic features consistent with incompletely melted rocks by im-50 

pact. In fact, he observed vesicles on NWA 7401 paired with Al Haggounia 001 similar to those observed on 51 

ordinary-chondrite impact-melt breccias and impact-melt rocks.  52 

The finding of porosity in meteorites and its origin was a long time debated. The first studies were done by 53 

Alexayeve (1958), Stacy et al. (1961) and Keil (1962). More recently, Consolmagno et al., (2008) compared 54 

meteorite density and porosity and physical properties of their parent bodies and they focused on chondrites 55 

belonging to different classes and petrological group. Soini et al. (2020), studied the thermal conductivity, 56 

the thermal diffusivity and porosity mainly on the chondrite groups. Lately, the origin of porosity was in-57 

vestigated directly visualizing the volume distribution, density and shape of pores by means of a useful and 58 

innovative technique: micro–X-ray Computed Tomography (CT). This technique has been increasingly 59 

used in the meteoritics studies to explore phase distribution, microstructures, crystal habits or grains, occur-60 

rences of porosity, melt veins and fractures in a 3D reconstruction of a small meteorite volume, as reported 61 

in reviews by Pratesi et al. (2014) and Hanna and Ketcham, (2018). This technique has been mainly applied 62 

to the study of texture and distribution of mineral phases, shapes of chondrules and pore distribution on 63 

chondrites (Panerai et al., 2021 and references therein); on meteorites of Mars (Nascimento-Dias et al., 2019; 64 

Porfido et al., 2020); on enstatite meteorites, (Krzesińska et al., 2019); on stardust impact tracks (Tsuchyama 65 
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et al., 2009), silicate inclusions in meteoritic chromite grains (Alwmark et al., 2011), splashform moldavites 66 

(Pratesi et al., 2014) and micrometeorites (Dion net et al., 2020).  67 

In the present study, we apply a combined use of CT and chemo-mineralogical analyses by Scansion Elec-68 

tron Microscopy (SEM) to three-dimensionally reconstruct the internal structure, the grain features and po-69 

rosity of a fragment of Al Haggounia 001. The innovative methodological approach, based on volumetric 70 

investigation, permits to add new elements on the origin of porosity and its implications on the evolution 71 

history of this meteorite.  72 

 73 

2. Materials and Methods 74 

We studied one thin section and a slab section taken from the same fragment of Al Haggounia 001. The thin 75 

section and the slab were investigated by Scanning Electron Microscopy (SEM), after graphite and gold-76 

coating, respectively. The gold coating was done to better identify the C-rich phases. 77 

The slab sample was analyzed also by micro–X-ray Computed Tomography (-CT) in two regions, named B1 78 

and B2 (Fig. 1).  79 

The SEM microscope used for qualitative, quantitative chemical analyses, and morphological observations is 80 

Zeiss LEO EVO50XVP, coupled with an Oxford X-Max (80 mm2) Silicon Drift Detector (SDD). It has second-81 

ary and backscattered electron (BSE) detectors. Chemical analyses were performed using energy dispersive 82 

spectrometers (EDS). The SEM operates with an accelerating potential of 15 KV, a probe current of 500 Pa, 83 

and a working distance (WD) of 8.5 mm. Aztec software has been used for maps and microanalysis.  84 

Analyses by μ-CT were performed with Bruker Skyscan 1172 high-resolution X-CT scanner operating at an 85 

X-ray Voltage of 100 kV using an Al filter of 0.5 mm (see scanning and reconstruction parameters in Table 86 

1). Bruker’s NRecon software was used to reconstructX-CT projection images into two-dimensional cross 87 

section (slices) by applying the Feldkamp algorithm (Feldkamp et al., 1984). Cross-section parameters are 88 

shown in Table 1. X-CT datasets were analyzed and visualized using Bruker’s CTAn and CTvox software.  89 

