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Abstract: Vesicles are characteristic structures within the outer layer of many stony meteorites’ fu-
sion crusts. Although these features are well-developed in hydrated carbonaceous chondrites and
some micrometeorites, their formation mechanism remains poorly understood. This study provides
new insights into the understanding of physical vesiculation processes by presenting the results of
vesicle size distribution (VSD)—i.e., a quantitative method for vesicle analysis—applied to the study
of the Tagish Lake (C2-ung) meteorite fusion crust. Tagish Lake was chosen because it shows a sco-
riaceous texture and a significant number of vesicles (about 24,000 vesicles/mm?), thus allowing sta-
tistical analysis. Vesicles range from being spherical to irregular-shaped and from a few pm to ~70
pm (equivalent diameter) in size. Vesicle size distribution and cumulative number density analyses
show a high nucleation event and a fractal distribution of the vesicle population, respectively. We
suggest these features are due to disequilibrium degassing processes, which simultaneously pro-
duce continuous/accelerating vesicle nucleation and growth. Finally, possible analogies between the
scoriaceous Tagish Lake fusion crust and the space-weathered “frothy layer” on the surface of
Ryugu’s grains could be found in terms of vesicularity.
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1. Introduction

Volatile component release (e.g., H20, CO2) leads to vesicle formation in the outer
part of stony meteorites” fusion crusts when meteoroids enter the Earth’s atmosphere [1].
Heating events—induced by aerodynamic forces during the atmosphere passage [2]—
cause rapid gas release from thermal-sensitive minerals, such as phyllosilicates (H20-
bearing), carbonates (COz-developing), and sulfides (SO>-developing). The release of
these gases represents the initial stage of vesicle formation [3-5].

Vesicles are characteristic structures within the outer layer of many hydrated carbo-
naceous chondrites’ (CCs’) fusion crusts, as shown in [1]. Still, they can be found in well-
developed shapes in some micrometeorites [5] and references therein.

From a textural-mineralogical and chemical point of view, CC fusion crusts show an
internal structure composed of different domains, the so-called “outer melted crust” and
“thermally altered substrate” [1,3,6]. Vesicles are enriched in the outer melted crust, which
experiences a high degree of partial melting and is richer in glass, refractory silicates, and
oxides [1,3,6]. The thermally altered substrate is affected by thermal processes at a lower
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grade and thus is characterized by dehydrated cracks and the absence of vesicles, as
shown in [3].

Several studies have investigated the nature of vesicles in micrometeorites to under-
stand their formation and evolution [5,7-10]. For instance, numerical simulations, e.g., ref.
[7] suggest vesicle migration due to the rotation processes affecting micrometeorites in
their passage through the Earth’s atmosphere. Still, a relatively small body of literature
examines their origin in meteorites” fusion crusts, e.g., [11,12].

Experimental and investigative works [8-10] suggest the mechanism of vesicle for-
mation as a progressive evolution from small cracks—induced by the decomposition of
phyllosilicates—into vesicular structures.

An in-depth textural analysis of the vesicles in the Tagish Lake meteorite (C2-ung)
fusion crust is presented to better understand the physical processes of their formation in
meteorites. To achieve this goal, this study focuses on the exclusive analysis of the Tagish
Lake meteorite because it is characterized by high vesicle density (ca. 24,000 vesi-
cles/mm?), thus representing a statistical validation model.

Finally, since the chemistry and density of the Tagish Lake meteorite and the Ryugu
asteroid material show similarities, analogies could be found in terms of vesicularity be-
tween the space-weathered “frothy layer” on the surface of Ryugu’s grains and the scori-
aceous Tagish Lake fusion crust.

2. Materials and Methods

The Tagish Lake meteorite is a fall ungrouped CC (C2-ung) related to CI and CM
chondrites [13], which is similar to the Ryugu asteroidal material [14]. Tagish Lake is char-
acterized by a higher volatile content (e.g., water (~16 wt. %) and carbon (~5 wt. %)) com-
pared to the other CC meteorites and presents the following mineralogy: phyllosilicate
(~60 wt. %), pyrrhotite (~9 wt. %), magnetite (~8 wt. %), olivine (~8 wt. %), carbonate (~14
wt. %), and pentlandite (~1 wt. %) [13,15-17].

A small fragment (~2 mm) of Tagish Lake’s fusion crust was embedded in epoxy
resin, polished with decreasing mesh size SiC paper up to mirror finishing, and then sput-
ter-coated with a 30 nm thick carbon film to make it conductive.

