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ABSTRACT

The magnitude of the rate at which cosn
been highly uncertain, with daily mass influx ranging between 5t dnd 270 t d. In
fact, this issue has an important implication because if the upper limit of thetestiis
correct, then vertical transport in the middle atmosphere must be faster than is generally
assumed. On the other hand, if the lower limit is correct, then our understanding of the
cosmic dust evolution in the solar system, and the transport mecigaiiom the middle

at mosphere to the Earthds surface wild.l ne

The aim of the work described in this thesis is to estimate a Meteor Input Function
(MIF) that allows to understand different atmospheric phenomena in the Mesesphere
lower Thernosphere (MLT). For this purpose, the Zodiacal Cloud Model (ZCM) which
is contrained by midnfrared observations of the zodiacal dust is evaluated. The ZCM is
a detailed dynamical model that attempts to explain the origin of cosmic dust and accounts
for the directionality, and mass and velocity distribution of Interplanetary Dust Particles

(IDPs) in the inner solar system.

The thesis is divided to four parts. First, the ZCM constrained by measurements
of the Infrared Astronomical Satellite (IRAB)s evaluated using the Chemical ABlation
MODel developed at the University of Leeds. These results are compared with those
obtained from two quite different distributions: the Long Duration Exposure Facility
(LDEF) and the incoming flux measured by meteordheeho detections with High
Power and Larg@perture (HPLA) radars. Second, a newligveloped laboratory Meteor
Ablation Simulator (MASI) is used to test the thermodynamic model within CABMOD
as well as the use of the HeKnudsen relation to describe thimetics of evaporation;
the Na, Fe, and Ca ablation rate profiles modelled by CABMOD are then refined. Third,
the absolute contributiorf @ach cosmic dust populatiodupiterFamily Comets (JFCs),
Asteroids (ASTs)and LongPeriod Comets (LPCi)to theglobal input is estimated
accounting for the most recent version of the ZCM constrained by Planck satellite
observations, the cosmic flux accretion rate at the bottom of an ice chamber at the the
AmudsenScott base at South Pole, and recent measuremehts wértical fluxes of Na
and Fe atoms above 87.5 km in the atmosphere. Finally, the impact of cosmic dust on the

atmospheres of Venus, Mars and Titan is examined.
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Chapter 1 Introduction

CHAPTER 1: INTRODUCTION

1.1.OVERVIEW

The magnitude of the rate at which cosm
has been discussed widely. Table 1.1 shows recent estimatesdaflyheass input of
Interplanetary Dst Particles (IDPs) that vabgtween 5 tdand 270 t d [Plang 2017.
Zodiacal cloud observations and sphesed dust collectors (blue shading in Tdblg
indicate an input of 4270t d?, which is mostly in agreement with the accumulation
rates of cosmic elements in polar ice cores and-deapelements (green shading). In
contrast, measurements in the middle atmosphere (yellow shading) performed by radar,
lidar, highflying aircraft, and satellite remote sensing, indicate that the input is enly 5
50t d*.

As outlined inPlane[2012], this has an important implication because if the upper
range of the estimates is correct, then vertical transport in the middle atmosphere must be
faster than it is generally thought to be, and meteoritic material is removed more rapidly;
if the lower rage is correct, then our understanding of the dust evolution in the solar
system, and transport mechanisms from the

need to be revised.

The main purpose of the worlestribed in this thesis is: 1o Bnalyzehe impact of
the most recent model describing the dynamics of the Zodiacal Dust Cloud constrained
by infrared observations of the zodiacal ligNesvorny et al.201Q Nesvorny et al.
2017]; 2. To test and refine the Chemical ABlation MODel (CABMJMpndrak et al.
200§ using the newhdeveloped laboratory Meate Ablation Simulator (MASI)Bones
et al, 2016 GomezMartin et al, 2014; 3. To estimate the contribution of the different
dust sources of the Zodiacal Cloud to the global influx at the [Eaetrillo-Sanchez et
al., 2014; and 4.To extend the analysis of the meteoric layers to other solar system bodies

suchas Venus, Mars and Titan using CABMOD.

This chapter provides an introduction to the subject. In Sectioraid.@yerviewof
the different sources of cosmic dust in the Zodiacal Cisugrovided.The processes
involved in the meteor ablatioas well as the structure of CABMQBre introduced and

discussed in Section 1.3. A brief overview of the meteoric layers in Venus, avidr
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Titan is presented in Section 1.4. The specific aims and objectives of this thesis are

outlined in Section 1.5, and finally the thesis layout is presented in Section 1.6.

Tablel.1lEst i mat es

of the

gl obal

c 0 s merec(blud o extraerrestripllestimatea t e

green = middle atmosphere estimate; yellow = ice core/émapestimate). Adapted frdPane [2012]

Technique IDPs input t d* Reference Potential problem of technique
Zodiacal Dust Cloud : Needs to be constrained by
_ 270 Nesvorny et al[2010] .
modelling terrestrial meteor radars
Zodiacal Dust Cloud : Needs to be constrained by
. 41 Nesvorny et al[2011] .
modelling terrestrial meteor radars
Long Duration Exposure e Love and Brownlee Sensitive to cosmic dust velocity
+
Facility [1993] distribution
. Possible velocity bias/selective
High performance radars 5+2 Mathews et al[2001]
massrange
. Extrapolation, selective
Convaitional meteor radars 44 Hugheq1978] o
mass/velocity distribution
. Sensitive to vertical eddy diffusion
Na layer modelling 20+10 Plane[2004]
transport
Fe layer modelling 6 Gardner et & [2011] Depends on vertical transport
Fe/Mg in stratospheric . o .
22-104 Cziczo and Froy2011] | Data has limited geographic exter
sulphate layer
Optical extinction . . L .
1040 Hervig et al.[2009] Particle refractive indices uncertai
measurements
Fe in Antarctic ice core 15+5 Lanci et al.[2012] Very little wet deposition by snow
, ) . Uncertain atmospheric
Fe in Greenland ice core 175 + 68 Lanci and Kenf2006] »
transport/deposition
Ir and Pt in Greenland ice o Uncertain atmospheric
214 + 82 Gabrielli et al.[2004a] »
core transport/deposition
. . PeuckerEhrenbrink ]
Os in deepsea sediments 101+ 36 Focusing by ocean currents
[1996]
Irin deepsea sediments 240 Wasson and Kyt 987] Focusing by ocean currents

1.2.SOURCES OoF Cosmic DusT

The meteoroid influx can be divided into a shower and a sporadic comp#énent.

t

(o]

meteor shower occurs when the Earth passes through the annulus of debris produced by

a decaying comgtfacchig 1963. The meteoroid dust is blown away from the cometary

nucleus by gas pressure in all directions. The maximum gas efflux occurs near perihelion,

so this is the place where the majority of the dust is introduced into the meteor stream.

The meteor stream decagso the solasystem dust cloubly the effect of radiation forces

and gravitational perturbations from close encounters with planets, wioalgsi®ns

between the stream particles and particles that already exist in the dushaelpbdve a

t

he
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less signiicant contributionAccordingly, all these effectigethercontributeto formthe

sporadic background.

Figure 1.1 shows thaiarticle mass can vary by 30 orders of magnitude, although the
largest contribution of mass entering the atmosphere on abdaily has been thought to
come from particles with a mass of ~10 [idynn, 2003. However, the input flux of
meteoroids is uncertain because a single technique cannot observe particles over the mass
range from about ¥ to 1 g. Interestingly, there is a population of huge impactors with
masses larger than @ which would make a significant contribution, although only on

a geological scale.

Optical camera networks can observe visible meteors larger than about 1texwy. Me
radars can detect particles with masses between abdgtai@l 1¢ g, covering the most
important mass range. The population of IDPs smaller thdrgyX@n only be measured
by impact detectors on satellites. An important estimate of the IDP input was provided by
the Long Duration Exposure Facility (LDEF), an orbital detector placed on a spacecraft

for several yeard.ove and Brownleel993 Love et al. 1995 McDonnell et al. 1993.

(o]

'(g; IDPs Huge impactors
@ 5 Radars i
© =

n

8 4| m

£

S, ] .
c’ —
© Satellite Visual meteors

T2 detectors

»x

=

E 14 1

& H Meteorites H H ’(

(1] =

s 0 tm=m=m=ma 0 i l_],—,],_‘,_,ﬁ : '_"_‘”mll_l

101 1012 105 100 108 101 10%°
Mass of particle / g

Figure 1.1 Mass influx per decade of mass plotted against mass. Reproducddyronj2002].

The main sources of cosmic dust amollisions between asteroids, and the
sublimation of comets as they approach the Sun on their orbits through the solar system
[Ceplecha et a).1998 Plane 2012 Williams, 2003. If all the dust in the solar system
between the Sun and Jupiter were compressed together it would form a sphere of 25 km
of diametefNesvorny et a].201(Q.
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1.2.1 JupiterFamily Comets

JupiterFamily comets (JFCs) have orbital peridd® 2 § anyg low inclination
orbits[Lowry et al, 200§. Their orbital behavior is chaotic due to strong gravitational
interactions with JupiterTheir aphelia are generally aroune65AU from the Sun,
although some can eventually evolve to orbits within the orbit of Jupiter, such as Comet
2P/Encke. In fact, Enckgype comets are simply old JFCs. Most active JFCs were only
recently captured in not a oiséep process but rather a cascade. Close encowiters

Jupiter can both speed up and slow down the comet.

JFCs are defined by their dynamical Tissergrisserand 1894 parameteil;, with
respecto Jupiter Ty is conserved in the circular restricted thieely problem, and can
provide a measure of the relative velocity of approach to Jupiter. The Tisserand parameter
is defined as:

Y — coéfQ p Q — [1.1]

whereay refers to the semnajor axis of Jupiterag~ 5.20336 AU), and, e, andi are the
semimajor axis, the eccentricity, and the inclination of the comet (or meteoroid),
respectivelyf Jenniskens200q. Moreover, the relative velocity betwetre comet and

Jupiter isapproximately O o Y, withv;=13.06 km 3 being the average value

for a circular orbit of Jupiter. In this sense, the Tisserand parameter is a convenient way
of discriminating JFCs from asteroids (ASTs) or Hallggpe Comets (HTCs), since 2 <

Ty < 3 for JFCs. HTCs havé; < 2, while ASTsT; > 3. Duncan and Levisofil997]
reported thal; does not vary significantly for JFCaccording to numerical simulatians

8% of comets moved in or out of this dynamical class throughoirt teenputer

simulations.

Several authors have tried to explghe origin of JFC¢Figure 1.2) Kazimirchak
Polonskayd1967]andVaghi[1973]postulatel the capture by Jupiter of elliptical comets
with intermediate period;oncluding that the whole capturing process takes place through
successive steps where the outer planets aatpasverful transformer of the original
elliptical orbits. FernandeZ1980] proposed that the origin of the JFCs is in the inner
region of theKuiper Belt beyond Neptunén principle, the Oort cloud cannot produce
short period comets with low ieations and the observed orbital distribution, while a

disk-like source solves the JFCs origin problem. In essence, Kuiper Belt objects (KBOs)

-4-



Chapter 1 Introduction

with perihelia close to Neptune can be perturbed into Negttossing orbits or out of
stable resonances byagttational interactions with giant planets, collisions, or by-non
gravitational forces due to surface outgassing. Once this happens, the KBOs can be
handed down through the giant planets region toward the terrestrial pratigsinner

solar systenfHorner et al, 2004 Lowry et al, 2009.

There has been a long debate about the existence of very small comets with diameters
M1 km. While small comets can exist in huge numbers in the outer planetary thgion,
transneptunian belt or the Oort cloud,seems probabléhat solar radiation prevents
small comet from staying for too long in the inner of the solar system without being
destroed Fernandez and Morbidelli2006] estimated a population between 400 and
1300 faint JFCs withg < 1.3 AU and 10 ¥10 < 15(diameter ~0.21.0 km)..

Comet orbit

Jupiter orbit

Figure 1.2.Capture process of a comet into a shorter orbit. If it passes by Jupiter and is slowed down by Jupiter's
gravity, it falls in toward the Sun. It will travel back out about to where its original orbit was disturbed, that is,
somewhere near Jupiter's ordNormally, the comets are rarely captured following this simple process because there

are multiple encounters involved. Adapted froitps://www.uwgb.edu/dutchs/PLANETS/Comets.htm

Due to tle low inclination prograde nature of their orbits, JFCs approach the Earth
with slow velocities, arriving from the élion and antHelion directions (see Chapter 2

and Chapter 4 for more details). Consequently, their meteoroids tend to have speeds

1 When a comet passes close by the Sun, it emits a considanadlat of gas and dust and, consequently, the nucleus decreases in
both mass and sizél{ighes,1989]. Hugheg[1988a] found that the relationship between the mass of a cometary nucleus, M(g), and
its absolute magnitude is given by:

1 1-CC ¢ ool I"C 0
wherey} is the mean density of the nucleus in g@ndH, is the cometary absolute magnitude that an active comet would have at 1
AU from the Sun and 1 AU from the Earth, assuming that cometary brightness varies with helipceaSic [Bottke et al.
20020]. It can be seen that if the mass of a comet decreases, the absolute magnitude should increase-tigivesvand Daniels
[1983] found that the change i is very small and slow, being around 5.5%p@r apparition in the partitar case of P/Halley.

-5
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betweenl1 and 35 km§ typically 14 km & (Chapter 2), and their meteor showers are
best seen jusfter midnight, while HTCs anahgperiod Oort-Cloud cometgfOCCs)
showers ardest seen just before dawenniskens200g4. Comets can survive in JFC
orbits for about 4.5xf0years, but long before that time they will have lost most of the
ices that drive the creation of meteoroid streams, once their perihelion distance is below
g ~ 2.7 AU where water ice sublimatdsughes[2003] estimated that 10%, 20%, and
30% of JFCs decay away after 1000, 2000, and 3000 yrs, respectively. After that, most
of them will be dormanitJenniskens200§.

There are several peculiaes that distinguish between O€@nd JFCIOCCs emit
dust of small grain sizes between 0.1 and 10 um, which scatter light efficiently with
albedos of ~0-D.4 and a fgjh rate ofmass loss>10,000 kg &. In contrast JFCs expel
dust grains with sizes >10 um and albedos of only-0.03, and at a much lowerass
lossrate of ~1001000 kg & [LevasseurRegourd et all99q. Moreover, whileOCCs
may still have their original crust exposed, madiCs are a mere kernel of theginal
comet andragments are broken off. It is likely that most of the physical properties of the
JFCs may be related more to their dynamical history in the inner solar system, instead of

the processes that occurred during their formation in the Kuiper Belt.

There ardbetweer20and100JFCsoDO 1 km t hat g<hlBVAdatper i hel i ;
any ti me, although only some mmpartitculareacs e wi | | c
al | known JFCs onl y 1 3thellementgpastando/sotieose attar t h 6 s
known marents of meteor showells. fact, faint/small JFCsare still being discovereloly
survey programsuch aghe Lincoln Laboratory Nedtarth Asteroid Research project
(LINEAR), the Lowell Observatory Nedtarth Object SearchLONEOS), NearEarth
AsteroidTracking NEAT), Catalina and Siding Spring, which are adding potential small
comets withHy > 18.5 to the list[Fernandez and Morbide|l200q. Table 12 lists the
total and nuclear magnitudes for several JQFsrnandez andMorbidelli, 2006
Jenniskens200q.

2 Hyis defined as the magnitude of t@met nucleus would have at 1 ABgrnandezl. A, 2005] The nucleus radius can be derived

from the absolute nuclear magnitude, al t hopffdrnandezetra0g6li r es knowl edg
O pBHP LAEYY c®GENQ

where the values g, derived for a selected set of welbserved comets are always quite low, with an averapge-0f04 Lamy et

al., 2004].
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Table 1.2 A list of JupiterFamily Comets. The orbital period P, the perihelionalise g, and the inclination
of the cometary orbit with respect to the galactic plane i are given, as well as the absolute magnitude near perihelion
of the comet (b), the absolute magnitude of the nucleus)(ldnd the most probable meteor shower associated to
that comet. Adapted frodenniskens [2006knd Fernandez and Morbidelli [2006]

Comet P (yr) g (AU) i °) Hio Hn Meteor shower
2P/1786B1 (Encke) 3.30 0.33 11.76 9.2 16.0 Taurid®
3D/1772E1 (Biela) 6.62 0.86 12.55 7.1 o) Andromedids
5D/1846D2 (Brorsen) 5.46 0.59 29.38 8.3 o]

6P/ 1851M1 (doArrest) 654 1.04 19.51 7.8 16.5 Sept Bootids
7P/1819L1 (PoridNinnecke) 6.37 0.97 22.28 9.0 16.3 June Bootid8
11P/1869W1(Tempei Swifti LINEAR) 6.37 1.58 13.46 11.2 0

15P/1886S1 (Finlay) 6.51 0.94 6.80 9.5 17.2 Future showers
21P/1900Y1 (GiacobiiniZinner) 6.62 1.00 31.81 9.2 17.6 Draconids
26P/1808C1 (GrigigSkjellerup) 5.31 0.99 22.36 11.4 17.2 “ -Puppids
45P/1948X1Y(Hondd MrkosiPaj dug 8§} 5.25 0.60 4.26 10.8 20.0 Future showers
67P/1969R1 (ChuryuméGerasimenko) 6.44 1.24 7.04 8.3 16.0

73P/1930J1 (Schwassmahkdachmann 3) 5.36 0.94 11.38 10.6 17.7 t-Herculids
103P/1986E2 (Hartley 2) 6.46 0.96 13.60 8.6 17.2 Future showers
D/1819W1 (Blanpain) 5.18 0.92 9.23 8.3 o] Phoenicids
D/1978R1 (Haned&Campos) 5.97 1.10 5.95 11.4 6] Oct. Capricornids
P/2000G1 (LINEAR) 5.32 1.00 10.42 16.0 s}

P/2001MD7 (LINEAR) 7.83 1.25 12.9 9.0 o]

P/2001WF2 (LONEOS) 5.02 0.98 16.91 13.7 19.6

P/2002T1 (LINEAR) 6.99 1.32 21.33 14.9 s}

P/2003KV2 (LINEAR) 4.85 1.06 25.54 13.0 o]

P/200303 (LINEAR) 5.47 1.25 8.36 13.8 [s]

P/2004CB (LINEAR) 5.02 0.97 19.48 14.1 [s] Future showers
162P/2004TU12 (Siding Spring) 5.34 1.24 27.79 12.2 s}

P/2004X1 (LINEAR) 4.84 0.78 5.14 14.3 [s]

1.2.2 The Asteroid Belt

The asteroid belt is the remnant of the original planetegimallation in the inner
solar system, where ices did not remain frozen on dust grains and matter was compacted
into rock. Nowadays, the asteroids have orbits with all possible values of eccentricities
and inclinations compatible with logrm dynamical stability, whereas the tiai
planetesimal orbits should have been qeasular and almost coplanar. The total mass
contained in the asteroid population corresponds to a small fraction of that existing
primordially [Morbidelli et al, 2015 and, altogether, it would make an object only about
a twentieth the size of the Moon. In fakijchynka and Folknef2013] concluded that
the total mass contained in the asteroid belt is ~4%x19. This value is very low
compared to the original total mass that the primordial disk sh@aweé, which is on the
order of ~1- 4 [Weidenschilling1977. Bottke et al[2005] concluded that: 1. e 3
ordersof-magitude mass depletion could not come solely from collisional erasia?.