Table 1. CT scanning parameters   90 

X-CT scanner 
Parameters 

Reconstruction 
Parameters 

Pixel Size (m) 3 Smoothing 4 

X-ray Voltage (Kv) 85 Ring Artifact 
Correction 7 

X-ray Current (A) 118 Beam Hardening 
Correction (%) 46 

Rotation Step 
(degrees) 0.28 -   

Filter Al 0.5mm -   
Frame  

Averaging 5 -   

 91 
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Results 92 

3.1. Scanning Electron Microscope analyses  93 

The chemical and mineralogical analyses were carried out on the slab and on thin section of the fragment of 94 

Al Haggounia 001, acquiring chemical maps and several spots of microanalyses. Grain features and internal 95 

structures were also observed on Back-Scattered Diffraction (BSD) and Secondary Electron (SE) images. The 96 

results show that the sample consists of a matrix of enstatite and plagioclase (Fig. 2) with minor phases such 97 

as sulfides (daubréelite, oldhamite and troilite), phosphides (scheirbersite), graphite, tiny kamacite grains, 98 

survived to the weathering, and N-bearing phase (sinoite). In addition to primary phases, secondary miner-99 

als grown in terrestrial environment were found. The most abundant have a composition of jarosite and 100 

halite, whereas some kamacite grains exhibit variable degree of oxidation. 101 

Only one relict chondrule was observed on the surface of the slab section (Fig.3). The chondrule consists of a 102 

radial pyroxene with enstatite composition, Na plagioclase and silica mesostasis.  103 

SEM-EDS microanalyses reveal that the average composition of pyroxene is En98.4 Fs0 Wo1.6; whereas that of 104 

plagioclase is Ab80.23 An11.45 Or8.32, (table 2).  105 

 106 

Table 2. SEM-EDS microanalyses (wt%) of silicates 107 

Plagioclase Na2O MgO Al2O3 SiO2 K2O CaO TOT 

Wt % 9.27 ±0.05 2.0 ±0.03 19.14 ±0.07 65.14 ±0.13 1.46 ±0.03 2.39 ±0.04 99.42 

Number of Ions 7.99       

Enstatite MgO Al2O3 SiO2 CaO TOT 

Wt % 39.15 ±0.08 0.56 ±0.03 59.26 ±0.12 0.88 ±0.03 99.85 

Number of Ions 12,00     

 108 

 109 

From the textural point of view, the slab is very porous and exhibit many resorption features. Voids observed 110 

on SEM SE images can be distinguished in irregular and rounded shapes. In general, irregular shapes char-111 

acterize the voids between different crystals.  112 

The resorption features observed regard mainly silicates and Cr, Fe, Mn sulfides. Enstatite grains often appear 113 

as scalloped crystals (Fig. 4a). Locally the surface of some plagioclase crystals exhibits rounded “micro-cra-114 

ters” (holes) characterized by smooth walls (Fig.4b). Instead, sulfides exhibit rounded etch-piths similar to 115 

popped bubbles mainly on the grains of daubréelite composition, whereas schreibersite grains show smooth, 116 

sometimes fractured surfaces (Fig. 5).  117 

 118 

 119 
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-Xray Computed Tomography (-CT) 120 

 121 

The B1 and B2 volumes of the slab of Al Haggounia 001 were investigated by CT (Fig. 6). The images ac-122 

quired are characterized by different grayscale intensities proportional to the different X-rays absorption of 123 

the volume investigated (Agrosì et al., 2019). The not uniformly X-ray absorption is due to the presence of 124 

minerals with different X-ray attenuation coefficients and an uneven distribution of voids. In Figure 6, the 125 

phases with highest attenuation coefficient appear white, whereas phases with low to middle attenuation 126 

coefficient appear light to medium and dark gray. The attenuation coefficient corresponding to voids is near 127 

zero; consequently, the voids appear black. The cross-section images, taken along the B1 and B2 regions, 128 

show a variable distribution of phases, an uneven distribution of porosity, and a strong correlation of the 129 

spatial distribution of pores (black) with high-density phases (white) (Fig. 6b).  130 

Specifically, the high-density phases (white) are mainly confined near the pores and, in some cases, fill them 131 

