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Abstract	

Dust-producing	 bodies	 in	 our	 solar	 system	 like	 comets	 and	 asteroids	 release	

particles	of	extraterrestrial	(ET)	material	commonly	known	as	cosmic	dust.	Approximately	

40,000	tons	of	these	particulates	reach	Earth’s	surface	annually	and	a	variety	methods	have	

been	 used	 in	 prior	 cosmic	 dust	 projects	 to	 collect	 them.	 However,	 current	 methods	 of	

cosmic	 dust	 collection	 face	 multiple	 challenges,	 which	 include	 the	 obscuring	 effects	 of	

terrestrial	dust,	leaching	effects	caused	by	prolonged	exposure	to	snow,	ice,	and	water,	and	

various	forms	of	contamination	during	collection.		

We	are	collecting	cosmic	dust	at	the	Mauna	Loa	Observatory	(MLO)	on	the	island	of	

Hawai‘i	using	a	high-volume	air	sampler	(HVAS)	to	capture	particles	directly	from	air	onto	

ultra	 clean	 filters.	 Filters	 retrieved	 from	 our	 sampler	 are	 concentrated	 into	 a	 smaller,	

surveyable	 area	 via	 two	 different	 processing	 methods	 before	 they	 are	 analyzed	 at	

University	of	Hawai‘i	 at	Mānoa’s	Advanced	Election	Microscopy	Center	 (AEMC).	We	used	

Scanning	Electron	Microscopy	 (SEM)	and	Energy	Dispersive	X-ray	Spectroscopy	 (EDS)	 to	

image	 and	 analyze	 325	 particles	 from	 two	 filters,	 one	 of	 which	was	 exposed	 before	 the	

2018	Kilauea	eruption	(“Pre-Kilauea	eruption”	filter)	and	one	exposed	after	(Post-Kilauea	

eruption”	 filter).	 The	morphologies	 and	 elemental	 spectra	 of	 the	 particles	 allowed	 us	 to	

assess	and	categorize	the	particle	population	of	the	two	filters.	

Our	data	shows	a	significant	fraction	of	weathered	volcanic	material,	as	expected	for	

this	 collection	 site.	 We	 determined	 that	 approximately	 6%	 of	 the	 particles	 in	 the	 “Pre-

Kilauea	eruption”	filter	and	12%	of	the	particles	in	the	“Post-Kilauea	eruption”	filter	are	ET	

particle	candidates	based	on	 their	elemental	compositions.	Candidates	are	 first	 identified	



	 	 	 	iii	

by	 composition	 alone.	 They	 include	 particles	 that	 are	 single	 mineral	 grains	 with	

compositions	inconsistent	with	local	volcanic	origin	and	those	having	compositions	that	fall	

within	a	factor	of	5×	the	CI-chondrite	composition.	They	are	then	further	classified	by	their	

morphology	 and	 chemistry.	 We	 identified	 five	 promising	 ET	 particle	 candidates	 and	

performed	 Scanning	 Transmission	 Electron	Microscopy	 (S/TEM)	 on	 the	most	 promising	

one	to	look	for	evidence	of	space	exposure.	The	systematic	methodology	developed	during	

the	 course	 of	 this	 project	 enabled	 assessment	 of	 the	 optimum	 sample	 concentration	

method	 and	 provides	 the	 basis	 for	 developing	 semi-automated,	 rapid	 and	 reliable	

discrimination	between	ET	and	terrestrial	particles	that	will	be	applied	in	tuning	collection	

conditions	 in	order	 to	 increase	 the	percentage	of	ET	particle	 candidates	 in	 future	cosmic	

dust	collection	efforts.	
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1.	Introduction	

Cosmic	dust	refers	to	extraterrestrial	dust	particles	that	arise	mostly	from	small,	dust-

producing	 planetary	 bodies.	 An	 estimated	 40,000	 tons	 of	 cosmic	 dust	 enter	 the	 Earth’s	

atmosphere	and	reach	its	surface	annually	(Love	and	Brownlee,	1993;	Brownlee,	2016).	Of	

these	 many	 particles,	 microscopic	 dust	 produced	 by	 comets	 are	 of	 particular	 interest	

because	 these	 icy	 bodies	 were	 formed	 in	 the	 outer	 portion	 of	 the	 protoplanetary	 disk	

(Figure	1).	This	disk	is	a	dense,	rotating	cloud	of	gas	and	dust	surrounding,	but	far	from,	a	

newly	formed	star,	which	in	our	case	is	the	Sun.	Due	to	their	distance	from	the	young	Sun	

during	 formation	 (Figure	 1),	 comets	 contain	 materials	 that	 have	 experienced	 minimal	

heating	 and	 aqueous	 alteration	 (Bockelée-Morvan	 2010).	 Therefore,	 detailed	 analyses	 of	

the	dust	that	they	release	can	give	us	clues	on	what	materials	and	conditions	were	present	

during	the	early	stages	of	our	solar	system.	(e.g.	Ishii	et	al.,	2018).	

																																																																																																																												

Figure	 1.	 Schematic	 of	 a	 protoplanetary	 disk	 surrounding	 a	 newly	 formed	 star.	 Comets,	

which	 contain	minimally	 altered	material,	 form	beyond	 the	 frost	 line,	 far	 away	 from	 the	

young	sun.	Image	credit:	Hope	Ishii	
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1.2	Overview	of	Challenges	of	Cosmic	Dust	Collection	

	 With	 today’s	 technological	 advances,	 analyses	 of	 microscopic	 extraterrestrial	 (ET)	

particles	are	possible.	However,	collecting	minimally	altered	cosmic	dust	samples	on	Earth	

remains	 incredibly	 difficult.	 Both	 natural	 dust,	 like	 aerosols,	 pollen,	 and	 volcanic	 ash,	 as	

well	 as	 the	 anthropogenic	 dust	 produced	 by	 human	 activity,	 rapidly	 outnumber	 and	

obscure	 any	 extraterrestrial	 particles	 that	 enter	 Earth’s	 atmosphere.	 In	 addition,	 the	

particles	 that	 enter	 our	 atmosphere	 are	 subjected	 to	 atmospheric	 entry	 heating.	 This	

frictional	 heating	 of	 particles	 as	 they	 are	 decelerated	 by	 the	 increasing	 gas	 density	 of	

Earth’s	atmosphere	can	either	partially	or	completely	melt	them	before	they	get	quenched	

into	 tiny	 spheres	 called	 spherules.	 Particles	 that	 have	 experienced	 melting	 have	

compositions	 that	no	 longer	represent	 the	original	particle	before	 it	melted	(Genge	et	al.,	

2008).	Another	form	of	alteration	is	leaching,	the	preferential	removal	of	certain	elements	

from	 the	 particle	 due	 to	 prolonged	 exposure	 to	 ice	 or	water.	 Leaching	 usually	 occurs	 to	

extraterrestrial	 particles	 that	 have	 settled	 in	 the	 sea	 floor	 or	 in	 cold	 and	 icy	 regions	 like	

Antarctica	(Yubata	et	al.,	2017).	The	collection	processes	themselves	present	their	own	set	

of	issues	because	the	media	used	to	collect	extraterrestrial	particles,	such	as	silicone	oil,	for	

example,	are	a	 source	of	 contamination	 themselves	 (Schramm	et	al.,	1989;	Bradley	et	al.,	

2011;	Bradley	et	al.	2014).	Furthermore,	methods	used	to	remove	this	contamination	risk	

additional	alteration	of	the	particles’	initial	compositions.	

	

1.3	Previous	Cosmic	Dust	Collection	Methods		

	 Various	cosmic	dust	 collection	efforts	have	been	carried	out	on	 the	 sea	 floor,	 in	 the	

troposphere,	 in	 the	 stratosphere,	 as	well	 as	 in	 space.	Examples	of	 cosmic	dust	 from	past	
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collection	efforts	can	be	seen	in	Figure	2.	The	bottom-most	portion	of	the	troposphere	is	a	

region	called	the	planetary	boundary	 layer,	and	it	 terminates	approximately	2	kilometers	

(km)	above	mean	sea	level	(Seidel	et	al.,	2010).	A	lot	of	turbulence	and	mixing	occurs	in	the	

planetary	boundary	 layer	because	 the	wind	direction	 in	 that	region	 is	greatly	affected	by	

Earth’s	topography,	making	it	not	an	ideal	place	for	cosmic	dust	collection.	The	higher	up	

above	 the	Earth’s	 surface,	 the	 less	 turbulence	 there	 is,	 and	 the	 likelihood	of	 collecting	an	

extraterrestrial	particle	increases.	However,	the	actual	process	of	collecting	them	becomes	

more	complicated,	challenging	and	costly.	

	 	 	 	 	 	 																																																																																	

Figure	2.	Scanning	electron	microscopy	(SEM)	images	of	cosmic	dust	particles	from	prior	

collection	efforts.	a)	A	particle	with	fluffy	morphology	that	is	likely	cometary.	b)	A	slightly	

weathered	particle	with	elongated	individual	grains	that	is	likely	asteroidal.	c)	A	metal-rich	

spherule	 that	 had	 been	 completely	melted	 prior	 to	 recrystallization.	 Image	 credit:	 Hope	

Ishii	and	Lean	Teodoro.	