The mass depletion occurred very early.

-7-
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The formation and evolution of the asteroid belt can be reconstructed by
observational constraints of large asteroids, larger tB&160 km in diameter, since
they were not generated in large numbers of collisional breakup events of larger parent
bodies[Bottke et al.2005 Morbidelli et al, 2013. A second feature of the asteroid belt
population is the orbital exciian, namely, many asteroids have large eccentricities and
inclinations[Petit et al, 2003. The median inclination d® > 100 km asteroids is 11°
and the average proper eccentricity is O.M5rbidelli et al, 2013. In the particular
case of the largest asteroids, the values of ecciéieiand inclinations are dispersed
with the former ranging between 0 and Q.80d 0° and 33°, respectively. Although
planetesimals arexpected to have formeuh circular and coplanar orbits, there were
dynamical excitation mechanisms within the primardasteroid belt to excite

eccentricities and inclinations to randomly dispersed values.

Asteroid Belt
Near Earth Asteroids

Asteroid belt
ey

Z 5
" Jupiter ar Earth Asteroids

Figure 1.3 Left: position of the main Asteroid belt and the NEarth Asteroids
(http://geology.isu.edu/Alamo/impact/astronomy piRight: Positia of all known asteroids (North polar view)
(http:/Avww.universetoday.com/32856/asterbit/).

The distribution of asteroids in the main asteroid belt is not uniform. In particular,
there are regions which contain very few asteroids known as Kirkwood gaps. Kirkwood
gaps can be used to break up the asteroid belthatmner, middle, and outer beThe
inner part of the belt extends from 2.06 to 2.50 AU, the middle part extends from 2.50 to
2.82 AU, and the outer parktends from 2.82 to 3.27 AUBurbing 2017. Trojan
asteroids lie outside the main belith an average semmajor axis of about 5.2 AU
located in the Lagrangian points where the gravitational pull of the Sun and the planet are
balancedNearEarth asteroidgNEASs) with g < 1.2 AU return normally to Earth and
contribute 80% ofthe bodiesimpactingon Earth with diametdd > 1 km[Jenniskens
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2009. ThoseNEAs t hat do not cr os sAmoriype affeal221lh 6 s o
Amor, whereas those which cross the Earth
orbit are calleddpollotype after 1862 Apollo. Finally,
have their aphel i on Atentypge dfter 2062 AtenSee Bigulei t ar
1.4). The Atiras or Apoheleasteroids (i.e. 163693 Atira, provisionally designed as 2003

CPo have orbits st rHsientahdyHaghighipou@®l6]&halyzedh 6 s o
the potential contamination of the main asteroid belt by JFCs and found that the fraction

of real JFCs occasionally reaching the main belt cbealdn the order of ~0.1%. Figure

1.5summarizes our current knowledge of the population of NEAs.

. 1221 Amor

Jupiter /

1862 Apollo
_ 2062 Aten

//_\\\
f—\
ik )

\

Figure 1.4 NearEarth asteroid orbit archetypes. Reproduced fidennigkens [2006]

Rocky asteroids can cause meteoroid streams as a result of frequent small impacts
with asteroid boulders or during a rare catastrophic in which both asteroids break into
fragments which disperse more like a dust trail. Many meteorites from the asteroid belt
begin the process of evolving into an Eastbssing orbit by being ejected at high velocity
from the parent body by a major impd@Greenberg and Nolgnl989. Although the
meteoroids and fragments disperse much like a dust trail, they differ from cometary
streams in being rare and transient in nature, and composed of rocky migenakens
20049.

Asteroids are grouped into many taxonomic classes accordingdolour (spectral
shape) of their reflected light, and from the albedo or percentage of reflected light. In

essence, some have a broad absorption band at 1 um from mafic silicates. These are more
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reflective and are called -&mplex asteroids (for stony). The-ad@mplex (for
carbonaceous) corresponds to those asteroids with a flat spectrum and normally with an
aborption band at 0.7 pfChapman et al.1973 due to the presence of oxdd iron in
phyllosilicates resulting from aqueous alterat[denniskens2006. Apart from these
taxonomic classes, many outlieggist and the complexes themselves have tmén

divided into different taxononu types. Figure 1.6 shows thasteroids with different
chemical and mineralogical properties are not ranked in an orderly manner with mean

heliocentric distancebut are partially mixefMorbidelli et d., 2013.

Log[Impact Energy, MT]

3 -2 1 0 1 2 3 4 5 6 7 8 9 10
10 | ! I I ] ] | ] 1 | ] 1 -1 -1
L\ & A Harris 2002 (LINEAR)
9 [7] Brown et al. 2002 (Annual bolide event) | | 0
= Discovered as of Jan. 28, 2002
8 £ = = Werner et al. 2001 (p, = 0.25)
=] e Werner et al. 2001 (p,, = 0.11) = 1 o
L = = Constant power law ;
T7F Bottke et al. 2001 Q
¢) Stuart 2001 (LINEAR) M 2 >
— o Rabinowitz et al. 2000 (NEAT) T;
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v v D'Abramo et al. 2001 (LINEAR) 5
o Q
- ©
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Diameter, km

Figure 1.5 The population of NeaEarth asteroids. This distribution considers all asteroids with perihelion q < 1.3
AU. Reproduced frorBtokes et al. [2003]

The letters D, P, C, X, and K are used for the dark primitive asteroids, least affected
by heatingprocess, and include the Hildamily (D-type). These asteroids are found
dispersed in the asteroid belt at distances > 2.3 AU. In fact, the central b&81X2Ab)
is dominated by @€omplex asteroids. It is remarkable to note that more than 75% of
known main belt asteroids aiNEAs aretype C[Stuart and Binzel2004, and they are
probably related to carbonaceoGt and CMtypes chondrite$Burbine et al. 2002
Jenniskens200q. Most d the C-type asteroids he& suffered aqueous alteration which
leads to mineralogical changes due to the melting of ice and the incorporation of liquid

water into the mineral structure of stony compounds.
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The types S, A, E, R, V, J, and M represent asteroitts an igneous composition
which may have been subjected to heating. In the main belt, these asteroids tend to be
clustered in groups dispmed throughout the belt. In essej@radie and Tedesdd982]
reported that the inner belt (< 2.3 AU) is dominated {mp®plex asteroids (17%), many
of which are probably related to ordinary chondrites. The remainder arngevi
(metalic), E-type (enstatite), and-¥ype (achondritegMcCord et al, 197Q.

1 T T T T T T T T

D. |

0.8
0.6

0.4+

Relative Abundance

0.2

Semimajor Axis (AU)

Figure 1.6. The relative distribution of large asteroids (D > 50 km) of different taxonomic types as originally
observedGradie and Tedesco [1982Reproduced froriviorbidelli et al. [2015]

1.23. Halley-Type Comets

HTCs represent a subset of shpetiod comets, a group traditionally defined by their
short orbital periodP < 200 yrs. As discussed in Section 1.2.1., JFCs have orbital periods
P < 20 yrs and low inclination orbits that are strongly perturbed by Juplterever,
HTCs have intermediate orbital periods, 2B < 200 yrs, high eccentricities, perihelion
distancesg < 1.5 AU, and a wide range of inclinations 0% < 180°[Bailey and
Emelyanenko01994. The Tisserand parametsith respect to Jupiter i§ < 2. Table 1.3
lists the main parameteof 24 HTCs[Wang and Basser 2014.

The question of the number of HTCs plays a crucial role in theories of the origin of
shortperiod comets. For instance, the production of HTCs depends on possible sources
and reservoirs such as the Kuiper hBlincan et al. 1987 Quinn et al, 199Q, or the
inner core of the Oort cloydailey and Staggl99Q Stagg and Baileyl989. However,
the origin of the HTCs has long been controverdiakison et al[2001] integrated
numericallythe orbits of 27700 test particles initially entering the planetary system from

the Oort cloud in order to study the origin of the HTOsey included in their model the
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gravitational influence of the Sun, giaplanets, and Galactic tideSonsequently,ni
order to match the observationsn isotropically distributed Oort cloud does not
reproduce the observed orbital distribution of the HTCs, thahésjnitial inclination
distribution of the progenitors of the HTCs must be similar to the observed HTC
inclination distribution. Levison et al.[2001] concluded that original bodies had
inclinations ranging from 10° to 50t fact, passing stars and giant molecular clouds
(GMCs) exerta gravitational influence, shifting cometary perihelia from the outer solar

system to the observable region arzk vesa[Nurmi et al, 2003.

Table 1.3 A list of 24 HalleyType Comets. The semijor axis a, the eentricity e, and the inclination of the comet
orbit respect the galactic plane i is given, as well as the perihelion g, and the Tisserand paramfdepied from
Wang and Brassgp014].

Comet a (Au) e i(© q (AU) T year
1P/Halley 17.8 0.97 162.3 0.6 -0.6 1758
8P/Tuttle 5.7 0.82 55.0 1.0 +1.6 1790
12P/PonsBrooks 17.1 0.95 74.2 0.8 +0.6 1812
13P/Olbers 16.9 0.93 44.6 1.2 +1.2 1815
23P/BrorserMetcalf 17.1 0.97 19.3 0.5 +1.1 1847
35P/HerscheRigollet 28.8 0.97 64.2 0.7 +0.6 1788
161P/HartleylRAS 7.7 0.84 95.7 13 +0.5 1984
177P/Barnard 24.3 0.95 31.2 11 +1.3 1889
C/1984A1 (Bradfield1) 285 0.95 51.8 1.4 +1.1 1984
C/1991L3 (Levy) 13.8 0.93 19.2 1.0 +1.5 1991
C/20010G108 (LONEOS) 13.3 0.93 80.2 1.0 +0.6 2001
P/2001Q6 (NEAT) 8.0 0.82 56.9 1.4 +1.4 2001
C/2003R1 (LINEAR) 19.7 0.89 149.2 2.1 -1.2 2003
C/2003W1 (LINEAR) 251 0.93 78.1 1.7 +0.5 2003
C/2005Q2 (Chistensen) 23.7 0.86 148.9 3.3 -1.6 2005
P/2005T4 (SWAN) 9.3 0.93 160.0 0.6 -0.4 2005
P/2006R1 (Siding Spring) 7.8 0.84 31.9 1.2 +1.8 2005
C/2008R3 (LINEAR) 18.4 0.90 43.2 1.9 +1.5 2008
P/2010JC81 (WISE) 8.1 0.78 38.7 1.8 +1.9 2010
C/2010L5 (WISE) 8.2 0.90 147.1 0.8 -0.3 2010
C/2011J33 (LINEAR) 19.6 0.93 114.7 15 -0.3 2011
C/2012T6 (Kowalski) 16.3 0.93 17.6 1.1 +1.5 2011
C/2012Y3 (McNaught) 16.1 0.89 92.8 1.7 +0.2 2012
P/2013AL76 (Catalina) 6.5 0.68 144.9 2.0 -0.5 2013

However Levison et al[2006] pointed out that the previous moddlsevison et al.
2001 were incorrect because they didt include the longerm dynamical evolution of
the Oort cloud. In particulatevison et al[2006] concludethat HTCs havéheir origin
in the outer edge of thBcattered Disk In essencel, evison and Duncafl997] report

3 The Scattered Disk is the name given to a distant circuanstidikin the solar system that is populated by small and icy obgcts
subset of trandleptunian objects, that have inclinations as high as 40° and perihelia greater tharlt3gegids at the outer edge of

the Kuiper belt at 35 AU and can extend beyond 100 AU. The Scattered Disk would represent a transit population from the Kuiper
belt to other regions of the solar system or beydedigon and Duncari997].
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that this reservoir has a flattened inclination distribution and the effect of the galactic tide
at the outer edge is ablegmduceretrograde HTCd evison et al[2006]indicatethata
significant number of objects leave the Scattered Disk by evolving tereajar axes
greater than 1000 AU. Approxinedy 0.01% of the objes reach 1HAU and then evolve

onto orbits similar to the observed HTCs due to gravitational interactions with the giant

planets

Wang and Brassef2014] used numerical simulations to detenemiwhether the
distribution ofHTCs can be reproduced using the Oort cloud as their source distribution
and when considering cometary fading. They found that the Oort cloud with cometary
fading is the most likely source of the HTCs. In conclusion, the HTCs may represent the
only observale link to the inner Oort cloufDuncan et al. 1987 Levison et al] 200%,

Quinn et al, 1997Q. Fernandez and Gallardfl994] concluded that about 300 comets
present in the solar system are in a steady state at any giveMomeaver, HTCs are
slightly more prograde than retrograde due topttogressive capturing processes by the

planets.

HTCs are respondi for some of the most significamteteor showers because they
are in relatively stable orbits that can accumulate dust from many refbmmeteoroid
streams of HTCs differ dynamicalfyom those ofOCCs mainly because the comet and
dust can avoid close encounters with the planet by getting trapped in ammogan
resonance with Jupit¢€Chambers1997. Those trappings are never permanent, due to
the fact that ahird body can change the orbital period of the comet or meteoroid. For
example, a meteoroid in resonance with Jupiter can suffer a perturbation by Saturn,
changing the orbital period to bringdloser to the planet Jupiter in the next return. This
is the case of the HTCs, although such encounters with Jupiter tend to be brief and
inefficient [Jenniskens200g. Thus, the next encounters with Saturn cartupe the
comet into another resonance. For comets gvitt2 AU the average physical lifetime as
a HTC is about 30800 revolutions. Sooner or later, HTCs are either ejected from the

solar system, or will impa¢he Sun.

The missions Giotto and Vega 1 and 2 captured about 5000 individual particles with
diameters between 0.2 um and 2 um, and a total mass of no more than a[Kesal
et al, 1986 Krasnopolsky et al.1987 Krueger and Kissel1987 Simpson eal., 1987.
From thesedata, it was found that the coraet dust particleswvere rich in carbon,
hydrogen, oxygen, and nitrogen (CHNOgssberger and Kissgl991] concluded that
-13-
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elemenal carbon was present at 20 weight Plowever, whereas smaifrains consist
only of CHNO, others consist of rodkrming elements. These stony bodies contain
metals and silicates with ~10% iron sulfides. Rooky particles were found mostly in
the outer reaches of the coma, while CHNO particles were found in riee coma
[Fomenkova et 811994 Jenniskens200§.

1.2.4 Oort-CloudComets

OCGs have their origin in the Oort cloud, in more violent accumulation processes
than those that take place in teiper belt. In particular, OCEpossess an orbital period
P > 200years and their orbital evolution is not tightbontrolled by the major planets.
OCCGs originated from the giaslanet formation region of the solar system, most from
the UranusNeptune region. Thus, billions of coreginals moved at high relative speed
in close proximity to each other. The final stagésiccretion were rather violent and
there might be a wide variety oficleus properties amo@CGCs, from highly unstable
rubble piles to relatively consolidated conglomeratdmut 1% of the longperiod OCCs
evolve into shorter orbits, whereas the ramdar are ejected from the solar system
[Jenniskens2004.

The observed population of OGMas nearly isotropimclinations. By definition,
OCCGCs must have a semajor axisa > 35 AU, kut onethird of the observed OCGhave
a > 20000 AU [Weissman1994. Weissmar{1979] simulated the evolution of £0
hypothetich OCCs and found that 65% of them are dynamically ejected from the solar
system on hyperbolic orbits, 27% are randomly disrufi€do of them in the first
passagg and the remaindearelost by a variety of processes such as loss of all volatiles

and collsion with the Sun and planets.

OCCscan have a high content of volatile ices, impact craters and other features from
the origin of the solar systermakingthema potential source of unusual meteoroids
[Jenniskens200§. Unlike JFCs or HTCs, the crust has not disedpnto meteoroids.
However, OCGwill havebeenexposed to galactic cosmic rays and heated by supernova
[Weissman199q.

The total number of comets in the dynamically active outer Oort cloud is on the order
of 102, with a total estimated mass of ~38 [Bottke et al.2002 Weissman1994. The
main perturbers of the Oort cloud &&ant Molecular ®uds GMCs) andthe galactic
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gravitational field itself, in particular the tidal field of the galactic dlsleissmanl19%].
Normally, GMC encountersr@rare, occurring in an interval of ~3>é9rs [Hut and
Tremaine 1983. The galactic field sets the limits on the outer dimensions of the Oort
cloud. Moreover, random stars can occasionally pass directly through the Oort cloud,
ejecting a significant number obmets and perturbing the orbits of others. It is known

that the main perturber of the Oort cloud is the galactic[@slsemmge1987.

Actually, it is suspected that most O€@all apart completely in one of thdirst
returns, rather than fadingver time. In fact, 95% of all OCC are brightfor
approximately five apparitions on average and then fall apart, while only 5% survive for
much longer periods of time. If they survive their first return, they typically spend the
next 45 million years a®CCs[Levison et al.2003.

1.3.MODELLING SPUTTERING AND THERMAL ABLATION

According to the conventional meteor ablation theory, the atmospheric passage of
meteors leads to ionization and light prodlut as a consequence obllisions with
ablated meteor aton[€eplecha et al.199§. In principle, tle ablation of meteoroid
material is assumed to occur in an intensive maafterthe meteor reaches the melting
point[Rogers et a).2003. Consequently, one does not expect luminosity or significant
ionization above the height of intensive vaporizatiehich in the case of the Earth occurs
in the height range from 80 to 125 km. During thescent of the meteoroid other
processessuchas inflight fragmentation[Ceplecha etl., 1998 Fisher et al, 2000
Hawkes and Joned 975 Rogers et a).2009, can pay an important roleRubio et al.
[2001] re-analyzed precise photographic meteor trails and dr¢het fragmentation
mightnot be as importarats previouslyassumedHowever, more recent|gtudies based
on optical olervations of faint meteqrom 10“ g to 0.1 g, collected by the Canadian
Automated Meteor Observator AMO) between 2010 April and 2014 Magncluded
that 90% of observed meteors exhibit fragmentdt@ubasinghe et al2014.