The polished mount was imaged and mapped with Zeiss EVO MA15 (Carl Zeiss
GmbH, Jena, Germany) equipped with a 10 mm? Silicon Drift Detector (SDD) and OX-
FORD INCA 250 (Oxford Instruments, Tubney Woods, Oxforshire, UK), microanalysis
system at the MEMA laboratory of the University of Firenze (Firenze, Italy). An accelerat-
ing voltage of 15 KeV and beam current of 10 nA were used to collect backscattered elec-
trons (BSEs).

Vesicle size distribution (VSD) is a quantitative statistical method commonly applied
to volcanic rocks to gain information about gas exsolution, expansion, nucleation, and
growth during magmatic processes, as shown in [18] and references therein. This method
uses the vesicle geometrical parameters, not the physical-chemical ones from which vesi-
cles/crystals originated, such as melt composition, scale, or heating processes, as shown
in [18-21].

Since VSD is based on a statistical approach, it is unsuitable for investigating vesicle
formation in micrometeorites due to their low amount [7]. In this study, VSD was used to
analyze the outer part of Tagish Lake’s well-developed fusion crust, composed of the outer
melted crust and characterized by a significant number of vesicles (~24,000 vesicles/mm?).
Vesicle size distribution was obtained from 2D analysis of the vesicle populations using
electron backscatter (EBS) imaging and then corrected to 3D distribution using stereolog-
ical correction methods. In particular, the image-processing program FIJI was used to sep-
arated vesicles from the rest of the components. The backscattered electron image was
calibrated for its scale bar, and vesicles were pointed out using the command bright-
ness/contrast (Figure 1A,B). The image was then binarized, and the vesicles were high-
lighted through the threshold command (Figure 1B). The inner part of the Tagish Lake
fusion crust, which presented a complex system of fractures and low/absent vesicularity
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(i.e., the thermally altered substrate), and the small parts that were removed during the
sample preparation (Figure 1C) were excluded from the VSD analysis. A graphic board
was employed to remove the background noise and manually outline the vesicle margins
(Figure 1D,E). This operation was performed using the overlay command, i.e., the original
BSE image (Figure 1A) was overlayed to the vesicle image (Figure 1B) to delineate the
vesicles from the other low-brightness components (Figure 1D,E). Vesicles were then high-
lighted, underlining the external perimeters without applying any corrections (e.g., join-
ing broken menisci walls).

The physical parameters of each vesicle—length, width, and area— were obtained
from the edited image using the FIJI program (Figure 1E). The length and width dimen-
sions of the vesicle population were then input into the spreadsheet program, i.e., CSD-
slice developed by Morgan and Jerram in 2006 [22], which provides the appropriate shape
parameters (X, Y, and Z) for 3D correction; see [21] and references therein. The length,
width, and area of the vesicles obtained by editing the image (Figure 1E) and the X, Y, and
Z shape parameters acquired with CSDslice were then input into the CSDcorrections pro-
gram [23-25] for the stereological corrections. Subsequently, the area size distributions
(number per area) were converted into the volume distributions (number per volume).
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Figure 1. Backscattered electron image sequence of the Tagish Lake fusion crust edited using FIJI
program. (A) Original BSE image of the outermost portion of the fusion crust. (B) Image elaborated
upon using the FIJI program. (C) Selection of the region of interest for the VSD analysis. The portions
removed during the sample preparation, identified by poorly delimitated edges (red perimeter) and
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the fractured region, were not included in the VSD analysis. (D) Manual image setting obtained
using a graphic board by overlaying the original BSE image. (E) Image used for the VSD analysis.

3. Results I
3.1. Vesicle Texture Analysis

The Tagish Lake fusion crust BSE image shows the presence of two distinct portions
(Figure 2): (i) a pristine portion characterized by a fine-grained matrix displaying the typ-
ical texture of the Tagish Lake meteorite, as in [15], and (ii) a fusion crust portion, clearly
identified by the presence of abundant fracture and vesicles, similar to the fusion crusts
of other hydrated CC meteorites, as in [1,3].

A fusion crust can be further subdivided into different regions based on their texture
and mineralogy, as shown in [1]. In this study, we identified two main areas (1 and 2)
based on fractures and vesicle distribution (Figure 2C).

Tagish Lake
500 pm

pristine

Figure 2. Backscattered electron images of the Tagish Lake fusion crust. (A) Panoramic BSE image
of the Tagish Lake fragment showing pristine and fusion crust portions. (B) Zoomed-in images
showing the outer fusion crust portion. (C) In the outer part of the fusion crust, three regions (1a,
1b, and 2) were identified, based on fractures and the vesicle size distribution. Region 1a is charac-
terized by a low number of small (<20 pm) vesicles and a high number of larger (>20 um) vesicles.
On the contrary, region 1b is distinguished by a high number of small (<20 um) vesicles. Finally,
region 2 is characterized by abundant cracks.