1.3.1	Space	Collections	

	 Collecting	directly	from	outer	space	increases	the	likelihood	of	retrieving	cosmic	dust	

because	 particles	 in	 this	 region	 are	 not	 diluted	 by	 large	 quantities	 of	 terrestrial	 dust.	 In	
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addition,	 these	 particles	 have	 not	 been	 heavily	 altered	 as	 they	 have	 not	 experienced	

atmospheric	entry	heating.	An	example	of	collection	of	cosmic	dust	in	space	is	the	Stardust	

mission	that	was	launched	in	1999	(Brownlee	et	al.,	2006).	Stardust	was	the	first	spacecraft	

to	return	cometary	samples	and	extraterrestrial	materials	from	outside	of	the	Moon’s	orbit	

back	 to	 Earth.	 However,	 the	 samples	 did	 not	 return	 to	 Earth	 until	 2006,	 7	 years	 after	

launch,	 making	 it	 not	 a	 very	 efficient	 cosmic	 dust	 collection	 method.	 A	 main	 issue	 that	

space	collections	of	extraterrestrial	particles	face	is	that	particles	in	space	are	traveling	at	

high	speeds	relative	to	the	spacecraft	that	is	used	to	collect	them.	The	huge	impact	velocity	

at	particle	capture	can	cause	serious	physical	alteration	and	even	complete	vaporization	of	

the	particle.	To	combat	this	high	impact	velocity	problem,	the	Stardust	mission	used	a	silica	

aerogel,	which	acted	as	both	a	 capture	medium	and	a	 cushion	 for	 the	 collected	particles.	

However,	the	particles	embedded	themselves	deep	in	the	aerogel,	making	them	incredibly	

difficult	 to	 locate	and	extract.	The	 silica	 aerogel	 is	dominated	by	 silicon	and	oxygen,	 two	

major	rock-forming	elements	that	contaminated	the	collected	dust.	On	top	of	these	issues,	

space	 missions	 are	 extremely	 costly,	 and	 the	 number	 of	 collections	 is	 limited	 due	 to	

infrequent	trips	to	space.	

1.3.2	Deep	Sea	Magnetic	Sorting	

	 There	have	also	been	efforts	 to	 collect	 extraterrestrial	materials	 that	have	 collected	

over	 time	 in	 deep-sea	 sediments.	 Such	 efforts	 involve	 dragging	 magnetic	 sampling	

materials	 across	 the	 seafloor.	 Don	 Brownlee	 at	 the	 University	 of	 Washington	 used	 this	

method	 in	1979	when	he	utilized	 a	magnetic	 sled	 called	 the	Comic	Muck	Rake	 to	 collect	

extraterrestrial	 material	 from	 the	 seafloor	 (Brownlee	 et	 al.,	 1980;	 Taylor	 et	 al.,	 2016).	

However,	most	of	the	collected	extraterrestrial	material	consisted	of	metal-rich	spherules,	
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and	as	previously	mentioned,	 spherules	get	 their	 spherical	 shape	due	 to	 the	melting	and	

alteration	that	occurs	during	atmospheric	entry	heating.	Additionally,	these	spherules	have	

more	than	likely	been	submerged	in	the	ocean	for	an	extended	period	of	time,	meaning	that	

they	would	have	experienced	considerable	leaching	effects.		

1.3.3	Polar	Ice,	Snow,	Well	Water	

Several	teams	have	also	collected	in	extremely	cold	regions	like	Antarctica	due	to	the	

low	levels	of	terrestrial	contamination	in	those	areas	(Alesbrook	et	al.,	2017;	Bardyn	et	al.,	

2018).	 	 Various	Antarctic	 programs	do	 this	 by	melting	 snow	or	 ice	 cores.	 The	U.S.	 Army	

Cold	Regions	Research	and	Engineering	Laboratory	then	used	a	robotic	vacuum	to	collect	

particles	 from	 the	 melt	 water.	 	 However,	 the	 process	 of	 heating	 the	 snow/ice	 can	

potentially	 alter	 the	 chemistry	 of	 the	 grains	 embedded	 within	 them.	 There	 is	 also	 the	

likelihood	of	leaching	due	to	prolonged	exposure	to	ice	and/or	water.	

1.3.4	Stratospheric	Collections	

	 Most	of	the	cosmic	dust	samples	that	we	have	today	were	collected	via	stratospheric	

collections,	which	 involves	using	high-altitude	planes	 that	 fly	at	an	altitude	of	20	km	and	

stratospheric	balloons	that	reach	altitudes	of	30	to	40	km	(Figure	3).	Stratospheric	flights	

are	 today’s	 standard	 method	 of	 collection	 because	 they	 collected	 minimally	 altered	

particles	 from	 the	 stratosphere	 where	 there	 are	 low	 levels	 of	 terrestrial	 contamination.	

However,	 the	stratospheric	collections	 face	the	problem	of	atmospheric	entry	heating:	As	

particles	are	slowed	down	in	passing	through	the	upper	layers	of	the	Earth’s	atmosphere,	

they	 are	 also	 frictionally	 heated.	 	 This	 pulse	 heating	 can	 reach	 temperatures	 of	 up	 to	

1400°C	for	a	second	or	so	for	a	100	micron	(µm)	diameter	particle	and	750°C	for	a	10	µm	

particle	(Love	&	Brownlee,	1991).	For	this	type	of	collection,	silicone	oil	is	most	commonly	
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used	to	act	as	a	cushion	and	an	adhesive.	As	mentioned	in	section	1.2,	the	silicone	oil	causes	

contamination	 of	 the	 particles	 by	 elements	 common	 in	 rocks,	 and	 the	 chemical	methods	

used	to	remove	the	silicone	oil	(hexane	washes)	can	further	alter	the	collected	samples.	

	 	 	 																										
,	
Figure	3.	Examples	of	high-altitude	platforms	used	for	stratospheric	collections.	a)	High-

altitude	 airplanes	 fly	 at	 an	 altitude	 of	 approximately	 20	 km.	 b)	 Stratospheric	 balloons	

sample	 anywhere	 from	 an	 altitude	 of	 30	 to	 40	 km.	 Image	 credits:	 a)	NASA,	 b)	 Sebastien	

Chastenet.	

	

1.4	Main	Objectives	

	 As	 highlighted	 above,	 there	 are	 both	 advantages	 and	 disadvantages	 to	 all	 of	 the	

methods	 previously	 used	 for	 cosmic	 dust	 collection.	 The	 ultimate,	 long-term	 goal	 of	 this	

research	 program	 is	 to	 develop	 an	 inexpensive,	 Earth-based	 collection	method	 that	 can	

provide	 us	with	 the	most	 pristine	 cosmic	 dust	 samples	 possible	 and	 allow	 us	 to	 sample	

directly	 from	 the	atmosphere,	 efficiently	and	often.	This	method	should	be	 free	of	media	

that	 can	 cause	 contamination,	 and	 it	 should	 be	 in	 a	 location	where	 there	 are	 consistent	

winds	 and	 low	 levels	 of	 terrestrial	 contamination.	 Our	 preferred	 collection	 method	 is	

described	in	detail	below	in	section	3.1.	
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	 In	 order	 to	 achieve	 this	 ultimate	 goal,	 we	 must	 first	 understand	 the	 terrestrial	

background	particles	 that	 are	also	present	 in	our	 samples.	Therefore,	 characterization	of	

the	terrestrial	background	particles	is	the	primary	objective	of	this	master’s	thesis	project	

and	 is	 a	 critical	prerequisite	 to	developing	 reliable	 and	 rapid	discrimination	between	ET	

and	terrestrial	particles.	A	secondary	goal	 is	the	identification	and	analyses	of	ET	particle	

candidates	based	on	their	elemental	composition	and	morphological	similarities	to	known	

ET	particles	 from	past	collection	efforts.	Results	 from	this	project	will	help	 in	creating	an	

automated	Scanning	Electron	Microscopy	(SEM)	searching	technique	that	can	be	utilized	to	

efficiently	examine	and	quickly	categorize	large	quantities	of	particles	in	the	future.	

	

2.	Collection	Site:	Mauna	Loa	Observatory	

We	are	currently	collecting	dust	at	the	Mauna	Loa	Observatory	(MLO)	on	the	island	

of	Hawai‘i,	the	“Big	Island”	(Ishii	et	al.,	2017).	There	are	several	reasons	why	this	is	an	ideal	

place	 for	cosmic	dust	collection:	The	 first	 is	 that	 it	 is	one	of	 the	most	 isolated	population	

centers	on	Earth,	about	4000	km	away	 from	California	and	6500	km	 from	 Japan.	Our	air	

sampler,	which	 is	described	below,	 is	 installed	at	an	elevation	of	3500	meters	 (m)	above	

mean	sea	 level.	This	 is	above	 the	nominal	height	of	 the	planetary	boundary	 layer,	within	

which	 the	 air	 direction	 is	 inconsistent	 and	 there	 is	 a	 huge	 flux	 of	 terrestrial	 particles.	

Additionally,	Mauna	Loa	experiences	katabatic	winds,	where	cool	air	at	night	 flows	down	

slope,	 and	 this	 pulls	 the	 lower	 tropospheric	 layer	 downwards	 over	 the	 Observatory,	

bringing	dry,	clean,	and	well-mixed	air	to	our	sampler	(Figure	4)	(Mendonca,	1969).	This	

same	 clean	 air	 is	 what	 atmospheric	 scientists	 continue	 to	 depend	 on	 to	 measure	 the	

accumulation	 of	 CO2	 in	 Earth’s	 atmosphere,	 often	 displayed	 in	 a	 graph	 known	 as	 the	
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Keeling	 Curve	 (Keeling	 et	 al.,	 1976).	 The	 combination	 of	 these	 things	 should	 provide	 us	

with	relatively	clean	air	to	sample	compared	to	the	rest	of	the	world.	