(Fig. 6). Furthermore, the high-density phases appear most abundant in the outer part of B2 volume. The 3D 132 

analysis also allows distinguishing between open and closed pores. Open pores are empty spaces within the 133 

meteorite volume that show any connection in 3D to the space outside the object. Closed pores consist of 134 

empty spaces in the meteorite volume that are surrounded by solid phases. 135 

To quantify the main components that characterize Al Haggounia 001 slab, five categories were considered 136 

selecting thresholds based on peak analyses of the grayscale histogram (0-255) of the rendered volumes.  137 

These categories were assigned as follows:  138 

white: range 181-255 of histogram assigned to highest density phases; 139 

light grey: range 131-180 assigned to the moderately dense phases;  140 

medium grey: 100-130 assigned to moderately less dense phases; 141 

dark grey: 30-99 assigned to the less dense phases in the slab.  142 

Values of histogram <30 were assigned to pores and materials trapped in them, such as air and low-density 143 

epoxy resin used for rock embedding. 144 

The 3D results found on the B1 and B2 volumes show significant differences (Tables 3 and 4).  145 

The total porosity of volume B1 results higher than that of volume B2, significantly decreasing in the upper 146 

part of B2, where the maximum percentage of closed pores was observed. The average size of open pores is 147 

about 0.42 mm both for B1 and B2 volumes; whereas the average size of closed pores is higher in the B2 outer 148 

volume (0.035mm) than that of closed pores in the B1 and B2 inner volume (0.025 mm) (Tab. 3 and Fig. 7).  149 

Table 4 reports the percentage of the other four solid categories (181-255, 131-180, 100-130 and 30-99 ranges of 150 

histogram values). Their percentages were calculated considering only the volume of solid phases, excluding 151 

the porosity volume. The volume percentage of phases with high-density (histogram values between 100-152 

255) is significantly higher in the outer part of the B2 volume (about 4%) than B1 volume and the inner part 153 

of volume B2 (about 0.170%), confirming what observed qualitatively in Fig. 6a. 154 
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 155 

Table 3. Volume percentage and sizes of pores measured on volumes B1 and B2 and the outer and inner 156 

parts of B2.  157 

 Thresholds 

on grey-

scale histo-

gram 

 

B1 B2 B2inner  B2outer 

Total porosity (vol. %) ≤30 17.52 13.08 14.31 9.27 

Open pores (vol. %) ≤30 15.00 9.47 11.51 5.13 

Closed pores (vol. %) ≤30 2.52 3.61 2.80 4.14 

Solid phases (vol %) 31-255 82.48 86.92 85.69 90.73 

Average size of open 

pores (mm) 

≤30 0.041 0.043 0.043 0.041 

Average size of closed 

pores (mm) 

≤30 0.024 0.030 0.026 0.035 

 158 

Table 4. Volume percentage of the main threshold ranges, calculated considering only the solid phases, 159 

measured on volumes B1 and B2 and the outer and inner parts of B2.  160 

Gray level 

Thresholds 

on grey-

scale histo-

gram 

 

B1 
B2 

 

 

B2 inner 

 

 

B2 outer 

White (%) 181-255 0.019 0.062 0.020 0.152 

light grey (%) 131-180 0.053 0.519 0.052 1.551 

medium grey (%) 100-130 0.095 0.805 0.100 2.361 

dark grey (%) 31-99 99.835 98.598 99.825 95.975 

161 

Merging ofSEM-EDS and -CT data 162 

To quantify approximately the spatial distribution and the volume percentage of mineralogical phases, we 163 

merge SEM-EDS microanalyses with the results of the volume rendering segmentation of -CT data. The 164 

threshold ranges on grey scale histogram were assigned to the corresponding minerals considering the Lin-165 

ear Attenuation Coefficient (LAC) values of the main phases identified with SEM-EDS analyses. LAC was 166 

also calculated for iron oxide and hydroxides formed by the oxidation of kamacite. Minerals with similar 167 