1.3.1 Sputtering process

Opik [1958] proposedhat sputtering, in which individual atoms are released from
materials by high speed atomic collision processes, mayagialg in meteor ablation.
Sputtering occurs when the body approaches the&atthosphere at heights of 300 km

to 100 km[Ceplecha et a].199], and the surface temperature of the meteoroid rises
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quite rapidly, whereas the insidé most meteorals Except small grainsremains
practically unheated. The sputtering is a very quick phenomenon lasting only seconds or
tens of second€oulson[2002] andCoulson and Wickramasingli2003] have studied
sputtering and its importance as a deceleration mechanisriver denall meteoroids to

the Earth with limited ifflight heating.Rogers et al[2005] found that while in many
casesparticularly at low velocities and for relatively large meteoroid ngsgeittering
contributes only a small fraction of mass loss during atmogpfight, in some cases
sputtering is very important and may explain the light production observed at high

altitudes in some Leonid meteors.

Sputtering is considered to be a primary destruction mechanism for[[D&se,
1989 Rogers et a).2003. It is not an important part of conventional meteoroid ablation
theory, although as discussed above it has been suggested to be of somedepodan
certain conditiongCoulson 2002 Coulson and Wickramasingh2003 Opik, 1958
Rogers et al. 2003. Physical sputtering is an atomic cascade proeessreby
bombarding particles (projectilespllide withthe surface atomsf the targetThe target
atoms, as well as the projectiles, undergo collisions atitler target atoms, giving rise
to a chain reaction of collisions. The energy needed to overcome the potential barrier is
called the surface binding energy. If the velocity of the atovormal to the surface
corresponds to an energy equal to or greater than the surface binding energy, they will be
ejected. Sputtering does not occur for all projectile/target combinations. Thus, there is a

minimum projectile kinetic energy to induce sguithg for a given projectile and target.

Vondrak et al[2008] estimated the mass Bsate assuming a spherical target:
— ¢“YUb B G [1.2]

where the superscri@refers to sputtering, and the inderepresents the atmospheric
componerg (normally @, N2, He, Ar, N, O, and i " is the number density of theh
atmospheric compound, anmal is the sputtering crossection for the-th atmospheric
componentD is the atomic number of the target, &R the particle radiud/ondrak

et al.[2008]assumedmequal sputtering crosectionfor all elements of which the target
meteoroid was composed, and estimated the elemental loss rate by sputtering using the

bulk element atomic fractiorts in the meteororid:
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The sputtering yield¥; are calculated in the Chemical Ablation MODel (CABMOD)
developed at the University of Leeds using a sempirical treatment derived from
studies of ion sputterinfvondrak et al. 200§. The sputtering mechanism described
above corresponds to a physical prodggemic and molecular collisions). However,
there are also mangthertypes of sputtering mechanisymsven though they do not
represent a significant mass loss mechanism compared to physical spufteesg
include chemical sputtering, thermaputtering, electronic sputtering, transmission
sputtering, and sputieg by cosmic rays, andave been analyzed for several

astrophysical pplications[Barlow, 1978 Draine, 1989.
1.3.2 Thermal ablation

Meteoroids are treated as homogeneous spheres by several authors, according to the
classical theory of the interaction of meteoroids with the atmospBevashten 1983
Hunten et al.198Q Kalashnikova et a).200Q McKinley, 1961 Opik, 1959. Radial heat
transfer is assumed befast enough, thus the particle is isothermal along the whole path
through the atmosphere. This issue has important implications, so if the particle were not
isothermal the composition and chemical states of elements would differ between the skin
and innemregion of the particleVondrak et al[2008] concluded that a 5 pg particle is
isothermal up to a very high temperature (~3000 K), while a 5 mg mass stays isothermal
up to ~2000 K assuming theilk density is 2 g cm. However, because meteoroids lose
mass extensively above ~2800 K they become much smaller at the highest temperatures.
In consequence, the isothermicity condition can be fulfilled completelthéomwhole
mass distributiomp to 5 mgVondrak et al.2008.

According to the classical they, the loss of momentum ofparticle of density
due to interaction with the atmosphere, is given by the drag equation which specifies the
deceleration of the meteordificKinley, 1961:

— 30 — 70 [1.4]

wherev is the velocity of the particley is the gravitational acceleration, ahdand”
are the mass density of the atmosphere and the meteoroid, respectively. The

dimensionless fremolecular drag coefficierd indicates the efficiency of momentum
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transfer between the meteoroid and theinging air molecules, and its valdepends
essentially on the flow regime. In fatite range of flow regimes over meteoroids changes
from freemolecule in upper atmosphere to continuum with thin shock wave at low
altitudegKhanukaeva2003. In free molecule regime the drag coefficient is determined
by nature of the particlsurface interactions, rather than the geometry of the particle, and
3 tends to ZBird, 1974. In the case of a stable hypersonic continuum stredies
between 0.5 and [Hughes 197§, and it will depend only on the body geomeffye
gravitational terni  "Qis negligible in the range of meteoroid velocitjigogers et a.
2005 Vondrak et al.200§.

The thermal energy received by the meteoroid from the impinging air molecules is
balanced by radiative loss, temperature increase, melting, phase transitions, and
vaporization of the meteoric constitueriftgondrak et al. 200§. Since energyis
consered[Adolfsson et a].199q:

~EY Oy TUY - LYY =Y §— h— [1.5]

where the dimensionless parametes the free molecular heat transfer coefficient and
represents the fraction of the incident kinetic energy which isfenaiad to the meteoroid,
usually assumetb have a value near unifiRogers et al.2005. The emissivity of the
meteoroid is-, while ,, is the StefarBoltzmann constantT is the temperature of the
meteoroid surface anf is the effective temperature of the atmosphere in the region of
the meteoroid.C and L represent the specific heat capacity and the latent heat of
vaporization (or sublimation if the particle has not melted). Theéhkfid side of equation

[1.5] represerst the frictional heating term. The righ&ind side of the equation estimates
the loss of thermal energy by the particle, where the first term is the radiation loss, the
second term is the heat consumed to increase the temperature of the particle hanad the t

term corresponds to the heat consumed in the transfer of particle mass into the gas phase.

The change of particle heightith time is a function of its impact angte defined

as the angle to the zenith:

— 0 hE+ [1.6]

The massdss rate is calculated usih@ngmuir evaporatiofiLove and Brownlee
1991, Markova et al. 1986 McNeil et al, 1998 Vondrak et al. 2008, which assumes
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that the rate of evaporation into a vacuum is equal to the rateapbmation needed to
balance the rate of uptake of a specigsa closed system. The rate of mass release of
species with molecular weighft, from a particle of are8and a temperatufg is given

by the HertzKnudsen expression:
— QY QY —— [1.7]

where the subscriph refers to thermal ablatiorQ i s t he Bol t zimsnnos
gasliquid equilibrium vapour pressure, andis the apparent evaporation coefficient
which is equal to the probability that the molecule is retained on the surface, or within the
particle, after collisionSafarian and Engh2013] concluded that is unity for pure

metals but may be lower than 1 in silicate mé¢Asexander et a). 2004, because
diffusion from the bulk into the surface filmay becomeatelimiting. Due to a laclof
experimental datahe apparent evaporation coefficient for each metal is assumed to be
the same for all the compounds of the bulk, such'that [Vondrak et al.200§. The

range oftemperature where the solid and the liquid are in equilibisirtreated by
applying a phase transition factgr), which is represented by a sigmalitemperature

dependence weighting thaaries between 0 and 1:

QY — [1.8]

where t is a constant that characterizes the width of the sigmoid profile arie
temperature such thi{tY) = 0.5. The valueSy = 1800 K andr = 14 K are prescribed by
a the olivine Fe& solid-liquid equilibrium temperature range, meaning essentiallyf¢hat
< 1700 K = 0 andf(T > 1800 K = 1 (this point will be discussed in detail below)
[Vondrak et al.200§.

The total mass loss rate due to ablation is then the sum over all gas phase components:
— B — [1.9]
The totalmass loss rate is then the sum of the sputtering and thermal ablation rates:

- — — [1.10]
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When the particle reaches the melting point, ~1800 K for olivine rich particles
[Vondrak et al. 200§, the ablation of the meteoroid star®eceleration can compete
with ablation in consuming kinetic energy only for larger bodies and when they move
lower down in the atmospherEor example, if the meteoroslows to3 km s' after
ablation somewhere high above the surfaod there still remas a significant mass, this
mass continue® move without emitting light (dark flighjecausehere are not enough
hot gases round the body to emit visible ligbéplecha et a].199§.

Figure 1.7shows schematically the sputtey and ablation process Ps in the
upper atmosphere. If the entering body does not reach the melting point pitoslilice
anUnmelted micrometeorite (UMMASs discussed in detail in the following sections, the
meteoroid loses the most volatile metalNa and Ki when reacimg the melting point,
before other elements start to evaporate. As the temperature increases, the main
constituentnetalsi Fe, Si, and Mg ablate. Finally, the more refractory metal€a, Al,
and TiT are released after reaching ~2400/hen ablation ceses,and if the meteoroid
has not completely evaporatékere is not enough kinetic energy to either evaporate, or
to provide continued heating. Consequently, the bodyperiences rapiccooling
(exponential with timgCeplecha et al.199§) and the crust solidifies. The impact
velocities on the Ear t hstobm ssfar snfaklecnecteaitess bet we e
and several hundreds of mt $or larger meteoritesMicrometeorites (MMs)an be
partially or totally melted and consist of a foamy glass with variable amoumsnafited

phase$ scoriaceous MMsr cosmic spherules, respectively.

1.3.3. The Chemical Ablation Model

CABMOD, dewloped athe University of Leed§Vondrak et al. 200§, is used to
estimate the@lementahblation ratesfoa meteoroid given its initiahass, entry velocity,
and zenith angle. CABMOD contains tmellticomponent gaselt chemical equilibrium
(MAGMA) module[Fegley and Camerqnl987 Schaefer and Fegley2004 20095
which estimate the vapour pressures of the different species evaporating from the
meteoroid. MAGMA exhibits a good agreement with experimental data for a wide range
of temperatures and silicate melt composgj@md takes account of the equilibria of eight
metal oxides Si0®;, MgO, FeO, A0z, TiO,, CaO, NaO and KO. The chemical

equilibria in the melt are modelled using the thermodynamic activibigshich aregiven

by:
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G o [1.11]

where @ is the mole fraction of oxide in the melt ahd is the Raoultian activity
coefficient of the oxide relative to the pure liquid oxide. CABMOD determines the mass
loss rate of each component from the melt using the vapour pressure of epblaggms

estimated by MAGMA and invokinghe HertzKnudsen expressiofq. [1.7]).

"Q":& IDPs (Cland CM like fine grained aggregates)

AN ) Mesopause: H=85-100 km, . Atmospheric
& T~170K, P~0.1Pa Metal ion and Constituents
Sputtering by neutral layers \

air molecules .
\Na+, K*

Q)

"~ MISPs

Unmelted Micrometeorites

Ablation process:
Venus ~120 km
Mars ~80 km
Titan ~500 km

Scoriaceous Micrometeorites

Figure 1.7. Sputtering, ablation, and ionization process of an interplanetary dust particle entering the upper
atmosphereUnmelted Micrometeorite, scoracious micrometeorites, and cosmic spherules reproduc&dytonet
al. [2007]. Meteoric smoke particles reproduced fr@alla Corte et al. [2013]

CABMOD starts the integration at an altitude of 500 km and a meteoroid temperature
of 200 K (see Figure 1.8Yondrak et al.200§. The integration process is stopped if the
meteoroid mass decreases below®i@or the meteoroid temperature falls below 400 K
towards the end of its flightvondrak et al.[2008] estimated the ablation rates of
meteoroids for the atmospheric conditions of March at 40°N. The number densities of
atmospheric  constituents were calculated using the NEBS model

(http://omniweb.gsfc.nasa.gov/vitmo/msis vitmo.Rtml

The MAGMA code estimates nexero vapour pressures for metal species at
temperatures below the melting temperature of the meteoroid. However, given that it is
not possible to estakl a thermodynamic equilibrium before the particle melts, MAGMA
is not invoked before reaching the melting temperafsge Figure 1) Vondrak et al.

200§. As discussed in Section 1.3.2, the apparent evaporation coefficeantvary
between zero and unity in eq. [1.7]. CABMOD sets the uptake coeffimergrountil

the temperature reaches the melting point of the particle, and the onset of particle
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evaporation is simulated by applying a sigmoid temperature dependence inigdtiecin
phase transition factdT) in eq. [1.7]. A smooth transition phase prevents possible
instabilities in the numerical integration and can describe better the change phase than an
instantaneous transition (see Chapter 3).

Select particle velocity,
mass, zenith angle,
initial composition

l

Particle enters
atmosphere at 500 km

New particle

Initial molten particle
composition

compasition

|

Call MAGMA for
equilibrium gas-phase

number densities
above molten particle

YES

End
integration

[ Mass loss by sputtering ]

Mass loss from
Langmuir evaporation
+ sputtering

Frictional heating
Heat loss by radiation
and phase changes

Frictional heating
Heat loss by radiation —
and mass ablation

YES

Figure 1.8 Flowchart depicting the architecture of the chemical ablation mdrleproduced froriondrak et al.
[2008].

Vondrak et al[2008] assumed that meteoroids are mineralogically CI chondrites
with an olivine compositiofiLodders and Fegley1988 Mason 1979 Sears and Dodd
1988. The elemental atomic ratio Fe:Mg is ~0.84 for a CI composition, such that the
olivine starts to melt at 1730 KR/ondrak et al.[2008] adopted a meteoroid melting
temperature of 1800 K, with varying between OI(< 1700 K) and 1T > 1900 K).

Figure 1.9shows the phase diagram for olivine (left panel) and the ablation rate
profiles for a meteoroid with an entry velocity of 18 krhand a mass of 10 ug (right
panel). Na and K are released almost completely at ~98 km before other elements start to
evaporate. The ablation of the main compouniés, Si, and Mg occursl0-15 km lower
in the atmosphere and is also nearly complateontrast, Table 1.4hows that less than
1% of Cais released from the partiglthat is, the Na/Ca ratio in the gas phase is 167
larger than in the meteoroid.
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Figure 1.9 Left panel: Phase diagram of olivine and the assumed melting temperature of the chondritic particle; the
dashed line represents the temperature dependence of the apparent evaporation coetfficieigh the phase
transition factor f(T) Right Panel: Elemental deposition profiles of individual elements from a 10 pg meteoroid

entering at 18 km's where the temperature is represented with a dashed line referenced in the top abscissa. Left
panel is reprduced fromVondrak et al. [2008]

Table 1.4 Ablation fraction and the ablatioprofile parameters from a 10 pug meteoroid entering at 18-km s

Element %Ablated fraction Centroid/ km
Si 93.9 85.0
Mg 93.2 83.6
Fe 100 86.8
Ca 0.6 82.3
Al 0.2 83.4
Ti 4.1 83.2
Na 100 96.2
K 100 96.0
(0] 90.9 85.2

1.4.METEORIC LAYERS ON VENUS, MARS AND TITAN

The electron densities inlgnetary atmospheresan be measured usinipe
occultation of radio waves transmitted through the atmosphere from a spacecraft, and
detected at Earth.HEse measurements show that therensapor peak in the daytime
ionosphere produced by spiadiation and photoionizatioBelow this main peak, one
or more secondary peaks have been found. Examples of such layers have been located on
Venus by Pioneer VenyKliore et al, 1979, and Mars by Mariner I\Fjeldbo et al,

1964 and Mars ExpresfPatzold et al. 2003 among others. The Voyager | fby
providedinfrared observations dfitands ionospher¢Hanel et al, 1981 Maguire et al,
1981 Samuelson et al1983, althoughfollowing missions wer@ot able to providany
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information about meteoroi@ffects in its atmospheréMore recently, e Cassini
Huygens Atmospheric Structutevestigation (HASI) has colleetl a largeamount of
data that maye used to provida new empirical model ofitands atmosphere that

extends from the surface to the exolja¥aite et al. 2013.

Table 15 summarizes some of timeost importanphysical properties of these Solar
System bodiesVenus and Eartharequite similar in terms of radius, maasd gravity.
Nevertheless, the dhusian atmosphere is denser and the atmospheric pressure on the
surfae is 93 times larger than &arth.The most important difference is thihésidereal
day is ~225 timefonger at Venus, so there is a large asymmetry beteteanidnight
and noon atmosphergsox and Kasprzak?007 Hedin et al, 1983 Keating et al. 1989.

Note that Titan hashe largest scale height, so that the deposition profiles during the

ablation process will be rather wider tifanthe other bodies.

Table 1.5 Main physical properties of Venus, Earth, Mars, and Titan. Adapted Yiamg and DeMore [1999]

Venus Earth Mars Titan
Mass (Earth = 1} 0.815 1 0.1075 0.0225
Radius [km] 6051.5 6378.1 3389.5 2575
Gravity in equator [m s 8.87 9.81 3.71 1.37
Distance [AU]P 0.71-0.73 0.981.02 1.381.67 9.54
Surface pressure [atm] 93.0 1.0 6-10° 1.7
Scale Height [km] 15.9 8.5 115 40
Length of the year [Earth days} 224.7 365.26 687 15.970
Obliquity -177.4° 23027 23U59 0.35°
o [km sy 10.3 11.2 5.0 2.6

21 Earth mass = 5.98x3kg, 1 astronomical unit (AU) = 1.496x10m, °Sidereal ‘Escape velocity

1.4.1. Meteac layers am Venus.

Figure 1.10 showshe electron density profile measdrby Pioneer Venus in the
nightsideionospheravhere there is main dominant peak at 142 + 4.1 Kftiore et al,
1979. A doublepeak structure was found during two closely spaced orbits, 55 and 57,
apparently a rare phenomenon which may be relatedeteoroid ablatioror another

ionization sourcesuch as precigtionof electrors or protons wto thenightside
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McAuliffe and Christo2006] studied numerically the massss, deceleration and
luminescence of meteoroids in theMisian atmosphere with an entry velocity between
10 and 80 km$and an input angle of 45°. They concluded that meteors should reach
their points of maximum ablation at greater altitudes thasetiaentical objects ablating

on Earth, and their lifetimshould be shorter than terrestrial meteors.