																																																																																																				 	

Figure	4.	A	schematic	of	the	big	island	of	Hawai‘i	showing	the	direction	of	katabatic	winds	

that	flow	downslope,	pulling	clean	tropospheric	layer	down	to	our	sampler	installed	at	the	

Mauna	Loa	Observatory.	Image	credit:	skepticalscience.com	

	 Mauna	 Loa	 has	 already	 been	 used	 as	 a	 cosmic	 dust	 collection	 site	 by	 a	 team	 of	

researchers	led	by	Hans	Pettersson	in	1958	(Petersson	&	Fredriksson,	1958)	and	another	

team	led	by	Kenneth	Farley	 in	2001	(Farley,	2001).	The	collected	samples	were	analyzed	

for	helium	 isotopes	 and	 show	elevated	 and	 sometimes	 extremely	high	 levels	 of	 3He/4He,	

consistent	 with	 levels	 expected	 from	 extraterrestrial	 particles	 subjected	 to	 long	 space	

exposure	to	solar	wind	(Figure	5).	Our	group	has	been	collecting	dust	at	MLO	since	2016	

and	has	gradually	refined	the	collection	parameters,	described	in	section	3.1.2.	 	 							
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Figure	5.	Helium	isotope	abundances	in	particulates	measured	from	samples	collected	at	

Mauna	Loa	Observatory.	RA	is	the	3He/4He	ratio	normalized	to	the	atmospheric	value.		Data	

plot	courtesy	of	Kenneth	Farley,	California	Institute	of	Technology.	

	

3.	Methodology	

This	 project	 is	 divided	 into	 three	 main	 phases,	 which	 include	 the	 collection	 of	

particles	at	the	Mauna	Loa	Observatory	(MLO)	using	a	high-volume	air	sampler	(HVAS),	the	

concentration	of	 collection	 filters	 into	surveyable	 samples	using	 two	different	processing	

methods,	 and	 the	 analyses	 of	 the	 collected	 particles	 using	 various	 instruments	 at	 the	

Advanced	Electron	Microscopy	Center	(AEMC)	at	the	University	of	Hawai‘i	at	Mānoa.	

	

3.1	Sample	Collection	via	High-Volume	Air	Sampler	(HVAS)	

Our	 collection	method	 involves	 using	 a	 high-volume	 air	 sampler	 (HVAS)	 that	was	

built	for	an	earlier	aerosol	collection	experiment	and	installed	at	3500	m	at	the	Mauna	Loa	

Observatory	(MLO).	The	HVAS	uses	a	vacuum	pump	to	sample	the	air	flowing	down-slope	

of	Mauna	Loa	and	traps	microscopic	particles	onto	a	perforated	filter	that	we	have	installed	

on	the	sampling	head.	Some	of	the	key	components	of	our	sampler	include	an	anemometer	
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that	 measures	 wind	 speed	 and	 direction,	 a	 timer	 that	 tracks	 how	 long	 the	 sampler	 is	

actively	 filtering	air,	 a	vacuum	pump	 that	 sucks	 in	air	at	a	 constant	 flow	rate,	 a	pressure	

gauge	that	displays	the	current	air	flow	rate,	a	polycarbonate	membrane	filter	on	which	the	

particles	 get	 collected,	 and	 a	 protective	 cover	 that	 protects	 our	 filter	 from	 strong	winds,	

rain,	and	sometimes	snow	(Figure	6).	

	 		

Figure	6.	An	image	of	the	High-Volume	Air	Sampler	currently	 installed	at	the	Mauna	Loa	

Observatory.	The	front	cover	is	open,	and	key	components	of	the	sampler	are	labeled.	

3.1.1	Prior	Cosmic	Dust	Collection	Efforts	via	HVAS	

	 	The	high-volume	air	sampling	method	has	been	utilized	previously	at	the	Kwajalein	

atoll	 in	 the	 Marshall	 Islands	 between	 2011	 and	 2012	 (Wozniakiewicz	 et	 al.,	 2014)	 and,	

more	recently,	in	Antarctica	(Bardyn	et	al.,	2018).	The	remote	locations	of	both	Kwajalein	

and	Antarctica	were	major	reasons	as	to	why	they	were	chosen	as	sites	 for	collection	via	

HVAS.	 However,	 the	 salt-laden	 environment	 of	 Kwajalein	 caused	 the	 filters	 to	 develop	 a	

coating	of	 salt.	Additionally,	 there	was	an	abundance	of	 rust	 lofted	by	 the	wind	 from	 the	
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coral	sands	due	to	the	presence	of	sunken	naval	ships	 in	 the	atoll’s	 lagoon.	The	Antarctic	

project	faced	different	problems,	which	included	an	abundance	of	aluminum	particles	that	

came	from	the	newly	machined	intake	pipe	on	the	collector,	as	well	as	sulfuric	acid	build	up	

on	 their	 filters	 due	 to	 the	 high	 sulfate	 aerosol	 levels	 in	 the	 area.	 Although	 these	 two	

locations	 provided	 several	 extraterrestrial	 candidate	 particles	 and	 seemed	 promising	

initially,	the	issues	proved	too	challenging	to	merit	continuation	of	collections	there.	

3.1.2	Collection	Parameters	

	 Our	vacuum	pump	has	an	airflow	rate	of	1.4	cubic	meters	per	minute	(m3/min).	This	

is	a	strong	enough	rate	to	be	able	to	sample	air	and	collect	particles	without	damaging	or	

deforming	 our	 polycarbonate	 filter.	 The	 anemometer	 acts	 as	 a	 switch	 to	 activate	 the	

vacuum	 pump	 on	 the	 HVAS.	 	 It	 will	 only	 activate	 our	 sampler	 if	 the	 wind	 direction	 is	

flowing	 in	 a	 direction	 of	 plus	 or	 minus	 45	 degrees	 from	 the	 downhill	 direction	 of	 the	

katabatic	winds	and	if	the	wind	speed	is	1	meter	per	second	or	faster.	A	timer	is	also	set	so	

that	 the	 sampler	 is	 only	 activated	during	nighttime	when	Mauna	Loa	 is	 experiencing	 the	

downslope	katabatic	winds.	The	pressure	gauge	 indicates	when	to	change	the	membrane	

filters:	As	more	particles	are	collected,	the	filter	gets	clogged	up,	and	the	airflow	rate	slowly	

decreases.	When	the	pressure	gauge	shows	that	 the	current	airflow	rate	has	 fallen	below	

75%	of	 the	 initial	1.4	m3/min	air	 flow	rate,	 the	 installed	 filter	 is	 removed	 for	processing	

and	replaced	with	a	fresh	one.		

	

3.2	Sample	Processing	

	 As	mentioned	 above,	 the	microscopic	 particles	 in	 the	 sampled	 air	 are	 trapped	 on	 a	

membrane	 filter.	 Each	 filter	 is	 made	 of	 polycarbonate,	 has	 an	 area	 of	 390	 square	
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centimeters	(cm2)	(Figure	7a),	and	is	mounted	onto	an	acrylic	frame,	specially	designed	by	

Dr.	Penelope	Wozniakiewicz	for	the	Kwajalein	collection	to	be	foldable.	The	filter	has	5	µm	

diameter	 perforations,	 allowing	 air	 to	 pass	 through,	 but	 trapping	 any	 particles	 that	 are	

larger	than	5	µm	(and	some	that	are	smaller)	(Figure	7b).	After	the	collection	process,	each	

filter	 is	 folded	 in	half,	 still	on	 its	 foldable	 frame	with	 the	exposed	surface	 facing	 inwards,	

clamped	to	prevent	contamination,	and	sealed	in	a	bag	before	it	is	shipped	to	the	Advanced	

Electron	Microscopy	 Center	 at	 the	University	 of	Hawai‘i	 at	Mānoa.	 Some	 filters	 are	 later	

shipped	to	our	collaborators	at	the	University	of	Kent	in	the	United	Kingdom	for	additional	

processing.	

	 One	processing	path,	referred	to	as	“stamping”,	involves	placing	a	piece	of	electrically	

conductive,	 non-porous,	 double-sided,	 carbon	 adhesive	 tape	 (used	 for	 scanning	 electron	

microscopy	 and	 energy-dispersive	X-ray	 spectroscopy)	 onto	 an	 aluminum	sample	mount	

(or	 “pin	 stub”)	 and	 then	 pressing,	 or	 “stamping”,	 the	 tape	 multiple	 times	 in	 several	

locations	 on	 the	 exposed	 surface	 of	 the	 filter.	 In	 this	 manner,	 many	 particles	 are	

concentrated	 into	 a	 smaller	 area	 on	 the	 adhesive	 tape.	 This	 is	 then	 carbon	 coated	 for	

imaging	and	elemental	analyses.	

	 Another	 processing	 path,	 referred	 to	 as	 “concentrating”,	 is	 carried	 out	 by	 our	

University	of	Kent	collaborators	and	involves	concentrating	the	collected	particles	on	our	

rectangular	 filter	 into	 a	 smaller	 area,	 a	 circle	with	 an	 area	 of	 11.5	 cm2.	 This	 is	 done	 by	

mounting	 the	 filter,	 collection	side-up,	above	a	 small	nozzle	 that	 is	attached	 to	a	vacuum	

pump,	which	then	gently	pulls	the	center	of	the	filter	down,	creating	a	concave	surface.	The	

filter	 is	 then	 gently	 washed	 with	 high	 purity	 deionized	 water	 that	 carries	 the	 collected	

particles	 to	 the	 center.	 An	 aluminum	 sample	 stub	 covered	 by	 electrically	 conductive,	
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double-sided,	carbon	adhesive	tape	is	then	brought	underneath	this	small	circle	to	attach	it	

to	the	sample	stub,	and	the	“concentrated”	circular	region	of	filter	containing	the	collected	

particles	 is	 cut	 out.	 This	 is	 then	 carbon	 coated	 for	 subsequent	 electron-beam	 analyses	

(Figure	7c).	