LAC were grouped, and for each group the correspondence with the grayscale color of thresholding is listed 168 

in Table 5.  169 



 7 of 12 
 

 

Table 5. Minerals with similar LAC grouping under same grayscale color. LAC calculated by MuCalc soft-170 

ware (Hanna and Ketcham, 2017) and MXLAC software (Bam et al., 2020) 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

The data comparison shows that the dark grey phases (33-99 thresholding) consist mainly of silicates (enstatite 183 

and plagioclase) with other less abundant phases such as sinoite, graphite and secondary halite. Sulfides and 184 

secondary phases such as jarosite, iron oxides and hydroxides represent the intermediate gray scale up to 185 

white corresponding to schreibersite and kamacite. The inhomogeneous spatial distribution of phases and 186 

pores in the B1 and B2 volumes of slab, their volume percentages, and the different pores sizes are shown in 187 

table 6 and Figure 7. 188 

Table. 6 volume percentage of the five categories of thresholds based on peak analyses 189 

of the grayscale histogram (0-255) of the whole rendered volumes 190 

phases thresholding Vol. % B1 Vol. %B2 inner Vol. % B2 outer 
kamacite 181-255 0.012 0.017 0.138 
schreibersite  
wustite 131-180 

 

0.028 0.044 1.411 
hematite 
troilite 
goethite 
daubreelite  100-130 0.048 0.085 2.147 
jarosite  
oldhamite  
enstatite  31-99 82.392 85.544 87,035 
halite 
sinoite 
Silica mesostasis 
albite 

graphite 

Total porosity ≤ 30 17.52 14.31 9.269 

Closed pores  2.52 3.17 4.139 

Mineralogical  

phases 

 

formula 

LAC 

(Energy 

=60 

keV) Color categories  

Thresholds on 

grayscale 

histogram 

kamacite  (Fe,Ni) 9.444 white 

 
181-255 

schreibersite  (Fe,Ni)3P 7.750 

wustite Fe2+O 5.4 

light gray 

 

131-180 

 

hematite Fe3+2O3 4.729 

troilite Fe2+S 4.210 

goethite Fe3+O(OH) 3.57 

daubreelite  Fe2+Cr2S 2.880 
medium gray 

 
100-130 

 
jarosite  KFe3+3(SO4)2(OH)6 1.760 

oldhamite  Ca0.9Mg0.05Fe2+0.05S 1.370 

enstatite  Mg2Si2O6 0.871 

dark gray 

 
31-99 

halite NaCl 0.771 

sinoite Si2N2O 0.740 

Silica mesostasis SiO2 0.666 

albite Na0.95Ca0.05Al1.05Si2.95O8 0.642 

graphite C 0.390 
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The volume percentage of silicates is very high and represents on average 84.00% of the total volume. The 191 

moderately and moderately less dense phases, consisting of iron oxides and hydroxides, troilite, daubréelite, 192 

jarosite and oldhamite, represent low amounts with significant difference between B1 and B2 region and the 193 

outer part of B2 region. The amount of schreibersite and kamacite is very low under the spatial resolution of 194 

μ-CT. Grains with size less than 3 μm could be present, but not considered in this calculation. 195 

 196 

 197 

4. Discussion  198 

The obtained results show that the studied fragment is not homogeneous regarding the spatial distribution of 199 

porosity and high-density phases. The porosity has been measured on a volume of sample, distinguishing, 200 

for the first time, between open and closed pores. The average total porosity is almost consistent with a 201 

previous study performed by Abassi et al., 2013 who found in Al Haggounia 001 meteorite a porosity of 12.4 202 

± 1.2 %, using ultrasonic reflectivity method with a spatial resolution of 0.7 µm and considering only open 203 

pores. The average porosity calculated B1 and B2 is about 12.20% of volume, considering only the open pores. 204 