However, only the outer melted crust was considered for the VSD analysis because
it is characterized by high vesicle content (Region 1 in Figure 2C). The thermally altered
substrate (Region 2), where diverse cracks can be noted, was excluded from the VSD anal-
ysis because of its poor/absent vesicle content. Although the transition from Region 1 to
Region 2 shows gradual changes in the number of the vesicles, Region 2 was distinguished
from Region 1 by vesicle content (i.e., Region 1 vesicle-rich, Region 2 vesicle-poor/absent,
as shown in Figures 1C and 2C). Since the region borders were manually drawn, some
vesicles might have been excluded from the VSD analysis due to being in Region 2. How-
ever, this effect is considered negligible due to the high number of identified vesicles.

Region 1 (~200 um in thick) is characterized by a scoriaceous texture and a significant
number of vesicles (~24,000 vesicles/mm?), as shown in Figure 3A,B. The vesicles present
a wide range of variability in both shape and size (Figure 3). For example, shapes vary
from circular to twisted in complex ways (from ~1 to 0.17 in aspect ratio, respectively),
while their size goes from a few pm to ~70 pm (equivalent diameter). The smaller vesicles
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(<10 pm) range from spherical to elliptical forms, while the larger ones (>20 um) present
subspherical to complex convoluted shapes and are enriched in the outermost melted
crust portion (Figure 3C). Based on the vesicle distribution, Region 1 can be further sub-
divided into two areas: Region 1a and 1b (Figure 3C). Region 1a is characterized by a low
number of small vesicles (<20 pm) and a high number of larger ones (>20 pm) (Figure 3C),
whereas Region 1b shows a high number of small vesicles (<20 um) (Figure 3C). Region 2
is ~500 pm in thickness (range from ~750 to ~250 pm) and presents abundant cracks (Fig-
ure 2C). The latter, a typical texture for CC meteorite fusion crusts [1,3], has been inter-
preted as the decomposition of phyllosilicates and other thermal-sensitive minerals, such
as sulfates and carbonates [1,3].

— 100 gm

)

Figure 3. (A) Backscattered electron image (yellow perimeter) showing the fusion crust portion used
for the vesicle size distribution (VSD) analysis. The red barred areas indicate the portions removed
during the polishing of the sample and, thus, were not considered for the VSD analysis. Region 1 is
characterized by ca. 24,000 vesicles/mm?—where mm? is the area delimited by the yellow perimeter
and then corrected by deleting the red barred portions. (B) Vesicle representation without the BSE
image in the background. (C) Large vesicles (>20 pm) highlighted in green showing enrichment in
the outermost portions of the fusion crust.

3.2. Vesicle Size Distribution (VSD)

Quantitative textural data are presented as size distributions [18] and provide signif-
icant insights into the nature of vesicles and their formation mechanisms. Here, the results
obtained from CSDcorrection are reported and displayed according to four plots (Figure
4): (i) volume fraction (V) distribution (VFD); (ii) cumulative volume distributions (CVD);
(iii) vesicle size distribution (VSD); and (iv) cumulative number density (CVSD).

Volume fraction distribution (V¢ (%) vs. L plot, where L is the equivalent diameter of
the vesicles expressed in pm) shows a polymodal distribution with dominant peaks
(modes) at larger diameters (from ~60 pm to ~100 pm) and subordinate peaks at smaller
(~10 um) ones (Figure 4A). Cumulative volume distribution (cumulative V(%) vs. L (um)
plot) forms a curve with multiple slope ruptures, showing the polymodal nature of the
vesicle populations (Figure 4B). Vesicle size distribution (In(#) vs. L (um) plot, where 7 is
the vesicle number density per unit volume) provides insights into the nucleation and
growth rate of the vesicle population, displaying a non-linear trend (Figure 4C). Cumula-
tive number density (In (Nv) > L vs. In (L) plot, where Nv (>L) is the number of vesicles per
volume with diameters greater than L) illustrates the vesicle number density and the bub-
ble nucleation through time, presenting a “power-law” trend with a fractal distribution
(fractal dimension (D) = 2.6, R2 = 0.99; Figure 4D).
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Figure 4. Diagrams obtained from textural vesicle analysis. (A) Volume fraction (V) size distribution
(VFD). (B) Cumulative volume fraction size distribution (CVD). (C) Vesicle size distributions
(VSDs). (D) Cumulative number density (CVSD).

4. Discussion

The distribution diagrams in Figure 4 and the textural images in Figures 1 and 2 pro-
vide information about the vesicle formation processes, such as nucleation and growth.
The polymodal distribution of VFD could be attributed to multiple events of bubble nu-
cleation and growth and to bubble coalescence [26-31].