	

Figure	7.	a)	The	390	cm2	polycarbonate	filter	onto	which	the	particles	are	collected.	b)	A	

high-magnification	 image	of	 the	 filter	showing	the	5-µm	diameter	perforations	that	allow	

air	 the	 pass	 through.	 c)	 The	 11.5	 cm2	 final	 sample	mounted	 onto	 an	 aluminum	pin	 stub	

after	the	filter	has	been	concentrated.	

	

3.3	Sample	Analyses	

	 Sample	 analyses	 involve	 secondary	 electron	 (SE)	 and/or	 back	 scattered	 electron	

(BSE)	imaging	to	examine	the	morphology	and	energy-dispersive	X-ray	spectroscopy	(EDS)	
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to	measure	the	elemental	compositions	of	individual	particles	in	our	samples.		Particles	are	

then	 separated	 by	 their	 morphology	 and	 chemistry	 into	 different	 categories.	 Candidate	

extraterrestrial	 particles	 are	 initially	 identified	 by	 having	 compositions	 that	 are	 near-

chondritic	composition	(within	a	factor	of	5×),	i.e.	like	that	of	the	Sun,	or	that	are	consistent	

with	anhydrous	mineral	compositions,	in	particular,	those	that	are	unexpected	for	the	local	

collection	 site	 on	 the	 flanks	 of	 a	 volcano.	 (An	 example	 of	 the	 latter	 is	 a	 pure	 forsterite	

crystal,	 lacking	 iron.)	 For	 candidate	 particles	with	 near-chondritic	 compositions,	 particle	

morphology	can	be	used	to	further	search	for	promising	comet	dust	candidates:		Particles	

having	morphologies	 that	are	 fine-grained	and	 fluffy	 in	appearance	are	more	 likely	 to	be	

from	 comets.	 Candidate	 particles	 having	 textures	 consistent	 with	 the	 presence	 of	 layer-

lattice	 silicates	 (clays)	 might	 be	 from	 extraterrestrial	 or	 terrestrial	 sources.	 One	

extraterrestrial	 candidate	 particle	was	 further	 examined	 by	 FIB	 thin	 section	 preparation	

and	in-depth	(Scanning)	Transmission	Electron	Microscopy	(S/TEM)	analysis.		

3.3.1	Processed	Samples	

	 For	this	project,	two	filters	were	processed	and	analyzed.	The	first	filter	analyzed	was	

installed	before	the	2018	eruption	of	Kilauea,	the	volcano	neighboring	Mauna	Loa.	It	was	in	

the	 sampler	 from	September	5,	 2017	until	November	8,	 2017,	during	which	 the	 sampler	

was	 active,	 i.e.	 pulling	 air	 through	 the	 filter,	 for	 a	 total	 493	 hours.	 This	 “Pre-Kilauea	

eruption”	filter	was	then	processed	by	our	collaborators	using	the	“concentrating”	method.	

Because	the	original	390	cm2	filter	area	was	reduced	to	a	sample	area	of	11.5	cm2,	the	final	

sample	had	a	high	concentration	factor	of	34×.	This	processing	method	caused	the	particles	

to	be	densely	distributed	in	some	areas	of	the	final	sample,	making	analyses	of	individual	

particles	in	those	regions	very	difficult.	Because	of	this,	we	had	to	actively	avoid	those	areas	



	 	 	 	15	

and	 make	 sure	 that	 our	 regions	 of	 interests	 contained	 particles	 that	 were	 evenly	

distributed.	We	also	have	filters	that	were	installed	during	the	several	months	that	Kilauea	

was	erupting	 in	2018,	but	we	do	not	anticipate	being	able	 to	 isolate	 cosmic	dust	 in	 such	

conditions.	 For	 this	 reason,	 no	 further	 processing	 or	 analyses	 were	 conducted	 on	 those	

filters.	 They	 are,	 however,	 stored	 and	 ready	 for	 potential	 future	 studies.	 The	 other	 filter	

chosen	 for	 this	 project	 was	 collected	 well	 after	 the	 2018	 eruption.	 The	 “Post-Kilauea	

eruption”	filter	was	in	our	sampler	from	March	12,	2019	to	July	30,	2019	with	the	sampler	

active	for	a	total	of	1016	hours	during	that	time	frame.	This	particular	filter	was	processed	

using	 the	 “stamping’	 method	 to	 avoid	 the	 water	 washing	 procedure	 that	 may	 have	

contributed	to	the	dense	distribution	we	had	with	the	“Pre-Kilauea	eruption”	filter.	Because	

the	adhesive	was	pressed	or	“stamped”	4	times,	the	final	sample	has	a	concentration	factor	

of	4×.	However,	since	the	“Post-Kilauea	eruption”	filter	was	active	for	about	twice	as	long	

as	 the	 “Pre-Kilauea	 eruption”	 filter,	 the	 sample	 actually	 has	 an	 effective	 concentration	

factor	of	8×,	which	 is	still	a	 lot	 lower	than	the	“Pre-Kilauea	eruption”	 filter	concentration	

factor	of	34×.	Results	from	the	two	samples	allows	for,	not	only	the	comparison	of	the	two	

collection	 periods,	 but	 also	 the	 assessment	 of	 the	 potential	 loss	 of	 soluble	 particle	

components	and	particle	break-up	in	the	“concentrating”	method.	

3.3.2	Helios	Dual	Beam	Focused	Ion	Beam	(FIB)	

Samples	 were	 first	 analyzed	 using	 the	 FEI	 Helios	 NanoLab	 660	 Extreme	 High	

Resolution	Dual	Beam	FIB	(Figure	8).	This	dual	beam	instrument	has	an	electron	and	ion	

column	 that	 can	 focus	 on	 the	 sample	 at	 the	 same	 location.	 	 We	 first	 used	 the	 electron	

column	 for	 scanning	 electron	microscopy	 and	 collected	 SE	 and	BSE	 images	 (Ishii,	 2018).	

This	 allows	 us	 to	 obtain	 high-resolution	 imagery	 of	 our	 sample	 with	 a	 0.6	 nm	 electron	
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beam	resolution	limit	at	2-15	kV	and	a	4.0	nm	ion	beam	resolution	limit	at	30	kV	(section	

3.3.2a).	 This	 equipment	 also	 has	 EDS	 analyses	 capabilities,	 allowing	 us	 to	 obtain	 an	

elemental	map	of	either	our	whole	sample	or	just	a	particular	particle	of	interest	(section	

3.3.2b).	In	addition,	we	also	used	the	Ga+	ion	beam	in	the	Dual	Beam	FIB	to	cut	and	lift	out	a	

candidate	particle	(section	3.3.2d)	for	a	more	in-depth	S/TEM	analysis	(section	3.3.2c).	

	
Figure	 8.	 a)	Helios	NanoLab	 660	Dual	 Beam	Focused	 Ion	Beam	 Instrument	 (FIB)	 at	 UH	

Mānoa’s	 Advanced	 Electron	 Microscopy	 Center.	 b)	 A	 profile	 view	 of	 the	 FIB’s	 opened	

chamber	where	 samples	 are	mounted.	 The	 sample	 chamber	 is	 then	 evacuated	 to	 3	 ×	 e-5	

millibar	(mbar)	before	analyses.	c)	 Interior	view	of	 the	FIB’s	vacuum	chamber	where	the	

pole	pieces	of	the	electron	and	ion	columns	along	with	gas	injection	needles	all	aim	at	the	

same	position	on	the	sample	(when	moved	into	position).	
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a.	Imaging	the	Sample	via	Scanning	Electron	Microscopy	(SEM)	

To	 survey	what	 kinds	of	 particles	 are	present	 our	 collection,	we	 randomly	picked	

regions	that	are	not	too	cluttered	on	the	concentrated,	pre-Kilauea	filter	or	on	the	stamped,	

post-Kilauea	 sample.	 Once	 a	 location	 was	 chosen,	 its	 coordinates	 on	 the	 sample	 mount	

were	saved	so	that	we	could	easily	go	back	to	the	same	spot	if	needed	in	the	future.	Images	

were	taken	at	magnification	ranges	from	350×	to	1200×,	so	that	approximately	50	particles	

were	 visible	 in	 the	 field	 of	 view.	 This	 whole	 area	 (referred	 to	 as	 a	 “section”)	 was	 first	

imaged,	and	those	particles	that	are	at	least	3	µm	in	diameter	were	labeled	(Figure	9).	Once	

labeled,	a	high-magnification	image	of	each	particle	in	that	section	was	collected.	