Since the heterogenous texture of Al Haggounia 001 and its paired samples and the different principles of 205 

the used techniques with a slightly different spatial resolution, the volume percentage of open pores, in both 206 

cases measured on a volume of meteorite, fit very well. Nevertheless, the value of total porosity, also con-207 

sidering the closed pores, increases significantly. The distribution of closed pores is very different in the 208 

studied slab and shows lower concentration in volume B1 and higher value in the volume B2, particularly 209 

in its outer part. This inhomogeneity can be related to the spatial distribution of the high-density phases. The 210 

combined analyses on the B1 and B2 volumes of the slab, merging -CT data and SEM-EDS, allow us to 211 

associate the decrease of total porosity with the increase of the volume percentages of both the high-density 212 

phases and the closed pores in the outer part of the B2 region, suggesting that secondary phases, such as 213 

jarosite and iron oxides and hydroxides, fill up in part the porosity, reducing it and favoring the formation 214 

of closed pores. This phenomenon seems to interest mainly the fragment region more exposed to terrestrial 215 

weathering. However, the origin of porosity needs to be better explained. The porosity in meteorites is gen-216 

erally related to terrestrial weathering processes of, even if the origin of porosity in chondrites is a still de-217 

bated topic (Irving et al., 2010; Li et al., 2019). The high porosity of Al Haggounia can be interpreted also 218 

considering the grain features, the mineralogical composition and relationships between voids and solid 219 

phases of this meteorite. The studied fragment shows a very low content of high-density phases, excluding 220 
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the silicates. The phases corresponding to 100-255 of thresholding in the 3D volume rendering, show a vol-221 

ume percentage of 0.088% in region B1, 0.146% in the inner part of volume B2 and a higher value of 3.696% 222 

in the outer part of volume B2. If we consider that the increase of high-density phases in the outer part of B2 223 

is due to a high quantity of secondary phases (Jarosite and iron oxides and hydroxides), sulfides, kamacite 224 

and schreibersite represent a very little amount. Furthermore, among the sulfides found in this study, troilite 225 

represents a very tiny amount. This finding contrasts with the composition of EL3 chondrites that generally 226 

contain about 10 vol% of sulfides with a prevalent presence of troilite (about 90 vol%) (Weisberg and Kimura 227 

2012; El Goresy et al., 2017). The smaller grains of 3 μm could not be found because of the spatial resolution 228 

of μ-CT analyses, but this resolution-limit is insufficient to explain the little amount of troilite. 229 

The low content of high-density phases could be ascribed not only to the severe weathering but also to degas-230 

sing of sulfides during melting by impact event that may have contributed to developing the vesicles and 231 

porosity. This latter process is supported by the presence of resorption features observed on enstatite crystals, 232 

microcraters on plagioclases and etch pits like bubbles on Cr-rich sulfides, which represent further proves of 233 

incompletely melting by shock events, as previously stated by Rubin (2016). On the other hand, excluding 234 

the precipitation of secondary phases that interests locally the voids (outer part of volume B2), the B1 and 235 

the inner part of B2 regions show a uniform pore distribution (Fig. 7). One possible explanation could be that 236 

part of voids were initially occupied by high-density phases homogeneously spread in the sample. The uni-237 

form distribution of these hypothetical primary phases and their successive disappearance that left the voids, 238 

would indicate a triggering phenomenon acting not only locally, but on the entire meteorite body such as an 239 

impact and/or high-grade metamorphism. These phases could be just sulfides and, in particular, troilite, now 240 

almost not present. This supposition confirms previous hypotheses stated by Lauretta (1997), Rubin (2016) 241 

and Panerai et al., (2021). In particular, Panerai et al. (2021) found strong relationships between sulfide de-242 

gassing of and origin of porosity, analyzing by CT two ordinary chondrites undergoing a range of tem-243 

peratures from ambient to 1200 C°.  244 

Our results, therefore, suggest that the high porosity found in Al Haggounia 001 fragment could be due to 245 

different events: during melting by impact event the degassing and evaporating of sulfides left voids and 246 

vesicles and produced resorption features by partial melting also on silicates, preserving some relict chon-247 

drules; successively, after the fall of meteorite, severe weathering in part enlarged the previous pores and 248 

vesicles and in part fill up locally some of them by the precipitation of terrestrial phases.  249 