The complex convoluted forms of the vesicles can be interpreted as the result of coa-
lescence processes, where one or more sub-spherical vesicles coalesce together, forming
complex shapes (Figure 5).

}—{ 20pm  Post-coalescence

Figure 5. Vesicles in the outer portion of the Tagish Lake fusion crust. (A) Hypothetical pre-coales-
cence configuration where vesicles were separated by menisci. (B) Present configuration where ves-
icles coalesce.

Moreover, the polymodal distribution of VFD also suggests that most of the vesicu-
lation occurred over a relatively restricted period [26], similar to the rapid formation of
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vesicles observed in scoriaceous micrometeorites [5]. The non-linear trend of VSD reflects
a disequilibrium degassing of the nucleation and growth rate in the vesicle population
[27]. Cumulative number density shows a fractal distribution that can be attributed to
continuous/accelerating vesicle nucleation and growth processes [18] and references
therein (Figures 4 and 6). These processes are also highlighted by the vesicle distribution
on the fusion crust, which shows a high number of nucleation events (Figure 3).

schematic cartoon Tagish Lake
continuos/accelerating nucleation and growth fusion crust

Figure 6. Schematic cartoon illustrating the hypothetical mechanism for nucleation and growth
(from time zero (to) to time n (tn)) of vesicles compared to the original vesicle texture of the Tagish
Lake fusion crust. Fast gas release leads to continuous/accelerating nucleation and growth bubble
formation. After their nucleation, bubbles in Region 1a are dominated by growth processes (expan-
sion and coalescence), whereas in Region 1b, bubbles are dominated by continued nucleation sub-
ordinate growth processes.

After nucleation, we suggest bubbles grow primarily due to expansion and coales-
cence processes (Figures 4 and 6). Vesicle size distribution and CVSD trends exclude the
vesicle growth for diffusion processes (Ostwald Ripening) in the Tagish Lake fusion crust
due to their rapid formation, as observed in micrometeorites [5]. In this regard, as stated
by Taylor et al. [8] and Suttle et al. [9], we believe that the Tagish Lake fusion crust expe-
rienced a progressive evolution from Region 2 (highly fractured) to Region 1 (highly ve-
siculated). Fractures formed due to rapid gas lost from phyllosilicates (in a brittle-ductile
realm) and then evolved in vesicles (plastic—viscous realm) when the rise in temperature
caused the melting of the mineral phases. Moreover, numerical simulations for vesicle
formation in cosmic spherules suggest vesicle migration throughout the atmospheric pas-
sage [7]. Therefore, the possibility of vesicle migration during the Tagish Lake fusion crust
formation cannot be excluded.

Although the Tagish Lake fusion crust results from the interaction between meteor-
oids and the Earth’s atmosphere, analogies could be suggested in terms of vesicularity
between the Tagish Lake fusion crust and the processes occurring on the surface of
Ryugu’s grains.

The micro-impacts occurring on asteroids like Ryugu are one of the causes of the
space weathering on the surface of the asteroidal material. For example, high-velocity mi-
crometeoroid bombardment may induce the amorphization and partial melting of the af-
fected surface [32]. In this case, since vesiculation is primarily related to the mineralogy of
the material and the process speed (very rapid for both fusion crust and shock melting),
the vesicle features could be similar. As an illustration of this, analogies in the vesiculation
could be found between the meteorite fusion crust and the “frothy layer” on the Ryugu
grains [33].

5. Conclusions

An in-depth analysis of vesicles’ size distribution in a carbonaceous chondrite (Tagish
Lake meteorite, C2-ung) fusion crust has been carried out using a quantitative approach.
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The vesicular portion of the Tagish Lake fusion crust shows a scoriaceous texture with a
high number of vesicles (~24,000 vesicles/mm?). Vesicle shapes range from circular to
twisted in a very complex way, and their size varies from a few pm to~70 pm (equivalent
diameter). Vesicle size distribution (VSD) and cumulative number density (CVSD) show
a high nucleation event and a fractal distribution of the vesicle population, respectively.
We suggest these features result from the disequilibrium degassing processes occurring
simultaneously with continuous/accelerating nucleation and the growth of vesicles in a
short period. After nucleation, we assume that bubbles grow mostly though expansion
and coalescence processes.

In conclusion, this study presents the mechanism of vesicle nucleation and growth in
the Tagish Lake meteorite fusion crust for the first time. This work shows that VSD is an
effective method to investigate vesicle nucleation and growth in meteorite fusion crusts if
the number of vesicles is statistically significant.
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