	

Figure	 9.	 A	 secondary	 electron	 image	 of	 one	 of	 the	 analyzed	 “sections”	 with	 59	 visible	

particles.		This	image	has	a	magnification	of	350×.	
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b.	Energy-Dispersive	X-ray	Spectroscopy	(EDS)	

Energy-dispersive	x-ray	spectroscopy	(EDS)	was	performed	on	every	particle	in	each	

of	 the	 chosen	 “sections”	 to	 obtain	 their	 X-ray	 fluorescence	 spectra	 and	 elemental	

compositions.	Multiple	EDS	measurements	were	collected	 for	some	particles,	particularly	

ones	that	looked	like	they	were	a	combination	of	two	or	more	particles.	We	also	quantified	

elemental	 compositions	 first	 with	 and	 then	 without	 carbon.	 We	 did	 this	 because	 our	

samples	 were	 carbon-coated,	 so	 the	 measured	 carbon	 abundance	 appears	 much	 higher	

than	it	really	is	 in	the	particle	alone.	Removing	carbon	from	the	quantification	helps	with	

determining	the	abundances	of	other	elements	present	in	each	particle.	 	Particles	that	are	

carbon-dominated,	 often	of	 biologic	 origin,	were	distinguished	by	having	 carbon	K-alpha	

peak	heights	that	are	significantly	higher	than	other	element	peaks,	including	oxygen.	

c.	Particle	Categorization	

The	particles	were	first	categorized	as	either	ET	candidates	or	non-candidates.	To	do	

this,	 we	 looked	 for	 particles	 with	 compositions	 that	 fall	 within	 a	 factor	 of	 5×	 the	 CI-

chondrite	composition.	We	 focused	on	 the	4	most	abundant	elements	 in	 the	CI-chondrite	

composition,	 which	 are	 oxygen,	 magnesium,	 silicon,	 and	 iron	 (O,	 Mg,	 Si,	 Fe).	 Instead	 of	

comparing	the	elemental	abundance	directly,	we	instead	compared	the	element	to	silicon	

ratio	(O:Si,	Mg:Si,	Si:Si,	Fe:Si)	of	each	of	the	particles	to	the	same	ratio	for	the	CI-chondrite	

composition.	Standard	practice	 is	to	consider	particles	as	“chondritic”	 if	 they	fall	within	a	

factor	of	2×	to	3×	the	chondritic	composition,	but	our	selection	of	a	wide	initial	composition	

range	 of	 5×	 the	 chondritic	 composition	 ensures	 that	 candidates	 are	 not	 excluded	 due	 to	

uncertainties	 from	 occasional	 physical	 overlap	 of	 grains	 on	 the	 processed	 filter.	 Single	

mineral	grains	with	compositions	 inconsistent	with	 local	volcanic	origin	 (e.g.	enstatite	or	
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forsterite)	were	also	labeled	as	ET	candidates.	Once	the	ET	candidates	had	been	identified,	

the	 background	 particles	 or	 non-candidates	 were	 further	 categorized	 based	 on	 their	

morphology	and	elemental	spectra.	Finally,	 the	ET	candidates	were	examined	thoroughly	

as	 to	 their	 morphologies	 and	 chemistries.	 Selected	 promising	 ET	 candidates	 were	 then	

flagged	 for	 further	 analyses	 via	 S/TEM.	 Some	may	 also	 be	 analyzed	 in	 the	 future	 using	

scanning	ion	microscopy	for	isotope	analyses.	

d.	Sample	Preparation	for	Scanning	Transmission	Electron	Microscopy	(S/TEM)	

We	also	used	the	dual	beam	FIB	to	prepare	electron-transparent	thin	sections,	called	

“FIB	 sections”,	 for	 S/TEM	 analysis	 (Figure	 10).	 First,	 we	 deposited	 a	 platinum	 (Pt)	

protective	 strap	 on	 top	 of	 our	 region	 of	 interest	 using	 locally-injected,	 Pt-bearing,	

organometallic	gas	that	was	broken	down	with	the	electron	beam	to	leave	Pt	as	an	initial	

surface	protection.	This	was	followed	by	additional,	faster	Pt	deposition	using	the	Ga+	ion	

beam.	The	protective	strap	acts	to	preserve	the	surface	of	the	sample	over	the	area	that	will	

form	the	final	thin	section	sample.	We	then	continued	to	use	the	ion	beam	without	any	gas	

injection	to	sputter-mill	 trenches	on	both	sides	of	 the	desired	section.	 (For	 the	section	 in	

Figure	10,	a	narrow	trench	was	milled	on	one	side	to	preserve	part	of	the	particle	for	other	

analyses.)	 Afterwards,	 a	 J-shaped	undercut	was	milled	 to	mostly	 release	 the	 FIB	 section,	

but	making	sure	to	still	leave	it	attached	at	one	corner.	The	in	situ	micromanipulator	in	the	

FIB	was	placed	closed	 to	 the	FIB	 section	before	Pt	was	deposited	 to	bind	 them	 together.	

The	small	attachment	between	the	FIB	section	and	the	rest	of	the	sample	surface	was	then	

cut	off,	freeing	our	FIB	section.	This	FIB	section	was	then	mounted	onto	a	copper	FIB	grid	

using	Pt	to	attach	it	and	was	thinned	to	~150	nm	thickness	before	it	was	 loaded	into	the	

double-tilt	 holder	 for	 S/TEM	 analyses	 (Figure	 11).	 The	 sample	 was	 left	 thicker	 than	 is	



	 	 	 	20	

typical	in	order	to	better	be	able	to	observe	solar	flare	tracks	that	might	be	present	through	

the	crystal	from	space	exposure.	

	

Figure	10.	SEM	images	of	S/TEM	sample	preparation	for	using	the	Dual	Beam	FIB.		

a)	A	top-down	view	of	a	candidate	particle	with	the	region	of	interest	highlighted	in	green.	

b)	A	profile	view	of	the	candidate	particle	with	the	platinum	(Pt)	protective	strap	deposited	

on	 top	 of	 the	 region	 of	 interest.	 c)	 Trenches	 on	 both	 sides	 of	 the	 desired	 section	 were	

sputter-milled	using	an	 ion	beam.	The	rear	 trench	 is	narrow	to	preserve	a	portion	of	 the	

particle	 for	 other	 analyses.	 d)	 A	 J-shaped	 undercut	was	milled	 to	mostly	 release	 the	 FIB	

section	before	the	in	situ	micromanipulator	was	bound	to	the	sample	using	Pt.	The	rest	of	

the	sample	was	cut	free	after	it	was	attached	to	the	micromanipulator.	e)	The	FIB	section	

was	attached	to	a	copper	grid	using	Pt	and	then	cut	free	from	the	micromanipulator.	 f)	A	

closer	view	of	the	FIB	section	prior	to	thinning	to	~150	nm	for	S/TEM	analyses.		

a)	 b)	 c)	

d)	 e)	 f)	
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Figure	11.	a)	Double-tilt	holder	for	Titan	S/TEM	analyses	of	section	on	FIB	grid.	The	red	

rectangle	is	where	the	FIB	grid	is	located.	b)	A	closer	look	at	a	FIB	grid	where	the	S/TEM	

sample	 is	attached,	 located	 inside	the	blue	rectangle.	The	 letters	help	with	navigating	the	

grid	 and	 locating	 the	 sample.	 c)	An	 electron-transparent	 thin	 section	prepared	using	 the	

Dual	Beam	FIB.	

3.3.3	Titan	Microscope	

We	used	the	FEI	Titan3	G2	60-300	dual	aberration-corrected	S/TEM	(Figure	12)	for	

a	 more	 thorough	 analysis	 of	 one	 selected	 ET	 candidate	 particle.	 The	 Titan	 (scanning)	

transmission	electron	microscope	(S/TEM)	passes	electrons	with	voltages	between	60	and	

300	keV	 through	 the	 thin,	 electron	 transparent	 sample	 created	using	 the	dual	 beam	FIB.	

This	instrument	allows	us	to	image	the	sample	in	bright	field	and	dark	field	modes	with	<	1	

a)	 b)	

c)	
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Ångstrom	spatial	resolution	and	gives	us	 information	on	the	petrography,	texture,	crystal	

structure	 and	 elemental	 composition	 of	 the	 particle	 (Ishii	 2018).	 S/TEM	 imaging	 and	

diffraction	 were	 performed	 at	 300	 keV	 on	 the	 ET	 candidate	 particle	 to	 search	 for	 any	

evidence	 of	 space	 exposure	 of	 the	 particle	 in	 the	 form	 of	 solar	 flare	 tracks	 and/or	

amorphous	 rims	 on	 the	 surfaces	 of	 minerals	 resulting	 from	 solar	 wind	 ion	 irradiation	

damage.		(See,	for	example,	Figure	13.)	

	

Figure	 12.	 FEI	 Titan3	 G2	 60-300	 dual	 aberration-corrected	 S/TEM	 at	 UH	 Mānoa’s	

Advanced	Electron	Microscopy	Center.	
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Figure	13.	 	An	example	of	a	particle	with	visible	solar	 flare	tracks	 in	a	S/TEM	dark-field	

image.	White	arrows	in	the	image	point	to	the	solar	flare	tracks.	Image	from	Noguchi	et	al.	

2014.	

	

4.	Results	

	 A	 total	 of	 325	particles	were	 imaged	and	analyzed	during	 the	 course	of	 this	project.	

152	of	these	particles	are	from	the	“Pre-Kilauea	eruption”	filter	and	173	are	from	the	“Post-

Kilauea	eruption”	filter.		
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4.1	Candidate	ET	Particles	

	 We	determined	 that	 9	 out	 of	 the	 152	particles	 (6%)	 analyzed	 from	 the	 “Pre-Kilauea	

eruption”	 sample	 are	 ET	 particle	 candidates	 within	 a	 factor	 of	 5×	 the	 CI-chondrite	

composition.	We	 did	 the	 same	 calculations	 for	 a	 factor	 of	 4×	 and	 a	 factor	 of	 3×	 the	 CI-

chondrite	compositions	and	found	that	we	get	5	(3%)	ET	candidates	within	a	factor	of	4×	CI	

and	1	(0.7	%)	ET	candidate	within	a	factor	of	3×	CI.		These	results	are	shown	graphically	in	

pie	charts	in	Figure	14.	