 250 

 251 
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Conclusions 252 

The volumetric data acquired on the internal structure and grain features of Al Haggounia 001 add new ele-253 

ments to this heterogeneous meteorite. A new estimation of total porosity for Al Haggounia 001, the differ-254 

entiation between open and closed pores and the interpretation of the relationships between the spatial dis-255 

tribution of voids and the different mineralogical phases suggest different genetic processes of voids for-256 

mation. The resorption features and the almost homogeneous distribution of open pores heavily support the 257 

previous hypothesis of Rubin (2016) who assigned the formation of voids and vesicles to degassing and 258 

evaporating of sulfides (mainly troilite) during melting by impact events. Conversely, the presence of closed 259 

pores can be ascribed to the terrestrial weathering, that locally operated on exposed pores, determining a 260 

partial filling by precipitation of secondary phases. 261 

With this work we show the importance of a methodological approach that investigate a volume of a fragment 262 

of meteorite, providing a reconstruction of the spatial distribution of mineralogical phases and voids, their 263 

volume percentage, shape, and size. The volumetric analyses reduce the error generally related to data ac-264 

quired on nearly bidimensional sample such as a thin section, minimizing the risk to obtain dissimilar infor-265 

mation on different fragments of the same meteorite.  266 
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 360 

Figure captions 361 

 362 

Figure 1. Optical image of the of Al Haggounia meteorite fragment. The red rectangles, named B1 and B2, 363 

represent the volumes analyzed by micro-X-ray-Computed Tomography (μ-CT). 364 

 365 

Figure 2. a) SEM-BSD image of Al Haggounia 001 thin section. b) Elemental maps overlayed on BSD image. 366 

blue= enstatite; yellow=plagioclase. 367 

 368 

Figure 3. Radial pyroxene chondrule in the sample of Al Haggounia 001 a) SEM-BSD image; b) Mg elemental 369 

map. 370 

  371 

Figure 4. Images of resorption features on Al Haggounia 001 a) SEM-BSD image of scalloped enstatite and 372 

corresponding EDS spectrum; b) SEM-SE images of sub-spherical and rounded holes on Na-plagioclase and 373 

corresponding EDS spectrum. 374 

 375 

Figure 5. SEM images and corresponding EDS spectra. a) SEM-BSD image of daubréelite grain showing round 376 

circular etch pits b) SEM-SE image of daubréelite grain showing round circular etch pits c) SEM-BSD image of 377 

fractured schreibersite grain. 378 

 379 

Figure 6. μ-CT images of Al Haggounia 001 slab. Black=pores. Grey to white=phases with increasing X-ray 380 

attenuation coefficient. a) Volume rendering images of B1 and B2 regions. Red line divides the outer part 381 

(right) from the inner part (left) of B2 volume. b) cross-section images taken along the blue and red lines of B1 382 

and B2 volumes. 383 

  384 

Figure 7. Pore size distribution histograms of the B1 region and inner and outer parts of the B2 region. 385 

  386 

Figure 8. B1 region of Al Haggounia 001 slab. a) SEM-BSD image; b) 3D volume rendering with phases corre-387 

sponding to 100-255 of thresholds on grayscale histogram. Note the random distribution of the high-density 388 

phases. 389 

 390 

Figure 9. B2 region of Al Haggounia 001 slab. a) SEM-BSD image; b) 3D volume rendering with phases corre-391 

sponding to 100-255 of thresholds on grayscale histogram and open (blue) and closed pores (yellow); c) 3D 392 

volume rendering with only the high-density phases (100-255 of thresholds on grayscale histogram). d) SEM-393 

EDS elemental map of S; e) SEM-EDS elemental map of K; SEM-EDS elemental map of Fe. Note the increase 394 

of high-density phases in the outer part, corresponding to the presence of Fe-rich phases and Jarosite (see K 395 

elemental map). 396 
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