ORB 46 EXIT ORB S0 EXIT ORB 57 EXIT ORB 63 EXIT

X=1464" X =151.7° X =158.8"° X =163.5
6400 T T T T T y z T 350
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Figure 1.1Q Top panel: electron density profiles measured by Pioneer Venus in the nightside ionosphere of Venus at
solar zenith anglegreater than 110°, reproduced fraftiore et al. [1979] Bottom panel: electron density profiles
provided by the Mars Express mission from occultation (left) ingmd®eacultation gress (right). Rproduced from
Patzold et al. [2005]

1.4.2. Meteac layers ; Mars.

The atmosphere of Mars has been sounded in more detail tbareghof the
extraterrestrial solarystem bodiesStudies have demonstrated that while the Martian
atmosphere is thinner than the Earth's atmosphere at ground level, the ablation peak for
various metallic elements occurs imexy similarrange of heights on both plané&ynn
and McKay 199Q; thus, the ablation peak appears between 80 and 120 km, depending

on the input properties of the meteoroid. The Mars Express mission confirmed the
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existence of a sporadic metaydas between 65 and 110 km in altitudatzold et al.

2005. Mars Express add not find such layers ilonospheric observatiomsadeduring

the night. Theoretical models have shown that meteoroid ablation could produce enough
long-lived metallic ionsto explain the altitude and magnitude of the observed layers
[Molina-Cuberos et a).2003 Whalley and Plane201(q.

At these altitudes, theoncentration of @rangesfrom 10 to 102 cm [Keating et
al., 199§. This oxygen level is insufficient to ensure combustion reactions of the organic
compounds that may be present in the meteorBaldwin and Sheaffef1971]
demonstrated thatany and iron meteoritesiMar s 6 at mosphermasssuf fer a
loss during the ablation procesemparedto when they decelerate in the Earth's
atmospherePandya and Haider[2012] analyzed 1500 electron density profjles
obtained by the radio occultatidachnique usingvars Global Surveyorto study the
physical characteristics &dw-lying plasma layers on Mars during the monthsawfuhry
to June of 2005. From thaalysis, it was found that 65 profiles wereriistted between
altitudes of 70 km to 105 km, probably due to the presenoeetdlic ions depositethy

meteoric ablation.
1.4.3. Meteac layers o Titan.

Titan is the onlymoonin the solar systemith a surface pressure greater than 1 bar.
The main atmospheric constituent is nitrogen, followed by methane which was the first
compound identifi ed 4hasarnearlgomstadteoledractooia pher e. C
the stratospheref ~0.015, increasing in the troposphere with decreasing alfiivdée
et al, 2013.

The main ionospheric peak has been located at 1180 + 150 km by the Voyager | fly
by [Bird et al, 1997. However, Voyager could not provide any evidence of anothér pea
below the main peak, and hence it could not provide any information regarding meteoric
i mpacts in Titanb6s atmosphere. Some theoret.
meteoric ablation on the composition of the neuytiadglish et al. 199 and ionized
[Molina-Cuberos, 2001] atmosphere. MoliGaiberos et al. [2001] used a simple model
in order to model the electron number density vertical profile and concluded that an
ionospheric layer produced by ablation could be present at 70@ittman electron

density peak similar in magnitude to the one produced by solar radiation at 1000 km
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Figurel.11shows the electron density profiles ranging from the ground to 2000 km.
the upper ionosphere layer, above 800 km, is due to electrons trapped in the
magnetosphere of Saturn and solar radialitwe. lower ionosphere layer, below 400 km,
is due to galactic cosmic raydolina-Cuberos et aJ. 1999a Molina-Cuberos et aJ.
1999h. the middle ionosphere is formed by meteoric ionizatMalina-Cuberos et al.
[2001] calculated this layefor a mean entry velocity of 18 km!sn two different
assumptions: 1. without considering transport (labelled as Model Il in Figure 1.11), and
2. with transport and charge exchange (Model Hijransport is included, the electron
density disagrees with Voyager | observations being bgtarfaf 3 higher than the upper
limit measure by radio occultatigBird et al, 1997.

Magnetosphbric
1400 Electrons -’ ..

.=~ Solar—5-._
§1200=" Radiation -
§ 1000+ - - L Cassini Fly-by 1
= T T
< 800 Meteoroids ™. Meteoroids =5~ ~

Model Il ...~ Model lll _ _ _ -

"= Galactic Cosmic Rays
.

0 4
10 10 10 10
Number Density (crn'a)

Figure 1.11 Number density of electrons in the ionosphere of Titan. The electron density due to the different sources
is shown separately: magnetospheric electr@ogar radiation, meteoroid Model Il (average entry velocity of 18 km
s, without transport), Model Ill (average entry velocity of 18 kinwith transport and charge exchange), and

galactic cosmierays[Molina-Cuberos et al., 1999bReproduced frorivolina-Cuberos et al. [2001]

1.5.THESIS AIMS AND OBJECTIVES

The specific aims and objectives of this thesis are listed below along with reference
to the relevant chapters:

1 Assess the velocity and size distribution of cosmic dust particles entfeeing
Earthdés atmosphere (Chapter 2):
U Combine three quite different cosmic dust models with CABMOD
using a Monte Carlo sampling method.

U Determine the ablation rates of Na, K, Fe, Mg and Ca above 60 km.
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U Estimate the accretiorate of cosmic spherulepredicted byeach
model.

i Compare the absolute ablation fluxes of Na and Fe to observations
and models.

U Analyze model uncertainties.

Refine and validate CABMOD using a laboratory experimentaligaethich
enables timaesolved simulations of the melting I8fPs and the evaporation
of their major elemental compounds (Chapter 3):
0 Compare and assess experimental and calculated ablation rates of
Na, Fe, and Ca.

0 Identify which parameters in CABMOD need to be calibrated

according tahelaboratory measurements.

U Developan improved version of CABMOD.

U Assess with parts of CABMODneed tdbe improved irthe future.
Estimate the contribution of each cosmic dostrse (JFCs, ASTs, HTCs, and
OCGs) to the total influx using the size distribution derived from the Zatliac
Cloud Model[Nesvorny et al.201Q Nesvorny et al.201] and constrained
by the COBE(COsmic Background Exploregnd Planck observatiorcf
infra-red emission from the zodiacal clo(@hapter 4):

U Determine the absolute contributions of each dust solmce
constraining tdhe spherule accretion rate, as well as the most recent
measurements of the vertical fluxes of Na and Fe atoms above 87.5
km in the atmosphere.

U Compare the results inferred from IRA@frared Astronomical
Satellite)and COBE observations.

Examine the impact of cosmic dust on the atmospheres of Venus, Mars, and
Titan:

U Assess the contriltion of each cosmic dust sourtethe Venusian
and Martian atmospheres.

U Examine the effect of theearapproach to Mars of comet C/Siding
Spring Al.

0O Study the i mpact of cosmic dust

n

Ti
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This work providessaluable informatiorto answer the main question presented at
the stariof this chapter, namely: what is the magnitude of the rate of cosmic dust that is
entering the Earthos upper atmosphere?

1.6. THESISLAYOUT

The remainder of the thesis is organized as falow

Chapter 2: Description, analysis and discussion of three quite different size/velocity

cosmic dust distributions.

Chapter 3: Presentation of a novel instrument to measure differential ablation from

meteoritic samples.

Chapter 4: Contribution of the different cosmrust sources to the total mass flux
accreted by the Earth.

Chapter 5: Analysis of the meteoric layers of Venus, Mars, and Titan.

Chapter 6: Summary of the results of this thesis, overall conclusions and

recommendations for future work.



Chapter 2 On the size and velocity distribution of cosmic dust particles entering the atmosphere

CHAPTER 2: ON THE SIZE AND VELOC ITY DISTRIBUTION OF COSMIC DUST PARTICLES
ENTERING THE ATMOSPH ERE

2.1.INTRODUCTION

As discussed i€hapter 1, IDPs have their origin in meteor showers and the sporadic
background complex. The latter provides a much greater input into the upper atmosphere
than meteor showel8aggaley 2002 Ceplecha et al.199§. Essentially, the meteor
influx gives rise to theipper atmospheric metallion layes observed by radars and
lidars, andthey are lelieved to be the source ebndensation nuclethe necessary
prerequisite for the formation ofattilucent cloud particles in the polaesopause region
[von Zahn et a).2003. For this reasonn order to understanbw this flux gives rise to
this atmospheric phenomena, accurate knowledge agflob@l Meteoric Input Function
(MIF) is necessary. This functiotakesaccountof the directionality, and mass and

velocity distribdions.

Zodiacal Cloud | Mass and entry

observations ; speed distributions
LDEF

-
-
-
-
-
-

Radar meteor head echoes

CABMOD

Metal layers (diff. ablation)

MSP optical extinction

Unified
IDP input /

Micrometeorites

estimate
(reduc-ed Metals in polar ice-cores
uncertainty) and deep sea sediments

Figure 2.1 Scheme showing how the mass and velocity distributions are used to derive the global Meteor Input
Function
Figure 2.1 depicts how the MIF @eterminedDifferent meteor distributions can be
combina with CABMOD todetermine: 1. fie integrated deposition profiles for the most
significant metks in the upper atmosphere; 2hd flux of micrometeorites that are
deposited on the surface; and 3. Assasmsientthe detectability oimeteors byradars.
Here we considehe netallic species Fe, Md;a,Naand K.These metals exist as layers
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of atoms between ~80 and ~105 km and atomic ions at higher alt[iRides 2004
Plane et al. 2019. Below 85 km they form compounds suchoagles, hydroxides, and
carbonateghich polymerize into nanometsized meteoric smoke particles (MSPs). The
inclusion of the MIF in the Whole Atmosphere Community Climate Model (WACCM)
allows the Na, Fe, Mg, and K layacsbe modelled globallyFeng et al. 2013 Langowski

et al, 2014 Marshet al, 2013 Plane et al. 2014.

However, whereas the Carbonaceous Ivuna ¢@ondritic ratios of Na:Fe:Mg are
1:15:17[Asplund et a].2009, WACCM requirerelative ablation rates of 1:4fEeng et
al., 2013 Langowski et al.2014 Marshet al, 2013 in order to produce modelled Na,
Fe, and Mg layers in agreement with observatidihgs result indicagsthat significant
differential ablatioroccurs Vondrak et al[2008] concluded thai the average meteoroid
entry velocity peaksround ~25 km§ then about 90% of the incoming mass should
ablate. However, this velocity would not explain why a fraction of only ~0.25 of the
incoming Fe and Mg ablated relative to Na.

In this chapter three quite differemtass/velocity distributiomof cosmic dustare
evaluatedan astronomical model constrained by observations of IR emission from the
Zodiacal Dust CloudiNesvorny et a].201Q 2011]; a model derived frormeasurements
on a spacéorne dust detectgLove and Brownle€l993 McBride et al, 1999; and an
astronomical model describing the portion of the incoming flux measured by meteor head
echo detections with igh-Power and Largéperture (HPLA) radardFentzke and
Janches2008 Pitko et al, 2013. The relative injection rates of the different metals are
then compared with those required to model the observed relative abundances of the
mesospheric metals. The predicted surface accretion rate of cosmic spherules (i.e., cosmic
dust partioks which melt but do not completely ablate in the upper atmosphere) is also
compared with the measured accretion rate at the bottom of an ice chamber at the
AmundsenrScott base at South Pole [Taylor et al., 1998, 2007] and in the Greenland ice
cap [Maurett et al., 1987].

2.2.MODELS OF CosMmIC DUST IN THE NEAR-EARTH ENVIRONMENT

The Earth and its atmosphere represent a targdRswhich allowstheincoming
objectsto be studiedlirectly, if they reach the surface; or indirectly, if they interact with
the atmosphere or orbiting spacecraft. The relationship between these samples and their

sources depends on the physical and dynamical processes which have characterized their
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transprt to the Earth. Nowadays, there are three different techniques to infer the cosmic
dust distribution: 1. Interaction ¢tDPsona spaceborne dust detect¢e.g, LDEF[Love

and Brownlee 1993); 2. HPLA radars[Mathews et aJ. 200], which can detect
efficiently the small plasma region surroundeagd moving with the meteorokhown

as the meteor head ech@lose et al. 2003; 3. Modelling tools whichare calibrated
against various types of observatigagy, the Giin Interplanetary Dust Model at 1 AU
[Griun et al, 2007, the NASA Orbital Debris Environment Modehang et al. 1997,

the European Space gency meteoroid/debris databa&&SABASE) [Sdunnus et al.
1997, the ESA Meteoroid And Space debris Terrestrial Environment Reference
(MASTER) model[Klinrad et al, 1997h Sdunnus199], and the Divine Interplanetary
Dust mode[Divine, 1993h).

In the present chaptaihree cosmic dust modedse combined with CABMOD in
order to get the injection rate profiles for the mon@ortantmeteoricmetals. Two are
astronomical models, the Zodiacal Cloud Mo@&CM) [Nesvorny et al.201Q 2017
constrained by midnfrared observation®f cosmic dustand the seconé a model
developed fromHPLA radar observationst Arecibo[Fentzke and Janche2008
Janches and Chaw009. The thrd is the LDEF model[Love and Brownleel993,
whichis based on measurements made with a spae dust detectofhe same tests
can be applied to MIFs other than the thifest areusedhereas test cases, as well as
MIFs developed in the future. At the end of the chafitere is adiscusgon of the
problemsassociated witlieconciling radar observationscaglobal circulation models

regarding the nature of the MIF.
2.2.1. The Long Duration Exposure Facility (LDEF).

Considering the anisotropic distributions of meteoroids or space debris particles, one
should bear in mind that some spacecraft orbital and attitude geometries directly affect
the sampled flux. The LDEF satellite was located in a near circular orbitedraattitude
of 458 km and an inclination of 28 BcDonnell et al. 1993, maintaining an essentially
constant geocentric orientatiodence, he facen the satellitare often referred to as
North, South, East, Wes$pace and Earth, these being the approximate facing directions
with respect tdhe equatorial plane. Figure 2r&ght panel, shows thHeDEF satellite in
its orbit: the orbit preesses around the North Celestial Pole (NCP) normal to the orbit,

and the ecliptic plane varies with time with a similar period. LDEF was deployed on April
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711984 and retrieved in January 1990, sat thexperienced a total exposure period of

5.778years.

Figure 2.2 The LDEF satelliteLeft panel: photograpbf the spacéorne after deployment
(https://upload.wikimedia.org/wikipedia/commons/4/40/LDEF_after_deployment.jpegRi ght panel : LDEF
with respect to the Earth and the eclipticptan ( r e pr oduced from McBride e®» al ., 1

precesses clockwise around +5Bday3Eart hdés spin axi

There area number of factors related to the exposure which make the LDEF data
especially suitable for defining the meteoroid influx in ttev Earth Orbit LEO)
environmenfMcDonnell et al. 1993. The experiment platforms provideanfiguration
with a well-defined exposure to primary impactongreventing contamination of
secondary impactors @entrant projectiles). Furthermorthe absence of appendages
such as solar cells and antennas yields a low expectation of contamination tvodasgc
impactors (see Figure 2.ft pane).

2.2.1.1. Data sources on LDEF.

There are several panels locatedtloe satellitgMcDonnell et al. 1993:

- The Uni ver dMicroabrasioh Paskage {(M&R) These panels consist
of aluminumfoils of various thicknesses eten 2.0 um and 31.0 um, and brass
foils of 5 um thickness on the East, West, North, South and Space faces of LDEF.
- The Space Debris Impact Experiment (SDIE)consisted of over 26 fof 4.8

mm thick aluminumplates situated on all the peripheral faces except the East
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Space and Earth faces. The largest crater found had a diameter ofHumes
[1992] reported anmalysis of 532 craters with diameter greater than 0.5 mm.

- The Interplanetary Dust Experiment (IDE) recorded the impacts which
penetrated semiconductor detectors of 0.4 um and 1.0 um thickness on the East,
West, North, South, Space and Earth faces during the first year of the LDEF
mission. The impact rate was found to be very tdapendant.

- TheUltra-Heavy Cosmic Ray Experiment (UHCREWwas protected by thermal
blankets consisting of a Teflon-PEP layer of thickness 127 um backed with
layers of silver, Inconel and paint.

- TheFrench Cooperative Payload (FRECOPA)onsisted of two experiments
on thetrailing (West) face of LDEF. The first experiment was composed of a set
of thick glass and metallic surfaces which were exposed for the whole mission.
The second expemnent consisted of thin aluminuand gold foils which were
exposed for only nine months.

- The Chemistry of Micrometeoroids Experiments (CME) These panels
consisedof approximately 0.8 Aof high purity gold sheets of Orbm thickness
on the trailing (West) face of LDEF and approximately 12bfraluminumwith
3.2 mm thickness. Chemical analysis has revealed that most of the large craters
were caused by natural impactors but some-made debris impacts occurred
on LDEF6s trailing edge.

- TheMeteoroid and Debris Special Investigation Group (MDSIG) examined
the whole LDEF spacecraft during the-aeegration procedure and documented
all craters with diameters greater than 0.5 mm and all penetration holes with

diameters greater than 0.3 mm.

2.2.1.2. Penetration parameters for LDEF impact craters and perforations.

With very few exceptions, it is not possible to know the impact velocities of the
particul ates responsi bl e for thitasalpomatet r at i on:
possible to infer the impact angle except within the £90° limits for the flattdetec
geometry. The density and the shape of the impacting particulate are also unknown except
for general expectations which might accompany their assumed origin as meteoroids or
space debridNevertheless, experimental impact studies have shown thattpeogbape

and density are relatively unimportant in determining the size of the crater, so thus the
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crater volume is basically propmmal to the impacting energZour-Palais 1992 Fish
and Summersl965 McDonnell and Sullivan1993.

The approach to decoding projectile parameters on LDE&then based on the

following factorsfMcDonnell et al. 1993:

- Velocity: from the flux directionality and modelling of the orbital dynamics of
particulates, both bound and unbound.

- Mass: from crater depth or diameter or the ballistic penetration limit, but
requiring the inferred velocity.

- Density: from crater morphology, especially the depth/diameter ratio, but noting
that such clues become lassefulwith increasing velocity.

- Shape variations from crater symmetry, especially in very thin foil perforations.
- Impact angle: 1. Variations from craters symmetry, especially the ellipticity and
associated lateral displacement in crater depreémt; 2. [2convolution of the

overall angulaflux distribution, which is smoothed by the flat geometry for each

sampled exposure.