	 For	the	“Post-Kilauea	eruption”	sample,	we	got	higher	percentages	for	all	three	factor	

cases	of	5×,	4×	and	3×	the	CI-chondrite	composition.	We	determined	that	20	out	of	the	173	

(12%)	 particles	 from	 this	 sample	 are	 ET	 particle	 candidates	within	 a	 factor	 of	 5×	 CI,	 12	

(7%)	 are	 ET	 particle	 candidates	 within	 a	 factor	 of	 4×	 CI,	 and	 9	 (5%)	 are	 ET	 particle	

candidates	within	a	factor	of	3×	CI.	As	mentioned	above,	we	chose	the	conservative	factor	

of	 5×	 the	 CI-chondrite	 composition	 to	 lessen	 the	 likelihood	 of	 excluding	 potential	

candidates	 based	 on	 errors	 attributed	 to	 physical	 overlap	 of	 grains	 in	 the	 sample.	 This	

conservative	 factor	 is	applied	 in	 the	 following	section	4.2,	and	all	ET	candidates	are	 then	

examined	more	closely	in	section	4.3.	
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Figure	 14.	Percentages	of	ET	particle	 candidates	 from:	a)	 “Pre-Kilauea	eruption”	 sample	

within	 5×	 the	 chondritic	 composition,	 b)	 “Post-Kilauea	 eruption”	 sample	 within	 5×	 the	

chondritic	 composition,	 c)	 “Pre-Kilauea	 eruption”	 sample	 within	 4×	 the	 chondritic	

composition,	 d)	 “Post-Kilauea	 eruption”	 sample	within	 4×	 the	 chondritic	 composition,	 e)	

“Pre-Kilauea	 eruption”	 sample	 within	 3×	 the	 chondritic	 composition,	 f)	 “Post-Kilauea	

eruption”	sample	within	3×	the	chondritic	composition.	
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4.2	Particle	Categories	

The	particles	from	the	“Pre-Kilauea	eruption”	were	divided	into	9	categories	using	a	

factor	 of	 5×	 the	 CI-chondrite	 composition	 to	 distinguish	 potential	 ET	 candidates.	 The	

percentages	of	particles	within	each	of	the	9	categories	came	out	to	6%	ET	candidates,	38%	

clay-like,	20%	feldspathic,	14%	pyroxene-like,	10%	silica-rich,	9%	carbon-rich,	1%	oxides,	

<	1%	spheres,	and	1%	uncategorized.	These	categorizations	are	shown	schematically	in	a	

stacked	bar	graph	in	Figure	15	(top).	

The	particles	from	the	“Post-Kilauea	eruption”	were	divided	into	10	categories	using	a	

factor	 of	 5×	 the	 CI-chondrite	 composition	 to	 distinguish	 potential	 ET	 candidates.	 	 The	

percentages	 of	 the	 10	 categories	 came	 out	 to	 12%	 ET	 candidates,	 36%	 clay-like,	 17%	

feldspathic,	14%	silica-rich,	9%	carbon-rich,	5%	sulfates,	4%	pyroxene-like,	1%	oxides,	less	

than	1%	 carbonate,	 and	1%	uncategorized.	 It	 is	 important	 to	 note	 that	 there	 is	 also	 one	

olivine	grain	(<	1%)	that	qualifies	as	an	ET	candidate	in	the	conservative	5×	CI	cutoff,	and	

so	 it	does	not	have	 its	own	category.	These	categorizations	are	shown	schematically	 in	a	

stacked	bar	graph	in	Figure	15	(bottom).			

The	 two	 filters	 have	 similar	 particle	 categories	 with	 a	 few	 exceptions.	 The	 “Pre-

Kilauea	 eruption”	 filter	 contains	 a	 spheroid	 category	 that	 is	 not	 present	 in	 the	 “Post-

Kilauea”	 filter.	 The	 “Post-Kilauea	 eruption”	 filter	 contains	 sulfate	 and	 carbonate	 particle	

categories	 that	 are	 not	 present	 in	 the	 “Pre-Kilauea	 eruption”	 filter.	 There	 are	 more	 ET	

candidate	 particles	 in	 the	 “Post-Kilauea	 eruption”	 filter	 than	 the	 “Pre-Kilauea	 eruption”	

filter.	 Figures	 16-1	 and	 16-2	 contain	 particle	 SE	 images	 and	 EDS	 spectra	 from	 typical	

examples	of	each	category	type.		
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Figure	 16-1.	 Secondary	 electron	 image	 of	 a	 representative	 particle	 for	 each	 of	 the	

categories	we	found	on	our	filters	accompanied	by	their	respective	elemental	spectra.		

a)	carbon-rich	b)	carbonate	c)	clay-like	d)	feldspathic	e)	oxide	.	
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Figure	 16-2.	 Secondary	 electron	 image	 of	 a	 representative	 particle	 for	 each	 of	 the	

categories	we	found	on	our	filters	accompanied	by	their	respective	elemental	spectra.	

f)	pyroxene-like	g)	silica-rich	h)	spheroid	i)	sulfate	j)	uncategorized.	
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4.3	Selected	Promising	ET	Candidates	

	 After	 a	 closer	 review	 of	 the	 ET	 candidates’	 elemental	 compositions	 and	 surface	

morphology,	particles	were	high-graded	to	select	five	particles	that	are	the	best	candidates	

for	additional	analyses	via	S/TEM	(Figure	17).	Out	of	the	five	candidates,	four	are	clay-like	

and	 one	 has	 a	 composition	 similar	 to	 an	 olivine	 (Fa30).	 Although	 clay-like	 and	 olivine	

particles	are	common	on	Earth,	 these	 five	particles	have	compositions	 that	 fall	within	3×	

the	CI-chondrite	composition	and,	therefore,	may	come	from	undifferentiated	bodies.	

	

Figure	17.	Secondary	electron	images	of	the	selected	promising	ET	candidates:	a)	Particle	

D45	 (clay-like)	 b)	 Particle	 F17	 (olivine)	 c)	 Particle	 G41	 (clay-like)	 d)	 Particle	 G51	 (clay-

like)	e)	Particle	H13	(clay-like).	

a)	Clay-like	D45 d)	Clay-like	G51

c)	Clay-like	G41

e)	Clay-like	H13b)	Olivine	F17
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4.4	S/TEM	Analyses	of	Most	Promising	Candidate	

A	 FIB	 section	was	 prepared	 and	 S/TEM	 analyses	were	 performed	 on	 the	 olivine-

composition	particle	 to	 look	 for	evidence	of	extraterrestrial	origin.	Such	evidence	of	 time	

spent	 in	 space	would	 be	 the	 presence	 of	 solar	wind-damaged	 rims	 on	 crystals	 and	 solar	

flare	tracks	within	crystals.	Lack	of	these	does	not	preclude	an	extraterrestrial	origin.	

4.4.1	S/TEM	Bright-field	and	Dark-field	Images	

	 The	 electron-transparent	 olivine	 sample	 was	 imaged	 at	 different	 magnifications	

using	both	bright-field	(BF)	and	high-angle	annular	dark-field	(HAADF)	modes	(Figure	18).	

Comparing	 these	 images	 side-by-side	 is	 important	 because	 certain	 information	 seen	 in	

HAADF	mode	cannot	be	seen	in	BF	mode	and	vice-versa.	The	BF	and	HAADF	images	were	

inspected	 for	presence	of	 solar	 flare	 tracks,	bright	 linear	 features	with	 irregular	patterns	

indicative	 of	 a	 particle’s	 time	 spent	 in	 space.	 However,	 there	 were	 no	 solar	 flare	 tracks	

evident	on	any	of	the	S/TEM	images	of	our	sample.	

	

Figure	18.	S/TEM	images	of	the	entire	olivine	FIB	section	collected	in	a)	bright-field	and	

b)	dark-field.	
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	 High	magnification	images	of	our	sample	were	taken	to	closely	examine	the	various	

surface	material	 and	 alterations	present	 (Figure	19).	 The	material	 coating	 on	 the	 olivine	

sample	 is	 clay-like	 in	 texture,	 consistent	with	 an	 olivine	 that	 has	 experienced	 secondary	

aqueous	alteration.	

	

Figure	 19.	 High	 magnification	 HAADF	 images	 show	 the	 sample’s	 texturally	 clay-like	

surface.	 a)	A	HAADF	 image	shows	a	 surface	alteration	 feature.	b)	A	HAADF	 image	shows	

clay-like	surface	material	on	the	olivine.	

4.4.2	Elemental	Compositions	

	 STEM-EDS	was	performed	to	obtain	elemental	compositions	on	various	areas	of	the	

sample	(Figure	20).	This	is	similar	to	what	was	done	to	the	whole	particle	using	the	FIB,	but	

it	is	performed	at	different	locations	in	the	olivine	particle’s	cross-section	as	opposed	to	on	

its	surface.	The	elemental	compositions	obtained,	together	with	diffraction	(section	4.4.3),	

confirm	that	the	particle	is,	in	fact,	an	olivine	(Fa27)	with	a	clay-like	surface	coating	(Figure	

21).	 The	 fayalite	 content	 of	 the	 olivine	 determined	 by	 STEM-EDS	 differs	 from	 the	 initial	

composition	measured	by	SEM-EDS	because	it	excludes	the	surface	coating.	
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Figure	20.	 	a)	High	magnification	bright-field	image	of	the	sample	showing	four	different	

areas	 where	 EDS	 measurements	 were	 taken.	 b)	 EDS	 spectra	 of	 Area	 1	 (olivine)	 c)	 EDS	

spectra	of	Area	2	 (clay-like	alteration)	d)	EDS	spectra	of	Area	3	 (thinner	area	within	 the	

olivine),	e)	EDS	spectra	of	Area	4	(clay-like).	

	

Figure	 21.	 a)	High	magnification	bright-field	 image	of	 the	 sample	 showing	 two	different	

areas	 where	 EDS	measurements	 were	 taken.	 b)	 EDS	 spectra	 of	 Area	 1	 (olivine),	 c)	 EDS	

spectra	of	Area	2	(clay-like	surface	coating).	

Area	1	

Area	2	

Area	3	

Area	4	

a)	 b)	

c)	

d)	

e)	

Area	1	(olivine	grain)	

Area	2	(surface	coating)	

a)	 b)	

c)	
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4.4.3	Selected	Area	Electron	Diffraction	

	 Diffraction	patterns	were	obtained	to	determine	the	crystal	structure	of	the	olivine-

composition	particle,	and	 they	show	that	 it	 is	consistent	with	an	olivine	crystal	 structure	

(Figure	22).	The	pattern	obtained	from	the	sample	in	the	[211]	zone	axis	orientation	was	

compared	to	a	[211]	olivine	pattern	simulated	using	the	CrystalmakerTM	software	package	

and	they	match.	

	

Figure	 22.	 Selected	 area	 electron	 diffraction	 patterns.	 a)	 Pattern	 obtained	 from	 olivine	

crystal	 in	 the	 [211]	 zone	 axis	 orientation.	 b)	 Simulated	 [211]	 pattern	 obtained	 using	

CrystalmakerTM	 software	 package.	 The	 diffraction	 camera	 length	 was	 calibrated	 in	 situ	

using	polycrystalline	platinum,	which	has	a	well-known	lattice	spacing.	

	

5.	Discussion	

5.1	Background	Particle	Types	

	 The	 types	 of	 background	 particle	 found	 on	 our	 samples	 include	 clay-like,	

feldspathic,	pyroxene-like,	 silica-rich,	 carbon-rich,	oxide,	 sulfate,	 carbonate,	 spheroid,	and	

uncategorized.	The	clay-like	particles	were	categorized	based	on	their	spectra	consisting	of	

many	 minor	 elements	 and	 high	 oxygen	 content,	 meaning	 that	 these	 particles	 may	 once	
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have	 been	 a	 different	 type	 of	 particle,	 but	 are	 now	 highly	 weathered	 into	 a	 mixture	 of	

hydrated	minerals	that	are	hard	to	distinguish	as	a	single	mineral.	In	terms	of	morphology,	

these	particles	tend	to	have	a	very	platy,	or	flaky,	textures.	The	carbon-rich	particles	have	

elemental	 spectra	 that	 show	a	 high	peak	 of	 carbon	 that	 dominates	 each	 spectrum.	 Some	

contain	a	few	minor	elements,	but	that	may	also	be	due	to	physical	overlap	of	small	grains	

in	the	sample.	These	particles	have	morphologies	ranging	from	perfect	spheres,	pollen-like	

structures,	 or	 graphitic	 structures.	 The	 feldspathic	 particles	 are	 single	 mineral	 grains	

characterized	 by	 having	 spectra	 with	 strong	 oxygen,	 aluminum,	 and	 silicon	 peaks	 along	

with	potassium,	sodium,	and	calcium.	Pyroxene-like	particles	show	elemental	spectra	with	

strong	 oxygen,	 magnesium,	 silicon,	 calcium,	 iron,	 aluminum	 and,	 sometimes,	 titanium	

peaks.	 These	 particles	 have	 blocky	 morphologies	 consistent	 with	 being	 single	 mineral	

grains.	Feldspathic	and	pyroxene-like	particles	are	expected	 for	our	collection	site	due	to	

the	high	amounts	of	basaltic	lava	flows	in	Hawai‘i.	The	silica-rich	particles	on	our	samples	

were	 characterized	by	having	elemental	 spectra	 that	have	high	 silicon	and	oxygen	peaks	

and	 not	 much	 of	 anything	 else.	 These	 particles	 also	 tend	 to	 have	 a	 more	 angular	

morphology.	A	potential	source	of	these	silica-rich	particles	are	the	trachyte	units	found	in	

Hualālai	on	 the	big	 island	of	Hawai‘i,	which	contain	silica	caliche	and	silicified	vegetation	

(Shea	&	Owen,	2016).		We	have	one	particle	that	was	not	clearly	distinguishable	based	on	

its	elemental	spectra,	but	because	of	its	sphere-like	shape,	we	placed	it	on	its	own	spheroid	

category.	Spheroidal	particles	can	result	from	melting	during	atmospheric	entry;	however,	

this	particle	did	not	have	a	composition	close	 to	 the	CI	 composition.	Sulfates	were	 found	

only	 on	 the	 “Post-Kilauea	 eruption”	 filter	 and	 were	 characterized	 by	 having	 elemental	

spectra	with	a	strong	sulfur	peak,	typically	accompanied	by	oxygen,	calcium,	and	sodium.	
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These	particles	are	discussed	further	in	section	5.3.	Also	only	present	on	the	“Post-Kilauea	

eruption”	 filter	 is	 a	 carbonate	 particle,	 distinguished	 by	 the	 strong	 carbon	 and	 oxygen	

peaks	 in	 its	 elemental	 spectra.	 It	 also	 has	 a	 strong	 sodium	 peak	 and	 is	 likely	 a	 sodium	

carbonate.	Finally,	we	have	several	particles	that	we	were	not	able	to	place	into	a	distinct	

category.	 These	 particles	 are	 most	 likely	 a	 combination	 of	 multiple	 particles	 adhered	

together.	

	

5.2	Percentages	of	ET	Candidates	

	 The	 results	 show	 percentages	 of	 ET	 candidates	 in	 the	 “Pre-Kilauea	 eruption”	 and	

“Post-Kilauea	eruption”	samples	of	at	most	6-12%.		These	are	relatively	large	percentages	

considering	that	the	collection	is	on	the	ground	rather	than	in	the	stratosphere;	however,	

because	 our	 collection	 site	 is	 one	 of	 the	most	 isolated	 population	 centers	 on	 Earth,	 and	

Mauna	Loa	experiences	katabatic	winds	that	bring	clean	tropospheric	air	down	to	the	our	

sampler	 during	 night	 time,	we	 anticipated	 lower	 percentages	 of	 background	 particles.	 A	

likely	explanation	for	the	higher-than-expected	terrestrial	particle	background	is	provided	

in	 a	 study	 by	 Sharma	 and	 Barnes	 (2016),	 which	 determined	 that	 the	 air	 above	 the	

nighttime	 downslope	 surface	 region	 at	 MLO	 has	 an	 upslope	 component.	 This	 counter-

flowing	 air	 can	 be	 entrained	 in	 the	 downslope	 air,	 which	 can	 potentially	 influence	 air	

sampling	 at	Mauna	Loa.	 This	 counter-flowing	 air	may	be	 contributing	 to	 the	higher-than	

expected	 percentage	 of	 background	 terrestrial	 particles,	 despite	 the	 katabatic	 winds	 at	

MLO	 and	 our	 strict	 collection	 parameters	 that	 ensure	 sampling	 only	 during	 optimal	

conditions.	
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5.3	Comparison	of	the	Two	Samples	

	 The	 “Pre-Kilauea	 eruption”	 and	 “Post-Kilauea	 eruption”	 samples	 generally	 had	

similar	category	types,	but	they	also	have	some	notable	differences.	The	first	difference	is	

that	the	“Pre-Kilauea	eruption”	sample	only	has	6%	ET	candidate	particles,	while	the	“Post-

Kilauea	eruption”	sample	has	12%,	both	based	on	compositions	within	5×	the	CI-chondrite	

composition.	 Another	 difference	 is	 that	 “Post-Kilauea	 eruption”	 filter	 has	 a	 much	 lower	

percentage	of	pyroxene-like	particles	with	4%	in	comparison	to	the	“Pre-Kilauea	eruption”	

sample	with	about	14%.	Additionally,	 approximately	5%	of	particles	 in	 the	 “Post-Kilauea	

eruption”	 sample	 are	 sulfates,	 but	 not	 a	 single	 sulfate	was	 observed	 in	 the	 “Pre-Kilauea	

eruption”	sample.	

	 There	are	several	variables	that	can	account	for	the	differences	in	the	proportions	of	

the	particle	 categories	between	 the	 two	 samples.	The	 first	 one	 is	 the	 fact	 that	 they	were	

collected	at	two	different	time	periods	during	which	different	populations	of	particles	may	

have	been	arriving	at	 the	HVAS.	Additionally,	 the	two	filters	were	exposed	for	a	different	

number	 of	 hours.	 The	 “Pre-Kilauea	 eruption”	 filter	 was	 exposed	 for	 approximately	 493	

hours,	while	the	“Post-Kilauea	eruption”	filter	was	exposed	for	about	twice	as	long	at	1016	

hours.	The	longer	exposure	time	of	the	“Post-Kilauea	eruption”	filter	could	have	potentially	

contributed	to	the	spike	of	ET	candidate	particles	in	that	sample	if	a	stream	of	ET	particles	

arrived	at	Earth	during	the	longer	collection	period.		