2.2.1.3. Velocity distribution in LDEF.

As discussed above, one of the major saiofaincertainty in the LDEF model is
the value of the encounter velocity which is udedadjust the cumulative mass
distribution of meteoroid<Christiansen1992] reported laboratory impact experiments
of centimeter, millimeter, and micrometer projectilegkstg thick aluminum alloy
targets at speeds up to 18 kip demonstrating that crater volume under those conditions
is nearly proportional to the projectile kinetic energgve and Brownlegl993] chose
the average meteoroid speed to be 16.9 knas found byErickson[1969] andKessler

[1969] from photographic metes and supported by crater rate measurements on LDEF.

The most statistically reliable data set comes frieenHarvard Radio Meteor Project
(HRMP) measurements where ~Q00 meteor observations were tak&ekanina and
Southworth 1975 Southworth and Sekanind973. However,Taylor[1995a]identified
a numerical error in the original code to reduce the data which resulted in a significant
underestimation othe numbers of fastmeteors (specially 5670 km s! meteors where

the underestimation is by a factor of ~1Q0)he final corrected velocity distribution of
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met eoroids encount er i[Tagor, 1985a 19858 istshownsn at mos p h e
Figure 2.3 where the mean velocity of this distribution is 17.7 kin s
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j ---- HRMP (Taylor 1995a,b}

1 —— HRMP converied to 1 AU
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Figure 2.3 The Harard Radio Meteor Projecheteoroid velocity distributiofiTaylor, 19954. The distribution is

corrected for gravitational enhancements to take the distribution to 1 AU (i.e., as seen from a massless Earth). The
dotted curvecorresponds to the distribution of meteoroids entering the top of the atmosphere. Reproduced from
McBride et al. [1999]

2.2.2. High Power and Large Aperture Radars.

HPLA radars have been used for micrometeor studies #iaceE®06. Although the
first measurement was reportedbyang1965] using the MillstoneHill 440 MHz radar,
it was not until the late 1990°s that intense observing programs at the different HPLA
facilities around the planet became actj@ose et al. 200Q Mathews et aj. 1997
PellinenWannberg and Wannberdl994. HPLA radars are crucial to the meteor
community, sinceéhese instruments can detewtteoroid sizes that bridge a gap between

traditional meteor radars and dust detectors onboard satglareshes et al200§.

Both HPLA radars and Specular Meteocadrirs (SMR) detect ¢hplasma formed by
a meteoroid entering the atmosphere and ablatbgever the peak plasma density and
viewing geometry bserved by each instrument grgte differenf{Baggaley et a).1994
Brown et al, 2005 Close et al. 2007, which may result in disparate velocity
distributions. While SMR radars detect the specrdéiection of the meteor trail, HPLA
radas detect the head reflection from the plasma that moves with the velocity of the

meteoroid.

The SMR velocity distributions are derived from the detection of the Fresnel

diffraction patterns from the developing trileplecha et al.199§. This technique has
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several wellknown detection biases which are present due to various radar sensitivity
effects inherent in this approackhor exampleGalligan and Baggaley2004] reported

results from 5 years AMOR meteorobservations and presented their resultdiae

forms. 1. A6di rect obser ved butiomwitheo correstiens; 2o t y d
6at mospherico di stribution, whi ch includ
meteoroids upon entry and are suggestebe the distribution of the particles that actually

do enter the Badl3tAbépaatmeampebkedhhadfurthearr i but
corrections due to orbital collisioprobabilities betweethe meteoroids and the Earth.

This last distributiorrepresents the heliocentric metedraeelocity distribution of the
solar g st em dust cloud regardless of whet he
atmosphere and become meteors.

The mostimportant bias which affectSMR radars is the height ceilingffect
[OlssonSteel and Elford1987 Steel ancelford, 1991. Thus, meteors with the highest
geocentric velocities form plasntagher in the atmosphere becawsdation occurs
earlier during atmospheric entfyones 1997 Jones et al.200% Vondrak et al.200§.

When the trail is formed at higher altitudes, the initial radius of the trail is larger than the
radar wavelengths because the mean free path of the atmosphere is large, which translates
into a lower electron density and a decrease of the SNReofeturned signal due to
destructive interference within the traiih conclusion, altitude distributions from SMR

radars data peak at ~90 km of altitude with few detections above ~1{Bdtigan and
Baggaley 2004 Janches et al2003, while altitude distributias for HPLA radars peak
between 95 and 110 krdepending on the frequency and the radar sensitivity. Most of

the events at these high altitudes are due to higher geocentric velocity édeches

et al, 2003 Vondraket al, 200§.

Sincea significant number ofmeteor velocity distributions measured with HPLA
radars have been reported, there have been many discussions about what type of biases
these instruments haveuch as the minimum detectable Radar G8mdion (RCS)
which provides a metric to characterthe radar system’s ability tetéct particles with
a given mass and speexhd whether it is possible that the resulting high geocentric
velocity distributions are an effect of a bias against slow meféanshes et al.2003.

In fact HPLA radars are very different instruments when compared one to another. Table
2.1 shows a list of HPLA dars with their signature chatadstics.The combination of
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transmitting peak power, frequency and antenna configuration results in celsnplet
different instrument sensitivities.

Table 2.1.Main charaderistics of HPLA radars used for meteor observatiéteproduced fromdanches et al.

[2008].
Geographical Frequency ) ) Transmitted
Observatory ) Antenna configuration
location (MHz) power (MW)
o 46 m single dish with
ALTAIR Kwajalein Atol 160 422
monopulse
Phase array of 96 cros:
AMISR Alaska, USA 440 . 13
dipoles
. . . 300 m diameter single
Arecibo Arecibo, Puerto Rico 430 ) 2
dish
120 m x 40 m
EISCAT Northern Scandinavia 224 930 2

32 m single dish

) ) 18000 dipoles in a 300
Jicamarca Jicamarca, Peru 50 2

m x 300 m square arra

Millstone- 47 m and 67 m single
Massachusetts, USA 440

Hill dishes

475crossed yagi phase
MU Japan 46 1

array

30 m diameter single
dish

Sondrestrom Greenland 1290

2.2.2.1 ModellingMeteor distributiorusing HPLA radars

This model determines how much, when and where meteoroid mass is deposited in
t he Ear t h 6Fortlastpunmselarithes et a[2006]developed a simple model
that utilizes Monte Carlo simulation techniques to answer the following questions: given
a small volume placed in the MLT, what is the relative number of meteors/oiogd
pass througkhat volume and how does that number depend on the geographical location
andtime?Figure 2.4 shows a diagram with the basic assumptions made for the Monte
Carlo simulation.
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1. Thevolumeobserved by the raderassumed to be a cylinder with the bottom placed
at 70 km and the top at 140 km of altitudée radar beam can be approximated as a
cylindrical beam of the size of ~300 m diameter dastthe case of Arecibo

2. Janches et a[2006] andFentzke and Janch¢2008] took meteor populatiawith

known radiant distributionsand estimaté the contribution from sporadic meteoroid
sourca on the MIFobserved at Arecibdlo simplify the poblem the North and South

Apex radiant sources are modeled as a single Apex radiant source with the combined
attributes of both sourcé€hau and Woodmar2004 Jancles et al. 2009.

3. Fentzke and Janchd2008] considered a geocentric velocity distribution with a
bimodal shape dominated by a fast retrograde component and a slower less dominant
prograde velocity compamt for the Apex source, withB0% of the population centered

at ~55 km &' and ~20% of the population centered at 17.3 Riilse rest of the radiant
sources are modeled with Gaussian geocentric velocity distributions with a peak at 30 km

st

4. Fentzke and Janchd2008] assumedhe mass flux reported b@eplecha et al.
[1998] as initial global input The cumulave flux is then converted to estimate the
number of meteorogicontained in each mass bin for the whole planet in a year, or per

minute per kriby a simple time/area product conversion factor.

5. In order to siralate the observed meteor raiess necessary to introduce the altitude
at which the meteor will be first detected by the radaickvivill be a function of its

velocity ((v) in Figure 2.4).

6. Finally, Janches and Cha{R005] have also shown that having a radiant whose
elevation angle is above tHecal horizon is not a sufficient condition for a given
meteoroid to be detected by the raddre authors suggestddom observéonal results

of diurnal ratesthat this effect may be caused by the ablaibmeteorods at higher
altitudes.That is if the elevation is too low, the particles might ablate significantly before
reaching theVlesosphere and Lower Thermosphere reghhT(). Janches et a[2006]
introduced an empirical model witivo extreme casdsee Figure 2): 1.if the threshold

lengthL is infinity, it implies that any meteoroid whosadiant has an elevation above
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the local horizon will penetrate into thelM and be detected by the radar;f2l is O,
only meteoroids with vertical trajectories (elevatid®09 will penetrate into the MLT
and be detected by the radar.

However,low-elevation radiant meteorsan exhibit a relatively low detectability
due b physical processes related with the interaction of the particles with the air
moleculesA low elevation particle with a high speed will have a large tangentatie
component (see Figure By For example, a particle travelling at 50 krhis the
tangential direction and through the center of the radar beam will need ~12 ms ta cross it
Normally, the intetpulse period used for the observations is JJasches et al2003,
so the lifetime of the particle within the radar beam is long enough to obtain several
samples of suclan event. It is reasonable to think that the probability of detecting a
meteor will decrease as the travelling time of the meteor through the radar beams
decrease However, aganches et a[2006]indicated, it is quite unlikely that this effect

filters low-elevation meteors.

AQ Radar Beam AQO Radar Beam
Side View Top View

(@)

Figure 2.4. Panel a: Diagram showing the basic assumptions made for the Monte Carlo simulation to model the

Arecibo radar observations. Panel b: Diagram showing the effect introducett®ors which have large tangential

velocity components while crossing the radar beam. Reproducedémaches et al. [2006]

Janches et a[2006] assumedhat the sporadic meteoroid population is distributed
among the six known apparent sources: the Namth South Apex, the Helion andta
Helion, and the North and South Toroiddbnes et a).1993. Fentzke and Janches
[2008] used the observations from Arecibo radar and concluded that the North and South

Apex sources represented 33% oéteoroids at 1 AU. The remaining tvloirds of
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incoming meteoroids was divided among the other appaoemces, with the Helion and
anti-Helion sources each contributing nearly 22%, and the North and South Toroidal each
providing 11% of the total flux. Heever, the validation of a radar MIF requires
comparison with observations of the meteoroid atmospheric Rbkib. et al [2013]used

the MU radar talJapan and reported that the Apex contributed approximately 77% and
87% of the predicted and observed meteors, respectively; these values indicate that the
vast majority of the Mlbletected meteors originated from the Apex sources, with the
remaining spordic sources representing a minority of the detections. AccordiRgko

et al. [2013], the modeledcontribution of the Helion andné-Helion sources were
overestimated significantly, with approximately 20% of the detections predicted to come
from these two sourcesltectively and only about 5% of the observed meteors attributed

to them. A summary is shown in Table 2.2.

Table 2.2 Modeled and observed contributions of the sporadic sources to the meteoroid population detected by
the MU radar systenReproduced frorRifko et al.[2013].

Source MU specific MIF MU meteor
model predictions (%) observations (%)
Apex (fast, slow) 76.6 (99, 1) 86.8 (98, 2)
Helion 8.5 2.8
Anti -Helion 9.0 3.0
North Toroidal 5.6 6.6
South Toroidal 0.3 0.8

2.2.2.2. Detection of differential ablation by radars.

Since radars detect only electrons, it is challenging to understand in detail the ablation
process through which these apeoduced while the micrometeoréidchemical
constituents are deposited in the MLJanches et al.20®]. As mentioned abovehe
production of electrons depends on the ionization probability of the evaporating
constituentgJones 1997 Jones et a).200% Vondrak et al. 2008, which depends both
on velocity of the meteoroid and each chemical elendamiches et a[2009] reported
the first studywhich is consistent witlifferential ablation using observations from the
430 MHz Arecibo radar in Puerto RicBorovicka et al[2007] showed that different
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elements ablate at different parationg the train using spectroseopeasurements in

normal bright meteors. However, these are relativelyelpagticles

Janches et a[2009] estimatedte shape and density of the meteor heeb plasma
from the electron line density and meteor velocity as a function of @timabelled by
CABMOD. Figure 2.5 and 2.8lustrate two examples observed on January 22, 2002
(hereafter these figures will be called Cases 1 and 2, respectRaatg) ain these figures
displaysthe Rangelime-Intensity (RTI) image of the meteor and the white ddshline
represents the leading edgfthe pulse from where the meteor altitude as a function of
time is measuredanches and ReVell200g. For Case 1, the initial observed altitude is
110 km andhefinal altitudeis 103 km. For Case 2, the meteor is observed between 103.5
km and 96 km. The measured instantaneous meteor velocities along thiesiigiet are
displayed in paneb, and they are 35 km'sfor Case 1 and 50 knr'sfor Case 2,
respectively. The measured heathoSNR is displayed as a red limepanelc; in both
casesstriking changes in the measured SMRre observeavhich can be related to a
sudden increase (Case 1) or decrease (Case 2) in the rate of production of electrons giving

rise to the meteor head echo plagpenel e)

For Case 1, panel e shows thatéhbancement in the meteor SNR maytmluced
by the rapid and complete evaporatidiNa and K, well before the ablation of the major
constituents becomes significant. For Case 2, the scenario is somewhat different. This
meteor was much faster, and was detected significantly lower than Case 1, so that the
sharp decrease in the productmfnelectrons is likely to have been due to the complete

ablation of the main meteoroid constituents.
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meteor RCS. (e) Ablation profiles of main elements (bottom axigpttdmount of electrons produced (upper

axis). The horizontal line shows the observed enhancement in SNR is due to the rapid ablation of the alkali metals Na
and K. Reproduced frodanches et al. [2009]
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Figure 2.6 Meteor at 51 kmsdetected by Arecibo (Case 2). (a) Meteor RTI, (b) Modelled line and observed
(diamonds) meteor altitudeelocity profile. (c) Modelled (black) and observed (red) meteor SNR. (d) Modelled
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axis). The horizontal line shows the observed enhancement in SNR is due to the rapid ablation of the alkali metals Na
and K. Reproduced frodanches et al. [2009]
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2.2.3. The Zodiacal Cloud Model.

The Zodiacal Clouds a dynamic assembly of meteoroids in bound orbits around the
Sun located within about 2 AUf the Earth. The orbits depend on the particle size,
location in the cloud, and the type of parent bfidgsvorny et al.201Q. Traditionally,
the Zodiacal Cloudhas been described with phenomenological models of dust
distributions to explain the amount of scattered lidgahn et al, 2002 Hong 1985
Ishiguro et al, 1999 Kneissel and Mann1991, the Doppler shifts of the solar Mg |
Fraunhofer lingClarke et al, 1996 Hirschi and Beargd 1987 Ipatov et al, 2008 Mukai
and Mann 1993 Reynolds et aJ. 2004, and the more easily interpagtie thermal
emission observed in various lines of sigkelsall et al, 1998 Maris et al, 2004.

Phenomenological models describe the size, spatial and velociipuatisins of dust
particles in the solarystem[Dikarev et al, 2005 Divine, 1993 Griun et al, 1983.
However, these models cannot explaie prigin of the Zodiacal Cloydts temporal
brightness variability, and the provenancél@®scollected athe Earth[Nesvorny et a|.
20140. In fact, there are limitations to limg the detailed laboratory studies of IDPs and
MMs to the properties of thearent bodies

Detailed dynamical modetsethereforemore useful thaphenomenological models
for explaining the origin of the Zodiacal Clouthe physical properties of IDPs, such as
density, geometric albedo, elemental composition, mineralogy, tensile strength, heat
capacity, etc., are atalroot ofadynamical model. Together these properties describe the
behavior of the particle in interplanetary spalktedynamical models, the individual
particles are tracked by numerical codes as they evolve by various processes from their
sources (asterds, comets, satellites or Kuyper Belt objects) to sinkg,(&hen they
sublimate disrupt, impact or leave the solgstem). Most of the dynamical models have
been developed assuming that the main belt asteamtise dominant source of zodiacal
dug [Dermott et al, 1984 Grogan et al. 2001 Grogan et al. 1997 Ipatov et al, 2008
Nesvorny et al.2006 Reach et a).1997. Flynn[1989]used computer simulations of the
entry heating of large micrometeoritesnd comparison of the collisional destruction and
transport lifetimes of asteroidal dust, to conclude thatzodiacal dust is of asteroidal
origin. However, the contributienof each source have remained in doubt.fact,
Jennisken$2008] concluded that JFCarethe main contributor toneteor freams and
responsible for therdi-Helion/Helion sources in #hsporadic meteor background.
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Models of the Zodiacal Cloutiust explain the lin@f-sight properties, the observed
influx of meteorq Ceplecha et a).1999, and the impact rate of meteoroids on satellites
[Love and Brownlee 1993. Nevertheless, these models use meteora@tbcity
distributions derived from meteor absations, and ad hoc meteoradiktributions
avoiding sources and sinksNesvorny et al.[2010] developed theZCM model
implementing the dynamical characteristics JBiCs HTCs, longperiod OCCs and
ASTs

Originally, the phenomenon of the zodiacal light was attributed to a smooth,
lenticular distribution of cometary debris, centered on the Sun and lying in thegdlan
the ecliptic[Giese and Kinatederl986 Grogan et al. 200]. However, the launch of
IRAS in 1983 [Covault 1983 revolutionized our knowledge of the interplanetary
medium. In essence, brightness profiles of the ZC became available, clearly showing a

level of structure particularly near the ecliptic that could not be explained by the previous

paradigm.
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Figure 2.7. Panel a: IRAS observation of the Zodiacal Cloud inghé d&waveband (solid curve); the structure
around 60° latitude is due to dust in the plane of the Galaxy; by applying a Fourier filter to the IRAS observation, a
smooth background profile (underlying dotted curve) is separated from drieimlency dust bangrofile (solid
lower curve). Panel b: Cross section through idealized dust bands; the angular width of each dust band is twice the
proper inclination of its parental asteroid family; the Earth)(is moving around the Sun within the dust bands.

Reproducedrom Grogan et al. [2001]

Figure 2.a shows thérightness profile ofhe Zodiacal Clod, along with the results
of passing the profile through a fast Fourietefil profile to isolate the neacliptic
featuredGrogan et al. 2001. The unddying dotted curve in Figure 2a/represents the
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background profile, whereas the solid lower curve shows thefregherty dust band
profile. Figure 2.B shows a schematic diagram of a cross section through a dust band
[Kortenkamp and Dermqott1998. The idealized dust band has a constant forced
inclination due to gravdtional planetary perturbatiomghich dictatethe inclination of

the dust band to the eclipticow et al.[1984]suggested thahese dust bands were traces

of collisional debris within the main asteroid belt, based on the determination of their
colour temperature. Howevgasther authorfDohnanyj 1976 Whipple 1967 argued that

the traditional source of the IDPs were the debris of short period comets. As discussed
below, this argment has een reinforced more recently withe dynamical model

developedo explain radar observations of sporadic meteors.