Another	 important	 variable	 that	 almost	 certainly	 contributed	 to	 the	 disparities	

between	the	two	samples	is	the	different	processing	methods,	discussed	in	detail	in	section	

3.3.1.,	 which	 were	 applied	 to	 the	 two	 filters.	 We	 chose	 to	 use	 two	 different	 processing	

methods,	changing	methods	on	the	“Post-Kilauea	eruption”	filter,	after	observing	the	over-
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concentration	 of	 the	 “Pre-Kilauea	 eruption”	 filter.	 The	 “stamping”	method	 did	 not	 over-

concentrate	the	sample	and	also	increased	the	likelihood	of	collecting	fluffy,	aggregate-type	

ET	particle	candidates	that	might	be	broken	apart	by	water	washing.	For	these	reasons,	we	

favor	 the	 “stamping”	 method	 for	 future	 filter	 concentrations.	 The	 water	 washing	 that	

occurs	in	the	“concentrating”	method	is	likely	responsible	for	the	absence	of	sulfates	in	the	

“Pre-Kilauea	 eruption”	 filter	 due	 to	 their	 higher	 solubility.	 This	 washing	 could	 also	 be	

responsible	for	a	break	up	of	particles	that	may	have	otherwise	been	ET	candidate	particles	

into	 fragments	that	were	smaller	 than	the	3	µm	diameter	cutoff	 for	analysis	 in	this	study	

and	that	were	small	enough	to	be	washed	through	the	5	µm	perforations	of	the	filter.	This	

may	have	contributed	to	the	higher	percentage	of	ET	candidate	particles	in	the	“stamping”-

concentrated	 “Post-Kilauea	 eruption”	 filter.	 It	 is	 important	 to	 note	 that	 we	 will	 need	 to	

analyze	two	or	more	samples	that	are	processed	using	the	same	concentration	fashion	for	a	

more	accurate	and	meaningful	comparison	of	different	collection	timeframes	in	the	future.		

	

5.4	Closer	Examination	of	Top	ET	Candidates	

	 As	 shown	 in	 section	 4.3,	 we	 chose	 five	 particles	 as	 our	 top,	 most-promising	

candidates	for	additional	analyses	via	S/TEM.	These	five	were	chosen	based	on	the	criteria	

that	they	all	have	compositions	that	fit	within	3×	the	CI-chondrite	composition.	Out	of	these	

five,	 one	 of	 them	 is	 a	 single	 mineral	 grain	 with	 some	 surficial	 material	 that	 has	 a	

composition,	determined	by	SEM-EDS,	 that	 is	similar	 to	an	olivine	(Fa30),	while	 the	other	

four	 have	 clay-like	 compositions	 and	morphologies.	We	 chose	 the	 olivine-like	 particle	 as	

our	top	candidate	for	additional	analyses	because	evidence	of	space	exposure,	such	as	solar	

wind-damaged	rims	on	crystals	and	solar	 flare	 tracks	within	crystals,	 can	be	observed	 in	
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single	mineral	grains	via	S/TEM,	but	not	on	clay-like	particles.	Furthermore,	 this	olivine-

like	particle	has	a	composition	that	 fit	within	an	even	lower	factor	of	2×	the	CI-chondrite	

composition.	SE	imaging	showed	that	it	has	some	material	adhered	on	its	surface	that	also	

contributed	 to	 the	 initial	 composition	 measured	 in	 the	 dual	 beam	 FIB.	 This	 may	 have	

contributed	to	its	CI-like	composition.	

S/TEM	analyses	of	the	olivine-like	candidate	particle	confirmed	that	the	sample	has	

the	 texture,	 elemental	 composition	 (Fa27),	 and	 crystal	 structure	 of	 olivine.	 However,	

evidence	of	 space	 exposure	 in	 the	 form	of	 solar	 flare	 tracks	 or	 amorphous	 rims	was	not	

present	in	the	BF	or	HAADF	images	of	the	FIB	section.	This	lack	of	solar	flare	tracks	or	ion-

damaged	rims	does	not	rule	out	ET	candidacy	since	it	may	have	resided	below	the	surface	

of	a	larger	aggregate	during	its	residence	time	in	space	and	not	been	exposed	to	solar	wind.		

However,	 the	 texture	and	elemental	composition	of	 this	particle’s	 surface	coating	 is	clay-

like	 and	 is	 not	 consistent	 with	 fine-grained	 chondritic	 material.	 Considering	 this	

microscopic	 evidence	 and	 the	 significant	Fe	 content	of	 the	olivine,	we	 conclude	 that	 it	 is	

most	likely	of	terrestrial	origin.	

A	previous	 study	 conducted	by	a	 former	undergraduate	 in	our	 lab,	 Lean	Teodoro,	

found	another	single	mineral	grain	from	a	different	MLO	HVAS	filter	that	is	highly	likely	to	

be	ET.	It	has	a	composition	consistent	with	Fe-free	enstatite,	which	is	unlikely	to	be	found	

in	our	volcanic	study	region	but	is	commonly	found	in	interplanetary	dust	particles	(IDPs).	

A	FIB	section	of	that	particle	also	did	not	show	evidence	of	solar	wind	irradiation	or	solar	

flare	tracks.	Further	analyses	of	the	oxygen	isotope	compositions	of	this	Fe-free	olivine	and	

others	can	provide	additional	evidence	for/against	an	ET	origin.		
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6.	Conclusions	and	Future	Work	

	 The	high-volume	air	sampling	method	currently	being	employed	at	MLO	allows	for	

an	 inexpensive,	 continuous	 and	 easily	 accessible	 collection	 of	 particles	 without	

contamination	caused	by	collection	media	like	aerogel	or	silicone	oil	and	without	leaching	

effects	caused	by	prolonged	exposure	to	water	or	ice.	In	addition,	this	collection	process	is	

taking	 place	 in	 a	 relatively	 isolated	 region	 that	 is	 a	 historically	 proven	 cosmic	 dust	 and	

aerosol-sampling	site,	partly	due	to	the	presence	of	katabatic	winds	at	Mauna	Loa.	

	 The	 research	 project’s	 main	 objectives,	 which	 include	 the	 characterization	 of	 the	

background	terrestrial	particle	population	at	MLO,	as	well	as	 the	 identification	of	several	

candidate	particles,	were	successfully	achieved.	Although	comprehensive	S/TEM	analyses	

of	 the	 selected	 candidate	 particle	 showed	 no	 evidence	 of	 space	 exposure,	 a	 systematic	

methodology	for	sample	collection,	processing,	and	analyses	was	developed	as	a	result	of	

the	 project.	 The	 methodology	 developed	 during	 this	 experiment,	 along	 with	 the	 new	

methods	that	will	be	generated	with	the	help	of	the	data	gathered	during	the	course	of	this	

project,	can	be	further	improved	and	then	be	utilized	as	a	standard	for	future	Earth-based	

cosmic	dust	collection	efforts.	

	 Future	work	will	 involve	exploring	more	of	 the	existing	samples	and	analyzing	a	 lot	

more	particles	 in	order	 to	 refine	 the	 category	 type	percentages	 at	MLO	and	 increase	 the	

chances	 of	 locating	 ET	material.	 This	 can	 be	 efficiently	 accomplished	with	 an	 automated	

SEM	 searching	 method.	 With	 the	 current	 methodology	 used	 during	 the	 course	 of	 this	

project,	we	were	only	able	to	explore	approximately	0.01%	of	the	surface	area	of	both	of	

our	samples,	and	in	that	small	portion	of	the	samples,	we	were	already	able	to	individually	

analyze	 a	 total	 of	 325	 particles.	 An	 automated	 system,	 when	 available,	 will	 further	
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streamline	the	identification	and	characterization	processes	used	on	the	collected	particles	

and	will	be	essential	for	dealing	with	large	amounts	of	data	in	future	collection	efforts.	We	

also	 want	 to	 be	 able	 to	 analyze	 some	 of	 the	 other	 ET	 candidates	 that	 we	 have	 yet	 to	

perform	S/TEM	analyses	on,	including	ET	candidate	particles	that	were	identified	on	other	

filters	that	were	not	the	focus	of	this	study	(an	Fe-free	enstatite	and	fine-grained	chondritic	

particles),	 and	 perhaps	 even	 send	 some	 of	 the	 most	 promising	 candidates	 for	 oxygen	

isotope	 analyses	 to	 confirm	 their	 origin.	 Additionally,	we	will	 need	 to	 process	 the	 other	

filters	we	have	in	the	lab,	but	this	time	applying	the	“stamping”	processing	method	that	we	

determined	 to	be	 less	destructive	 and	more	 effective.	 Finally,	we	will	 explore	optimizing	

the	HVAS’s	collection	parameters,	such	as	installing	a	stronger	vacuum	pump	for	higher	air	

volume	 throughput,	which	 our	 filter	membranes	 can	 handle,	 decreasing	 the	wind	 sector	

angle	that	is	currently	set	at	90	degrees,	using	a	filter	membrane	with	smaller-sized	pores,	

as	well	as	raising	our	sampler	higher	off	the	ground	using	stilts.	With	these	modifications,	

we	hope	to	increase	the	ET	to	terrestrial	particle	ratio	in	future	collection	efforts,	especially	

at	our	collection	site	at	MLO.	
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