2.2.3.1. Dynamical model for the Zodiacal Cloud and Sporadic Meteors.

The Zodiacal Cloud model developedMgsvorny et al[201Q 2011 comprises Six

parts:

1. Definition of the initial orbital distributions of particles of different sizes from
different sources. As discussed below, thesl&@the main contribtor to theZodiacal
Cloud and Helion/ati-Helion meteors. ThASTs have low impact speeds and #es
likely to bedetected by meteor radars, whereas the meteoroids released frepetmuly

comets contribute mainly theapexsource

2. Tracking the orbital eMution of particleswith various sizes from sourde sink

under the influence of gravitational and radiation fordeadiation pressurewhich
particles experience after release from the parent mthgluded in therbital modelof
Nesvorny et alf2010]. This pressure is proportional to the particle cisestional area,
albedo and the enerdiyix of the radiation field which falls off 31 , wherd is the
distance from the Sun. Consequently, since radiation pressure is a force directed away
from the Sunit opposes the force of gravitgndunder certain circumstances pressure

on a paticle may dominate thgravitationalforce [McDonnell 197§. The ratio of the

force of radiation pressure to the derof gravity on the particles given by the

parameter:

I ug pm— QDA [2.1]
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where0 s the radiation pressure coefficient, andh e par t i'Yc |Opcoasd r adi t
density” are in cgs units;  p for perfectly absorbing particles, whete p.
Nesvorny et al[2010] set0 p, which corresponds tihe geometrical optad limit,
whereR is much larger than the incidelight wavelength. Equation 2.1 considers only
the radial component of the force created by the radiation pressure. Neverfizetedss
have a transverse velocity component, which be the unique component in particles
with a circular orbit. In consequence, the absorbed or reflected photons will tend to slow
down the transverse velocity of the particles, since the solar radiation only has a radial
component [Robertson 1937. This effect, known as Poyntifigobertson drag,
establishes that for initially circular orbits with radius, a particle will spiral into the
Sun in a time:

T X pTYT L Wi i [2.2]
whereR and} are the radius (in meters) and density (in kK§ of the spherical particle,
and] is the initial radius of the circular orbit in AW;is the fraction of the momentum
of the incident (on the particle) light beam transmitted to the partide.examge,
assumingR = 500 um and = 2 g cn?, the PoyntingRobertson drag lifetime i
¢® p myears. FinallyNesvorny et al[2011] assumed that the solatind drag force
has the samtunctional form as the PoyntiAgobertson term and contribute80% to
the total drag intensity.

3. Some solarystemmeteoroids can be destroyed by collisions witlkeotrarticles and
by heating whicltan lead tahevaporization of minerals. The remaining grains tién
mainly be composed oaimorphous silicates and will survive down to very small
heliocentric distance Nesvorny et alf2011] followed the criteria oMoro-Martin and
Malhotra [2002], KesslerSilacci et al.[2007] and others for which a patte can be
thermally destroyedvhen the grain temperature reaclle®® 1 5 0o sikplify,
particles can be treated as a black body, abTtle ¢ Yjt] K. As a reslt, there are
two extremes: 1. &ticles withD m 100um andT O 1 5 @Houldkbe removed when
reaching MO0.035AU; 2. The smallest particles considered[byesvorny et aJ.2011],

D é 10pum, haveT =1500K at] & 0.05AU. Thus,Nesvorny et al[2011] opted for a
simple criterion where particles of all sizes were instantly destroyed when they reached
1 8T LAU.
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4. The analysis of the effect of disruptive collisiond@Psis difficult to model using

a full collisional cascade in a computer code, due to the exponentially increasing number
of particles fragments, which exceeds®®1for D > 30 um[Nesvorny et a). 2006
Nesvony et al, 201G, making anN-body integrationmpractical In order to simplify

the problemNesvorny et al[2010] assumed that the collisional lifetime of particles is

t 'O and stopedthe N-body integration of diamet& particlesfoo 1t O .They
assumed that particles keep the sdnéor 6 t 'O and vanish ab t ©O.
Effectively, this is a crude approximation of the real collisional cascade, in which particles
can be eroded by small collisions and do not vanish upon disruppeaets (but produce

a range of new particle size®esvorny et al[2010] choset 'O based on estimates

of satellite impact rates and meteor observations. For exa@nile,et al.[1985]argued

that the collsional lifetime ofD = 1 mm particles at 2.5 AU should be £30s. The
PoyntingRobertson drag lifetime of these large particledbénsignificantly longer than

t O pda, indicating that they must disrupt before they evolvePmynting
Robertson dragn the case of smaller particles with< 10 um,t L T due to the

lack of smallD < 1 um impactor parties that are blown out of the solaisteem by
radiation pressuréDermott et al, 200]. Consequently, sincé L T for small
particlesand | T forlarge particles, there must be an intermediate size for which
t Dt .Grinetal[1985]argued that this size must be near 100 um, and so this size
is expected to be very abundant in the Zaali&loud In fact, this is consistent with the
LDEF measurements which estimate a dominant population with D ~ 200 un¥dt

AU [Love and Brownleel993.

5. Particleswere assumed to be isothermal aagidly rotating spheresthey emit
thermal radiation from a surface of ar¢ay , and absorption was assumed to occur with
an effective cross sectidnY . Nesvorny et al[2010] set the emissivity & wavelength

of 25 um to be 1 and tiéd the emissivities at 12 um and 60 um. They found that the
relative emissivities at 12 um and 60 pum that match the data best ai@ 057&nd 0.95

1, respectively. For those estimates, theyiaesl silicate particles with some carbon

content.
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Figure 2.8 Panel a: Mean IRAS profiles at 12, 25, and 6@wavelengths; the selected IRAS scans were centered at
the ecliptic. Panel b: Comparison of the 25 profiles produced by different sources with IRAS observations; the
coloured lines show profiles expected from different source populations: astenaids)(gJFCs (red), and HTCs

(blug). Reproduced frolesvorny et al. [2010]

The thermal radiation of the particles is detected bleadepe observing at midfrared
wavelenghs. To compare the results withe IRAS observations shown in Figure 2,8a
Nesvorny et al[2010] modelled theorbitally envolving particles and prodwtafrared
fluxes that a spaekorne telescope would detect depending on its location, pointing
direction and wavelength&igure 2.& shows themean fluxes at 12, 25, and 60 um
wavelengths as a function of ecliptic latitude. As indicated above, the model is

constrained byhe IRAS observations of thermal emission.

6. A small fraction of the particle population is accreted by the Earth, producing
meteors. To estimate the terrestrial accretion rate of metephedsorny et al[2010]

took theBottke efal. [2005] model based o r e e n b e AlgM[&reenleng 1883.

In essence, these models ¥sp i k 0 s [Opikh1©51] toyssess the accretion rate. The
model used b\Nesvorny et al[2011] evaluates the radiants of the impacting particles,
accounting for all impact configurations as well as weighting the results by the probability
with which each individual corguration occurs, including focusing. The radiants are

calculated before applying the effect of gravitational focusing.

As discussed in more detail in the next sectid@svorny et al[201Q 2017 found
that JFCs are thare the main source of the meteors arriving at the Earth from the

Helion/antiHelion directions. To match the radiant and orbit distributions, as measured
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by the CMOR (Canadian Meteor Orbit RadandAMOR radarstheir model implis all
cometary particles must frequently disintegrate when reaching orbits with low perihelion
distances.

2.2.32. Contribution of cosmic dust sources to the Zodiacal Cloud

Estimates of the source contributions to the ZC from several studissnanearized
in Table 2.3. These estimates were based on the IRAS satellite and COBE observations,
on cratering rates, shape of microcraters, etc., and depend strongly on the assumed particle
size of migration of IDPs produced by different small badlpatov et al.[2008]
considereda wide range of particle masses, whereas other authors used results of
calculations for one or two sizes of particle®u et al.[1995] considered 9 um diameter
dust particles, and studies Gprkavyi et al[2000] andOzernoy[2001] were based on 1
and 5 um particle moding. A significantfraction of cometary dust inearEarth space
has been proposed BputhwortiH1964], Liou et al.[1995], Zook[2001] andNesvorny
et al.[201Q 2017]]. Based on cratering from an ensemble of Eaatid Lunaforbiting
satellites,Zook[2001] reported a cometary contribution of ~75&rogan et al[2001],
Dermott et al[2001] and Wyatt[2005] suggested that at least 30% of the IDPs comes
from the brealup of the asteroids, whereBgrmott et al[2002] concluded that Earth
accretes mainly asteroid dust.

Figure 2.® shows the 25 um wavelength emission flux of particles With100 pm
by different source populations and, as discussédeisyorny et a[2010], these profiles
do not depend significantly on the size of the particle. ABd's profile presents a very
sharp peak centered at eclipticthfs profile is compared with the observed one, it can
be concluded that a broader distribution of orbital inclinations is appareseiyed to

match the IRAS measurements.

The profile produced by the HTC particles is broatlantthe observed one (Figure
2.80). Dust released by HTCs is expected to be concentrated along certain locations on
the sky making it difficult to explain themodh profile of the zodiacal dust. In Figure
2.8b does not represetite OCC particlessincethey have a nearly isotropic inclinai
distribution In conclusion, AST, HTC, and OCC particles cannot match the observed

profile of the Zodiacal Cloud.
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Table 2.3 Fractions of cometary, asterat] and transneptunian particles among the Zodiacal Cloud, constrained

by different observations. Adaptéwm Ipatov et al[2008].

. Fraction of cometary  Fraction of asteroid Fraction of trans-
References Observations used .
dust dust Neptunian dust
Zook[2001] Cratering rates from 0.75
Earth and Lunarorbiting
satellites
Liou et al.[1995] IRAS obsenrations of the 0.67-0.75
shape of the Zodiacal
Cloud
Gorkavyi et al[2000}, COBE/DIRBE 0.36 0.3 0.34
Ozernoy{2001] observations of the
brightness vs latitude
Grogan et al[2001]; Dust bands >0.3
Dermott et al[2001};
Wyatt[2005]
Dermott et al[2002] Dust bands Most
Brownlee et al[1993}; Shape of microcraters >0.7
Vedder ad Mandeville
[1974], Fechtig et al.
[2001]
Nesvorny et al[2006] IRAS observations of dusi Dominated for high speec 0.05-0.09 for
bands cometary particles Karin/Veritas particles
Ipatov et al.[2008] WHAM observations and 0.40.7 0.305 00. 1

observations of number o
density

Nesvorny et a[2010] IRAS observations of dus' 0.85-095 for JFC particles

bands
RowanrRobinson and IRAS and COBE 0.6-0.80 0.2-0.4
May [2013] observations of midR
emissions of the zodiacal
dust
Yangand Ishiguro[2015] Optical properties, 0.94 0.60

albedo, and spectral
gradient of zodiacal light

Finally, the width and the shape of the modelled JFC emissiompfafite in Figure
2.8 closely matches the observations. A slight difference is apparent for large ecliptic
latitudes where, shown here f@r= 100 um andt p &t 1t wr, the model fluxis
slightly weaker than the one measured by IRASs difference could be explained if: 1.
Slightly smaller JFCparticles were used, and/or 2hél Zodiacal Cloud has a faint

isotropic componeniConsequently, this close resemblance of the modelled i pr
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with IRAS data is a strong indication that JFCs are the dominant source of particles in the
Zodiacal Cloud.

2.3.MODELING ABLATION AND COSMIC SPHERULE PRODUCTION

Figure 2.@ shows a histogram of the particle mass distributions for each of the three
models considered here. The mass distribution is expressed in terms of mass flux per
decade versus the mass range fidM to 0.1 g, which covers the bulk of the incoming
daily material[Ceplecha et a).199§. For the LDEF andHPLA radar distributions
(hereafter eMIF and FMIF), the median input mass of the incoming dust particled @

g, with atotal input rate of 110 + 55 t'dLove and Brownlgel993 and 14 + 3 t ¢
[Fentzke and Janche8008 Janches et al.2014, respectively. br the Zodiacal Cloud
model (hereafter-MIF), the mass distribution is shifted to smaller mass ranges with a
median input mass 6fl pug The total input rate in theMIF model is 34 + 17 t 4,
although there may be &D% of additional mass input froMSTs and Long-Period
Comets [(PC9. This aspecwill be discussed in Chapter 4

Figure 2.9b depictthe entry velocity distributions of the three models. The velocity
ranges from 11.5 knmrsfor particles in a prograde orbit to 72.5 krh fer those in a
retrograde orbit. The-KIIF velocity distribution is sharply peaked to low velocities
(average = 14 kn1%3, since the majority of particles are predicted to be in-pezgrale
orbits originating from the elion and antHelion sporadic sarces [Nesvorny et al.,
2011].

In contrast, the-MIF velocity distribution depends strongly on the mass range. For
masses) O ., the V@lgcity distribution follows a bimodal trend where the dominant
peak is located at 30 kmi &ind there is a secondary maximum at 55 Km\ieanwhile,
there is a single peak at 55 knm ®r masses< 0.1 ug because the-MIF takes into
account only the portion of the incoming flux that is detectable by the[faelatzke and
Janches200§. In the case of the-MIF, the LDEF \elocity distribution (Figure 219) is
taken fromMcBride et al[1999] and has an average of 18 krh s

We assume the particles have an ordinary chondrite composition (essentially
MgFeSiQ with small amounts of other metal oxides) with a melpogt of 1800 K, as
discussed in chapter 1. This is supported by the analysis of GGiR&Vild 2 dust

sampleqdGainsforth et al. 2019 and the observation thatt$pe asteroids, the probable

-52-



Chapter 2 On the size and velocity distribution of cosmic dust particles entering the atmosphere

parent bodies of ordinary chondrites, are the dominant group between 1 and 2.4 AU
[McSweenl99)]. The particles are also assumed to be fully mixed with a particle density
of 2 g cm?® [Vondrak et al.200§.
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Figure 2.9. Panel a: Histogram of the particle madistribution. Ranel b: entry velocitgistributions for the MIF
(black), dMIF (red), and eMIF (blue). Reproduced froBarrillo-Sanchez et al. [2015]

CABMOD predicts the ablation rate profiles of Na, K, Fe, Mg, Si, Ca, Al, and Ti. If
the meteoroid has not ablated completely, then the model determines whether the particle
melted at any point along thijectory and thus became a cosmic spherule, or survived
entry unchanged to become an unmelted micrometdaiv). Complete melting of
the particle, and hence formation of a spherule if only partial evaporation of the particle
subsequently occurs, issagned to occur if the meteoroid temperature reaches 1800 K
[Vondrak et al. 200§. Solidified spherules are denser than cosmic dust particles; here
we use a mean density of 3.2 g'tfKohout et al. 2014 to estimate the spherule size for

comparison with measurements.

For simplicity, CABMOD was run with a constant atmospheric density profile
(March, 40°N),assuming a Cl chondrite composition (s&adrak et al[2008]for more
information). Each meteoroid in theMIF and zMIF models has a specified mass,
velocity, and entryangle. These models contain 21Dk and 6.74.C° individual IDPs
respectively. In view of these very large numbers, the following procedure wpkedd
to integrate efficiently across the mass/velocity/entry angle distributions. Each mass
decade in the distribution was divided into five bihsvionte Carlo procedure was used

to sample the particle velocity and entry angle distributions of partigtes each bin,
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and the resulting elemental ablation profiles and residual particle nveessaso>-added.

The results for each bin were then summed to yield the integrated ablation profiles.

Figure 2.1Ghows how the CABMOD model has been combined wittoate Carlo
technique to sample the particle velocity and entry angle for a specified mass. For each
particle, CABMOD predicts the changes in velocity, altitude, temperature and mass until
either the minimum temperature/mass or the lower limit altitudeeashed. After
integrating, we evaluate either if theeteoroichas evaporated completely or if there is a
final residual mass. In this sense, cosmic spherules will be those micrometeorites which
have experienced alteration by frictional heating when plasg through the atmosphere,
whereasUMMs can have been thermally metamorphosed but not melted. Finally, the
total ablated mass for each individual particle is added to get the distribution of elemental

ablation profile for all metallic species.

In orderto determine the minimum number of particles that should be sampled in
each bin, the ratios of the integrated ablation profiles for each metal relative to Na were
compared for different sample sizes. No significant improvement was observed when
increasingthe sample size above 200. For instance, for {NeFzmodel, the ablation
ratios for a sample size of 200 were Fe:Na = 5.9 + 0.2, Mg:Na = 4.0 £ 0.2, and Ca:Na =
(6.1 +0.5) x 16, compared with Fe:Na =5.9 + 0.1, Mg:Na = 4.0 + 0.1, and Ca:Na = (6.2
+ 0.3) x 10 for a sample size of 500. The total numbers of particles sampled were then
9500, 8600, and 11,200 for théViiF, r-MIF, and dMIF, respectively. In the case of the
d-MIF model where the entry angle is not specified, a constant value of 35° @ds us
since the integrated ablation rates are relatively insensitive to this parfvfeatdrak et
al., 200§.
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2.4.RESULTS AND DiSCUSSION

2.4.1. Differential Ablation.

The elemental ablation rate profiles for the three models ategliot the panels of
Figure 2.11 These profiles are integrated over the meteoroid velocity, zenith angle (in
the case of the-KIIF andr-MIF), and mass distributions to yield the total ablation rates
of the individual elements. In all cases, the most volatile elements (Na and K) ablate 10
15 km higher than the main constituent elements (Fe, Mg, and Si), which in turn ablate a
few kilometes higher than the most refractory elements (Ca, Al, and Ti). As expected,
the ablation profiles for theMIF model are 1@0 km higher than the corresponding
profiles for the zMIF and dMIF models because of the much fasteloeity distribution
(Figure2.9). As a result, sputtering is also more important infkiéF model. Note that
although the velocity distribution for theMIF model is shifted to somewhat higher
velodties than the MIF (Figure 2.B), the larger particles in ¢hdMIF distribution
(Figure 2.@) take longer to reach melting point with the result that ablation persists to

lower altitudes than in theMIF.

140
120,

100

z/ km

80 -‘.'::'.::‘..,‘.‘.‘.‘.‘.‘
'

60 L vl ul Li vl Lol " P T I L T L A u sl 4yl w L
10° 10" 10? 10° 10* 10° 10° 10' 10® 10 10* 10° 10° 10' 10% 10° 10* 10° 10°
Injection rate/ atom m™* s™' Injection rote/ atom m™® s™' Injection rote/ otom m~* 57!

Figure 2.11 Ablation rate profiles for individual elements, integrated over the available mass ranges-dithe z
d-MIF, and the ¥MIF models. The meteoroid mass covers the mass rantj@d®g (zMIF and r-MIF) and 10
102 g (d-MIF). Reproduced frortarrillo-Sanchez et al. [2015]

Table 2.4 lists the global mass balance for each model: that is, how the incoming
mass is partitionedetween UMMscosmic spherules, and the ablated mass. The ablated
mass is then broken down by elemi@hé percentage of each element which ablates from
the incoming total is also listed). TheMdF and the fMIF models are at opposite

extremes: 91% of the total mass ablates in 4 model compared with only 12% of
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the mass in the-KIIF. This significant difference largely arises because of the fast
velocity distribution of the-MIF. The differences between the models are even more
dramatic when considering the comparative ablation rates of individual elements. Starting
with Na, which is a relativelyalatile metal and therefore ablates efficiently, 40% of the
total incoming Na ablates in the case of tHdlE model compared with 95% for the r
MIF. In fact, the Na ablation rates are almost the same for both models ), bécause

the smaller totamass input of the-MIF is compensated by the higher ablation fraction
of Na. For more refractory metals, the dust velocity distribution becomes more critical.
Taking Ca as an extreme case, only 2% of the incoming Ca ablates foiMlie z
compared with 5% for the rMIF. The dfferential ablatiorratio (DARY* is defined as a
departure from the chondritic ratio of two elements. The chondritic Na:Ca ratio is 0.96
[Asplund et a].2009. For the fMIF, the Na:Ca ratio increassbghtly to 1.5. In contrast,

the zMIF exhibits pronounced differential ablation with a Na:Ca ratio of 16.1.

Table 2.4 Global mass bance of the MIF, d-MIF, and rMIF models. Note that the mass flux of ablated
atoms is broken down by element in tlaéidized suktable, where the number in parenthesis shows the percentage
fraction of each element that ablates from its total atmospheric iRgyroduced frortarrillo-Sanchez et al.

[2015].
Mass flux Z-MIF (td b d-MIF (td b r-MIF (td-b)
Unmelted micrometeorites 22.0 23.2 0.3
Cosmic spherules 8.1 35.4 1.2
Ablated atoms 3.9 51.4 12.5
Na 0.1 (40%) 0.7 (83%) 0.1 (95%)
K 0.01 (36%) 0.07 (76%) 0.01 (86%)
Fe 1.5(16%) 17.2 (56%) 3.7 (94%)
Si 0.6 (11%) 7.9 (45%) 2.0 (90%)
Mg 0.4 (8%) 6.6 (41%) 1.8 (88%)
Ca 0.01 (2%) 0.3 (20%) 0.1 (52%)
Al 2.410% (0.5%) 0.08 (6%) 0.05 (28%)
Ti 5.4105(2% ) 1.4108 (18%) 6.510%(65%)
o 1.3 (10%) 18.5 (45%) 4.6 (87%)
Total 34 110 14

The velocity distribution of the-MIF is only slightly faster than the-kIF (Figure

2.%). Thus, similar ablation behavior might be expected. However, -ti&é~dnass

4 The differential &lation ratio (DAR) of a metat relative to Na is defined as:

DO £ @M VETAEMM QO @R QA QQ
DO £ MM VETAEM 3 Qa QM QQ
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distribution is shifted to much heavier particles (Figur8al which exhibit less
differential ablation because they reach higher temperatures during atmospheric entry, so
that a higher fraction othe refractory elements ablatEidure 12in Vondrak et al.
[2008]). Thus, the Na:Ca ratio for theMIF model is only 4.6.

The differential ablation ratios of Fe, Ca, Mg, and K relatito Na are shown in
Figure 2.1Zor the three models. The abscissa is the ablation ratio required to match the
modeled mesospheric metal layers, within the framework &MAECM mode| against
observations by lidar and satellfteéeng et al. 2013 Langowski et a).2014 Marsh et
al., 2013 Plane et al. 2014 Vondrak et al. 200§. The ordinate axis represents the
ablation ratios from Table 2.4. The black points show the rel&@lvehondritic ratios
used in the CABMOD mode[Vondrak et al. 200§ and so illustrate theatios

corresponding to an absence of differentiahtibh.
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Figure 2.12 Ablation rates for Fe, Ca, Mg, and K relative to Na, produced by-&-z d-MIF, and ~MIF models,
plotted against the relative input rates required to model the global metal atom layers in the MLT. Thieesislid
the 1:1 correlation line. Reproduced frddarrillo-Sanchez et al. [2015]
Because Na ablates very efficiently, differential ablation of other elements leads to

points vertically béow the black points on the Figure 2.1Phe further the points lie
above the line of 1:1 correspondence, then the smaller the degree of differential ablation
that the cosmic dust model is ptmihg. Inspection of Figure 2.Xhows that Na anl
ablate essentially in their chondritic ratio; hence, the points for all three models lie on top
of each other. In contrast, as the elements become more refractory, a larger degree of
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differential ablation is exhibited. TheMIF produces very little dierential ablation for

Fe, Mg, or Ca, whereas theMidlF produces a Ca:Na ratio that is close to that required by
WACCM. However, even the-lIF does not produce sufficient differential ablation of

Mg and Fe, one possible explanation for this is that arighed in cometary patrticles,
compared to the CI ratio. Indeed, Na enrichments in cometary particles have been
reported recentljGainsforth et al.2015 Schulz et a).201].

2.4.2. Accretion of Cosmic Spherules.

Cosmic spherules have been found in a multitude of terrestrial environments: in the
swamps of SiberiKrinov, 1959, in desert sandd-redriksson and Gowdy1963, in
beach san@Marvin and Einaudi 1967, in deep sea sedimerj®rownlee et a].1977,
in lithified abyssal sediments exposed on |§@dajkowski et a].1983 Jehanno et a/.
1987 Taylor et al, 1991, i n  Gr reef-watendrathége basirj$laurette et al.
1987 Maurette et al. 1984, in Antarcticsediment§Hagen 1988 Koeberl and Hagen
1989, and in ices cord¥iou and Raisbe¢lk 99Q.
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Figure 2.13 Fluxes of micrometeorites estimated from different collections in deep sea sediments and polar

collections. Reproduced froRrasad et al. [2Q3].

Figure 2.13illustrates fluxes of MMs and IDPsstimatedfrom different sources
[Prasad et al. 2013. It is evident that the fluxeBom the deepsearegionsare much

lower thanthose from the polar regionshe main reason of this significant difference is
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that measurements of deep sea sediments is made by measurements of Os and Ir

concentrations, whereas ice core estimates are based on partioulste

The South Pole Water Well (SPWW) is a@4diameter by 15n-deep melt pool
100 m below the surface. It supplies potable water to the Amw&is®h South Pole
Station. Owing to the large volume of ice melted, the well is the largest souvtiof
yet discovered. In principJeéhe compresseshow polar ice geserves a record of melted
andunmeltedMMs in an environment low in terrestrial debiBecause contamination of
the well by fuel is a major concern, a lkemperature EPDM (ethylene propylene
dienemonomer mat) surrounds the wellhead and extends ol ffrapresent thesithe
flux of spherules for the-MIF, r-MIF, and zMIF distributions have been calculated and
thencomparedvith the spherule global flugstimated byraylor et al.[1998], 4.4 + 0.8
t d, which wasestimateda usinga collection of thousands of welreserved cosmic

spherulesn the size range of 5800 pm

The flux of spherules in this size range for tRlE model is6.8 + 3.4 t &, which
is in good agreement with the South Pole measurement. In contrast, the spherule flux is
only 0.5 + 0.1 t ¢ for the EMIF, and the eMIF model produces a much higher flux of
29.7 + 14.9 t &. The spherule flux estimated from th&lF model also falls within the
range of1.4-19.2 t d' from the deefsea sediment recof@Peng and Lyi1989. Lastly,
Maurette et al[1987] reported a spherule flux 6£0 t d* within the size rang&0-300
um, from micrometeorites collected in the Greenland ice cap. IMd#-zmodel again
provides the best agreement with a fluthis size range @.2 + 3.1 t ¢, compared with
0.4 +0.1tdand25.9 + 13.0 t dfor the kMIF and dMIF models, respectively.

2.4.3. Input Fluxes of Na and Fe.

We now compare the absolute ablation fluxes of Na and Fe to observations and
models. Nand Fe resonance wistdmperature lidars have recently been used to measure
the vertical fluxes of these metals in the MLT. Gardner and coworkers have reported two
estimates for the global Na input flux@28 + 0.05 t @ [Gardner et al. 2014 and0.30
+ 0.05 t d' [Huang et al. 2019, which are a factor of 2:8.0 times higher than the z
MIF model. In the case of Fe, the liglasised estimate @f29 + 0.75 t d [Huang et al.

2019 is a similar factor of 2.9 times larger than théMiE. Given that the stated
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uncertainty in the-MIF is a factor of ZNesvorny et aJ.2011, thisdiscrepancy may not

be as sigriicant as it appears.

HPLA radars mostly observe a different group of relatively fast particles, as
evidenced by the completely different vety distributions in Figure 29[Janches et
al., 2014. Thus, to a first approximation, théviiF can be added to theMIF, yielding
(from Table 2.4) Na and Fe fluxes of 0.2 & t d*, which are reasonably close to the
lidar-based estimates. Interestingly, this Fe flux is in sensible accord with the accretion
rate of meteoric smoke patrticles in polar ice, which indicates a global Fe ablation flux of
around8 + 4 t d* [Dhomse et a).2013. However, it should be noted that although the
cosmic spherule flux would be little altered by adding the two MIFs together (since the r
MIF produces relatively few spherued able 2.4), the degree of differential ablation for
Ca, Mg, and Fe would be wortean for the 2MIF alone.
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Figure 2.14 Approximate size and shape of the South Pole Water Well (SPWW) in December 1995. Reproduced
from Taylor et al. [1998]

2.4.4. Model uncertainties.

One parameter in CABMOD to which there is significant sensitivity is the melting
point of the particlgVondrak et al. 200§. This is set to 1800 K, as mentioned above,
which is typical for olivine MgFex1- xSiOs of compositiorx = 0.5 (that is, a Mg/Fe ratio

~1, as found in both-§/pe asteroidal and cometary particlé&’e have rerun the model
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with the melting point varied from 1700 K (x = 0.25) to 1900 K (x = 0.75). For the z
MIF, which is most sasitive to this parameter, the cosmic spherule production rate
decreases fror@.4 t d' to 6.9t d*, which is only +16% from the standard model. The
effect on the ablation ratios is alsmall (Rgure 2.12and Table 2.6 For example, the
Fe:Na ratio increases from 6.13 to 7.30 and the Ca:Na ratio from 0.06 to 0.07.

The metal atom injection rates in WACCM are optimized to yield the best fits to
metal layer observatiorj§eng et al. 2013 Langowski et a.2014 Marsh et al, 2013.
The uncertainty in the absolute metal atom concentration measured by lidar is typically
+30%, similar to satellite measurements of Mgngowski et a.2014. The uncertainty
in the measured metal atom:Na ratio is thus £42%. In WACCM, the trar{spsidual
circulation anddiffusion) and concentration fields of the neutrals (O, H, €X.) and
charged species (NDQO;", and electrons) affect all metal species in the same way and
should not contribute to the uncertainty in the metal atom ratios. Of course, there is
uncertainty in the metal chemistry, both in individual rate coefficients (~30 reactions per
metal[Plane et al. 2013) and the posbility of unknown reactions. However, a fairly
strict test of the completeness of the chemistry of a particular metal is that the modeled
metal atom layer satisfactorily reproduces the peak height, width, top and bottom scale
heights, and diurnal/seasoneriations [Plane et al. 2015]. Thus, the additional
uncertainty in the chemistry is likely to be comparatively small, and so the uncertainties
in the metal:Na ablation ratios required by WACCM (a&sa&iin Figure 2.1)2are
probably no more than £60%.

Table 2.5 Global mass blance for zMIF with the melting point varied from 1700 K and 1900 K. As can be

seen, there is only a modest change in the cosmic spherule production rate.

Mass Flux 1700 K 1800 K 1900 K
Unmelted MMs [t d 20.0 22.0 22.4
Spherules [t d] 9.4 8.1 6.9
Ablated Mass [t d] 4.6 3.9 4.7

2.5.SUMMARY OF THE CHAPTER

This study shows that a significant fracti
atmosphere needs to consist of srab pg)and slow(< 15 km &) particles in order to

explain the measured accretion rate of cosmic spherules at the surface, as well as the
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significant differential ablation of the more refractory meteoric metals with respect to Na
in the MLT. Of the three MIFs selected for this stuthg Zodiacal Dust Cloud model(z
MIF) seems to do best when judged against these criteria.

However, there are at least two unresolved issues. Farsthes et af2014] have
shown that the-MIF predicts a flux of relatively fast particl¢s 15 km <) which are
not observed by HPLA radars; this suggests that further refinements to the JFC
component of the-MIF are required, even before other components (asteroidal, long
period comets) are added. Second, the metal ablation rates required to modedride F
Na layers in WACCMFeng et al. 2013 Marsh et al, 2013 are factors of & times
smaller than the-MIF (Table 2.4) and Q4 times smaller than liddrased estimates
[Huang et al, 2013. One implication is that additional vertical transport in the upper
mesosphere is required to accommodate increased metal ablation dgiesdaicanetal
layers which still matchobservations. This would have wider implications in the
increased downward transport of heat and chemical constituents such as atomic O and
NO.
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CHAPTER 3: A NOVEL INSTRUMENT TO MEASURE DIFFERENTIAL ABLATION OF
METEORITE SAMPLES AND PROXIES: THE METEORIC ABLATION SIMULATOR (MASI)

3.1.INTRODUCTION

The Meteor Ablation Simulator (MASIhas been developed at the University of
Leeds toimprove and benchmark CABMOD predictions with experimental Na, Fe and
Ca ablation rate profiles. MASI is the first laboratory experimentalgahat allows
simulations of atmospheric ablatic be conducted under realisttone-resolved
conditions The comparison of homogeneous, single mineral CABMOD simulations to
the MASI experimental data using meteoritic IDP analogues highlights the complexity of
the process of melting and evaporation of IDP mineral assemblages, but also the
usefulness of CABMOD forcalculating elemental yields of volatile (e.g. Na) and
moderately refractory (e.g. Fe) elements.

An important assumption in CABMOD is the mineralogy of IDPs. The composition
and origin of IDPs has been debateddecades e.dvlackinnon and Rietmeijdi987].
The current view is that IDPs are mainly of cometary origin and related to carbonaceous
chondrites[Noguchi et al. 2015 Taylor et al, 2013, in contrast to the terrestrial
meteorite record, composed mostly of ordinary chondrites. About 75% of IDPs are
estimated to be Cl and Ghke fine-grained aggregates containing a variety of anhydrous
and hydrated silicate minerdlSaylor et al, 2013. Hydrated silicates undergo chemical
and mineralogicateactions above 900 fGreshake et al.1998 and the melting points
of anhydrous minerals span a range of temperature between ~1400 and 2200 K. The
uncertainties about the most frequent IDP composition and the tecbhallnge of
modelling melting and evaporation of multiphase aggregate particles have imposed the
current working assumption in CABMOD of single mineral (olivine) IDPs, justified by
the high recurrence of this mineral phase in IDPs and by the evolutigdmaited silicates
into anhydrous silicates at temperatures well below melting during atmospheric entry
[Greshake et gl.1998 Sandford and Bradleyl989. It is important to notdghat in a
single phase monolithic olivine particle, trace volatile constituents can only evaporate
after the melting point of Mgich olivine has been reachefdX 1800 K), since diffusion
in the solid phase is slojfCapek and Borovicka2009. Moreover, the evaporation of
refractory elements such as Ca can only occur once Mg and Si have b¢alekasider
et al, 2003, which implies that their evaporation is extremely dependent on mineralogy.
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In order to reduce uncertainties in ablation modelling it is clearly necessary to set
CABMOD on solid experimental ground. The first objective of this studyg torefine
and valida¢ CABMOD using a laboratory experimental -sgt which, for the first time,
enables timeesolved snulations of the melting of IDRnalogues and the subsequent
evaporation of their major elemental constituents under conditions of atmospheric entry.
Specifically, the assumptions of monolithic IDPs with a single mineral compositid
of Langmuir evaporation need to be tested. The second, related, objective is to test the

CABMOD prediction of differential ablation of Fe and Ca with respect to Na.

There have not been mga attempts to simulate micrometeoroid ablation in
laboratory experiments. Most previous studiage focusd on understanding the thermal
processing of micrometeorites retrieved on the ground both from a textural and
compositional perspective, in orderitder their origin[Greshake et al.1998 Sandford
and Bradley 1989 Toppani et al. 200]. More recent experimentssing pyrolysis and
gasphase infraredpectroscopy have also attempted to quantify the yiesdlphur, CQ
and HO in order to estimate the potential impact of micrometeoroids on planetary
atmospherefCourt and Sephtqr2009 2017.

The MASI instrument has been developed to study meteoric ablation in the
laboratory. The instrument is designed to test the various assumptions in a model like
CABMOD: in particular, the melting and evaporation rates of the elemental constituents.
IDP anabgs (for example, grourdp meteorite particles) of radius 9 to £50 are heated
to high temperatures (2900 K) in just a few seconds, thus mimicking their heating profiles
during atmospheric entry. During this time the tiresolved ablation of the metall
constituents is detected by laseduced fluorescence (LIF). From these measurements,
it is possible to test both the thermodynamic model within CABMOD as well as the use

of the HertzKnudsen relation to describe evaporation.

3.2.EXPERIMENTAL SETUP

3.2.1. System description.

The MASI system consists of a filament mounted in a central chamber, pumped down
to ~15 Pa. The chamber has 8 horizontal flanges as well as larger flanges at the top and
the bottom of the chamber (Figu3.1). These 10 porédlow: 1.Access to the filament
2. The electrical feedthrough for the filamgBt Two detection lasers; Lerpendicular

to them, twophotomultipliers; 5A viewport for the pyrometeand 6. An exhaust outlet

-65-



Chapter 3: Anovel instrument to measure differential ablation of meteorite samples and proxies. The Meteoric Ablation Simulator (MASI)

(Figures 3.1 and 3.2). The filament is adaten ribbon (Sigma Aldrich) 25 mm in length,

1 mm wide and 0.025 mm thick. It is typically mounted such that there is a flat surface in
the middle on which the particles are placed (Figure 3.1b). It is mounted on a terminal
block of an electrical feedtbugh which is connected to a DC power supply (Delta
Elektronica ES 0180). The currents used range from 0 to 5 A (0 to 1.7 V); at the
maximum current, filament temperatures in excess of 2873 K are produced. A typical
filament might last for 100 or so heay profiles. Filament lifetime can be extended by
not overloading the filament with sample and using the lowest temperatulessarapid

heating ramps possibte limit the heating rate of the sample

photomultiplier
[laser 1'in |
ﬁ I | photomultiplier |
N\ | laser 1 out
NN
o [ 'E.I
main chamber - side view

| quick-access flange |
\ ]

‘j filament (with dust particle sitting on it)]

MASI:
side view

=" electrical feedthrough |

Figure 3.1 Top (a) and sidéb) views of MASIReproduced frorBones et al. [2016]
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Figure 3.2 Photograph of the MASI set up. The directions of the laser beams and the orthogonal fluorescence
detection directions are hidjlghtedin yellow (sodium LIF detection) and green (other metal LIF detection). All laser
beams are on the horizontal plane. In this set up, the pyrometer is mounted vertically above the MASI chamber.
Reproduced frorBones et al. [2016]
The filament temperature is measured with a rapid response pyrometer (System 4,
R1 ratio thermometer, Land Instruments). This ratio pyrometer is capable of measuring
the temperature oflgects less than 1 mm wide with a stated time resolution of 1 ms. Its
operating temperatures are 122873 K. This temperature range proves sufficient to
recreate temperature profiles for ablatiof small particles (radius-850 em) entering
t he E amospgler@ st maderate velocities ¢4 km s'). Accurate temperature
readings ely on the pyrometer being faeed on the filament, close to the point where the
particles are. The pyrometer calibration was checked by heating an iron filament to
meltingpoint (1811 K), whereupon the filament melted.

Metal atoms ablated from the IDP analog particles are detected with the LIF
instrument. At the time of writing, the system has been configured to measure the ablation
of sodium, iron and subsequently calcidmprinciple any combination of metals would
be possible. In general, it is intended to retain sodium as the reference element and vary
the second metal. Sodium is also used as a reference metal in atmospheric measurements
because iis easily detectableydidar[Plane et al. 2015.

In order to record systematically the particle melting and any movement on the
filament, avideo camera was installed (a modified Microsoft LifeCam Cinema web cam).
This camera has a CMOS detector with a maximum resolution of 1280 x 800 pixels at 25
Hz. The camera either utilizes the pyrometer optics, positioned behind the eyepiece of the

pyrometer, or images the filament directly from above (port 1).
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3.2.2 Particle preparation.

A very important aspect of these experiments is the selection of representative IDP
analogues. Unmelted IDPRE 50 € m) coll ected in different
grained aggregates and are similar to the matrix of carbonaceous chondrites, with a minor
population of ordinary chondritic aggregates and anhydrous miri{®alwica et al,
2009 Taylor etal., 2013. Carbonaceous porous IDPswikk 50 em have al so |
retrieved both from the stratosph&Zelensky and Lindstroyi994 and the polar icecaps
[Noguchi et al.2013. In order to account for some of the properties of these populations,
samples of the Allendg<rinov, 197Q (CV3), Murchison[Fuschs et al.1973 (CM2)
and Chergacfwieisberg et a).200g (H5) meteorites, and of terrestrial Migh olivine

and Narich and Carich plagioclasebave been used.

The IDP analogues are prepared by grinding pieces of each meteorite/mineral and
separating them in six size s&es or bins with radii <19, 838, 5375, 75125, 125177,
>177 ¢em (, paneba) eneomBassthgthe IDPsizeraRge( 200 e m) t hat mak
the largest contribution to the atmospheric ifjuaive and Brownleel993 Nesvorny et
al., 20171. The sampleshave been carefully charactextz to determine their size
distributions, mineralogy and eshental corpositions. Figure 3,3panels kd, show
examples of IDP analoguemployed in this study, and illustrate the differences between
IDPs and meteoritic fragments used as IDP analogues. Ordinary chondrite (OC)
fragments consist focompact aggregates (Figure3i3), while the carbonaceous
chondrites are very heterogeneous, showing poroegfained aggregates (Figure 8.3
not too different from the IDP assembladdessberger et 12001 as well as coarse

grains (Figure 3.@).

Figure 3.4shows compositional maps of an OC H5 particle, which illustrates the
heterogeneous distribution of elements in these meteoritic aggregates, analogous to what
is usually found in IDPqZolensky and Lindstrom1993 and cometary material
[Brownlee et al. 2004. The patrticle in Figure 3.4as a Mgrich silicate backbone with
major Naplagioclase and metallic Fe or iron sulphide (FeS) inclusions, and minor K and
Carich domains. Note that Mg is missing in those domains where other elements are
enriched. This heterogeneous distribution ehental constituents is also found in the

cabonaceous analogues (Figure)3.5
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The patrticles are suspended in ethanol and delivered to the tungsten filament using a
glass pipette. Aew particles (normally 5 or less) are deposited in the filament for the
four largest size bins. For the two smallest size bins tens of particles are deposited. This
implies that the ablation curves recorded in each experiment are generally averages of the

ablation profiles of a few particles within the size distributions shioviAigure 3.13

Figure 3.3. IDP analogues. Panel a: cuvettes containing ground meteorite particles segregated according to mesh
size. Panel b: Scanning Electron Microscopy (SEM) micrograph of an example Chergach IDP analogue. Panels ¢
and d:Allende IDP analoguefReproduced frondomezMartin et al. [2016]

Micrograph

Figure 34. Energydispersive XRay (EDX) analysis of an Panalogue (Chergach, OC, H5), showing the spatial
distribution of Na, Ca, K, Fe and Mg in the particReproduced frondomezMartin et al. [2016]
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Micrograph Na

i

Fe

Figure 35. Energydispersive XRay (EDX) analysis of an Allende IDP analogue, showing the spatial distribution of
Na, Ca, K, Fe and Mg in the particlReproduced frontémezMartin et al. [2016]

A problem encountered in these experiments is elesigoation [Kumar et al,
2014, which causes the particle to move on the surface of the filament, and it is
particularly critical for studying the ablation of refractory element®rdter to maintain
the particles within the homogeneous temperature region of the filament (away from the
electrodes), the surface needs to be roughened by carrying out several preparatory
ablation experiments. Also, the videamera is used to demonstrétat the particles
ablate within the region at the temperature measured by the pggro@roximately at

the centepf the filament.

3.3.ABLATION PROFILES FOR SODIUM, |RON AND CALCIUM

3.3.1. Temperature profiles.

In order to study the influence of paté morphology and composition on melting
and evaporation, simple analytical temperature profiles such as linear ramps may be
applied. These can then be used to convert the time axis into a temperature axis, allowing
direct visualization of the temperatsref ablation onset, the peaklation temperatures,
and the Full Wdth at Half Maximum (FWHM) of ablation pulses required for the
benchmarking of CABMOD. To achieve full ablation of more refractory species such as
Fe and Ca, linear profiles may be rsgveral times, or high temperature step functions

may be considered.
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The atmospheric entry temperature profiles were calculated from the meteor physics
module of CABMOD. The profiles of temperature as a function of time are then
interpolated by a standalehabVIEW program into the corresponding pyrometer current
with a time resolution of 4 ms to match the resolution of the MASI. The maximum profile
lengthis 12 seconds or 3000 data points. Profiles of 8 seconds are commonly used for the

meteoric profiles.

The results of typical series of experiments with Chergach and Allende samples are
shown in Figure 3.Na and Fe) and Figu®7 (Na and Ca). Inspection of these figures
reveals that Na, Fe and Ca ablate differentially, that is, evaporate at diffelentitinng
the heating program. In this first group of experiments, a linear temperature ramp between
1400 and 2700 K is used in order to facilitate identification of major trends and simplify
comparison to CABMOD simulation3 € ¢1 + ct, with ¢ = 1375 Kand e = 138 K sh).

In the Ca experiments, the ramp typically ends in a plateau at 2400 K to limit the-electro
migration of particles. Examples of ablation curves of Na, Fe and Ca for all the meteorites
and minerals considered inshstudy are shown iRigure 3.8( 53 RBR® %5 e m) . F
each element, there is a clear correspondence of the signal onset in experiments with the
meteoritic analogues and the onset in experiments with minerals which are rich in a

particular element.

3.3.2. Sodium and Iron.

CABMOD assumes that particles have an oliMi@sed composition, and therefore
the melting point of olivine is used as a reference in these experiments, assuming an
olivine with the Mg/(Mg+Fe) ratio measured for eackteoritic analogue. Figure 3.6
shows hat both Na and Fe start evaporating below the melting poinkebkane (1930
K) and even below ko olivine (1800 K), and that the Na pulse appears at lower
temperatures than Fe. The figure also indicates that the onset of evaporation of both Na
andFe increaswiith particle size (Figure 3€hows average onsets for all the experiments

carried out in this study).

The respective Na and Fe onsets for the albiteg)fdmd forsterite (F@) are close
to the melting point corresponding to their respectwichiometry. The Na onset in
Chergach is the same as for albite, and the Fe onset is consistent with metallic Fe (both

known constituents of H5 meteorites). In Allende (CV3) and Murchison (CM2) the onsets
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of Na and Fe are consistent with sodic feldspals and metallic Fe, respectively. The
slightly higher Fe onset in Allende is probably due to the lower amount of metallic Fe in
carbonaceous chondrites. The temperature onset of the small but detectable Na content in

the Feo sample shows size dependerand tends towards the melting point of forsterite.

Another way of visualising the varying evaporation onsets is calculating the fraction
of evaporated Na and Fe below a certain reference temperature, e.g. the melting point of
Foso and F@o olivine. Theratio Fe[l < 1930 K)/Fe(total) for Chergach reaches 15% for
the smallest sizes. Chergach contains magnesium rich oliving),(Bot as an H5
meteorite it also contains substantial amounts of metallic Fe, which explains why Fe
evaporates below 1930 K. Thatio Fe{l < 1800 K)/Fe(total) is smaller than ~5% for all
particle sizes. N&(< 1930 K)/Na(total) is very significant for the three smallest size bins,
which is an indication of low melting point N@earing minerals such as Albite, Sodalite

or Nepheline.

There is a strong sizdependence of the fraction ablated below the forsterite melting
temperature. Some experiments were carried out with samples of Chergach prepared from
reground large particleR¢ 177 e m), which were subsequently
size bins. For these, the fraction Ma{ 1930 K)/Na(total) is smaller, which indicates
preferential accumulation of the soditcontaining mineral in the smallest size bins

during the primary si segregation.

A caveat to the interpretation dig ablation curves in Figure63.Figure 37 and
Figure 38 is that the size bins employed in this study have relatively broad, overlapping
size distributions. This implies that when running many expergrfena single size bin,
the characteristics of the pulses such as their onset, temperature at the peak ablation and
FWHM will show some scatter, as can be seerFigure 3.12 and 3.13This is
advantageous because experiments frequently involve theoabtdtseveral particles
(see above), which has an averaging effect. On the other hand, there is some ambiguity
in the assignment of the pulse FWHM, especially for minor elements such as Na and Ca.
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Figure 36. Laser Induced Fluorescence signal of Na (top panels) and Fe (bottom) for different particle size bins

(radii indicated in the legend) of the Chergach (right) and Allende (left) meteoritic IDP analogues. The temperature

ramp (black line) is plotted in thight hand side axes of each panel. The dashed anddtzttd vertical black lines
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(blue), anorthite (green), iron (black) and olivine (pink). Left column (flaa@nd d): Na signal; Central column

(panels b and e): Fe signal; Right column (panels c and f): Ca sifegiroduced fromsémezMartin et al. [2016]

The Na pulses frequently consist of a superposition of different pediksh one
may assign to different particles. However, it turns out that one single particle (as
registered by the video camera) may also produce compus#es, as shown in Figure
3.9 panel b. The reason for this is relatedht® Narich domains. Figre 3.10 panel b,
shows an example for Allende where the Na pulses from several particles overlap (the
video shows more particles than Na pulses in this case), while panel a shows a mixture of
narrow and broad peaks which possibly result from severatlpanivith seveal Narich
grains. Figure 3.19shows an example with an ordinary Allende sample and with a white
aggregate sample (calciualumirum inclusions, or CAIl) (separated by hand using a
microscope from the rest of the Allende fragments). The absamples show lower
evapoation onsets for Na. Figure 3,1dhows ablation examples for Murchison where
(a) one or (b) two particles released NaFigure 3.1b the video revealed two particles

very close to each other, but never in contact.
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The stratey followed for Na has been to fit multiple peaks when the Na pulse is

obviously a superposition and use the FWHM of the largest peak. The average results for

a specific temperata ramp are shown in Figure 3,18hd indicate narrower Na peaks

for Murchison although the number of measurements is much smaller due to the limited

amount of sample availablé. is important to notéhat for the smallest size bin it is

impossible to deposit just a handful of particles. In,fats of particles are deposited at

least, which upon melting end up coalescing under the influence of eteictration.

In the case of Fe, the situation is complicated by the obvious presence of a lower and

a higher temperature phase, which cause tbadopulses ingnels a of Figure 9, Fig

3.10andFigure 3.11The Fe signal can be fitted as superposition of two peaks of roughly

the same width. Generallthe low temperature peak is narromeut not always (e.qg.

Figure 3.1}, and the onset of theigh temperature peak is broadly consistent with

forsteritic olivine. In this case the FWHM FKigure 3.12 panel b, is taken directly from

the observed signal. A low temperatureldéaring phase is not considered in CABMOD.

Chergach 53 um < R < 75 um (linear Temp. ramp)
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Figure 3.9. Panel a: detection of Na (red) and Fe (B&KRue)
< 75 e&m si zes!lneanhedtingramp. Mulpeak fits of Na (black) and Fe (green) are shown. The

individual fitted peaks are shown by dashed lines. Panel b: the same for another experiment where Na (red) and Ca

(blue) were detected. This particular example correspomdssingle particle experimerReproduced fronGdémez

Martin et al. [2016]
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Allende 53 um < R <75 um (linear Temp. ramp)
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Figure 3.1Q Panel a: detection of Na (red) and Fe (blue) in an

< 75 em si ze llneanhedtimgramp MdkBedk fits of fa (black) and Fer@gen) are shown. The
individual fitted peaks are shown by dashed lines. Panel b: the same for another experiment where Na (red) and Ca
(blue, 10 point moving average) were detected. This example corresponds to an experiment with several particles.
Reprodued fromGémezMartin et al. [2016]
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Figure 3.11 Panel a: detection of Na (red) and Fe (blue, 10 point moving average) in an experiment with Murchison
anal ogues of the 53 &m <!liiarkeatihgrangpnMulipeak fi,s obNa tbladkiamd a 138 K s
Fe (green) are showiThe individual fitted peaks are shown by dashed lines. Panel b: the same for another

experiment where Na (red) and Ca (blue) were detected. Reproduce@dmeeMartin et al. [2016]
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3.3.3. Calcium.

As a refractory element, Ca presents a big experimental challenge. There is a risk of
particles moving out of the high temperature region of the filament due to electro
migration before they ablate completely. This has been addressed by roughening of the
filament surfacdKumar et al, 2014 and by employing a video camera to screen out
invalid experiments where particles move too far away from the cengugeR3. /shows
examples of Na and Ca ablation profiles obtafieethe Chergach and Allende analogues
for 3 size bins. The dashed and ddsited vertical black lines mark the 1800 K ¢gjo
and 1950 K (Fev and Anyo) melting temperatures. It can be seen that for meteorite
analogues, Ca starts evaporating not far ftbenonset in experiments with laboeite
and anorthite (Figure 3).8The average Ca evaporation onset for labradorite is 2400 +
120 K (h = 12) while the average Ca evaporation onsets for Chergach and Allende are
respectively 2280 + 120 K 29) and 2210 + 50 Kn(= 9).

Multiple ablation peaks are usually observed, which is reminiscent of the Na
behaviour, although the individual peaks are generally narrower (with FWHM of the
order of 20 K for the 138 K sramp). Figure 3.14hows 4 snapshots of the video
corresponding to the experiments with the @aeh analog shown in Figure 3anel b.

This sequence shows how the four particles present on the surface of the filament in this
experiment melted and moved a few millimetbefore ablating. The movement took
place within the 6safed region where ther
have been observed to split after melting, which is the case of theregpeiilustrated

in Figure 39, panel b. In a frame preaus to the framel in Figure 3.,1& single particle

is observed to split in two small and two large particles, which then migrate and ablate
sequentially in the order of smallest to largest. More frequently, several of the particles
originally deposited dhte individually, as is the casd the experiment in Figure 3.10

panel b, for which the video recording shows 3 particles disappearing.
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Figure 3.14 Snapshots of a video corresponding to the expetiméfigure 3.9 panel c. Frame 1 shows four
particlesaround the centeof the filament, where the circular target of the pyrometer is positioned. At this point all
the sodium has been already shed by the particles. Particle A is ablating at this point.Z=shmes the ablation of
particle B while particles C and D have moved past the target. In Frame 3 particles C ablates and particle D is
starting to ablate. In Frame 4 particles D ablates and to its left a remnant of C is still vRépeoduced from
GomezMartin et al. [2016]

3.3.4. Atmospéric entry profiles and Fe and Ca yields.

Experiments performed using masggecific entry heating profiles obtained from the
CABMOD energy and momentum balance calculatiM@ndrak et al.200§ are shown
in Figure 3.15(for Fe and Na). The experiments simulate the eotrgrdinary and
carbonaceous chondrite particles with an
21 km st and entry angle of 35°. Here, instead of plotting signal vs. time, the
correspondence between time and altitude calculated by the modedl iDys®vide a
more intuitive representation of the atmospheric injection of Na and Fe by meteoric
ablation. These plots provide a useful visualization of the process of atmospheric
differential ablation: while the Na ablation rate does not follow the ¢eatpre profile in
any of the cases presented (it ablates completely before reaching the peak particle
temperature), the iron ablation rate follows closely the temperature profile for the 14 km
st experiments. In this case evaporation stops becausemiperature decreases, not
because Fe is consumed. By contrast, for an entry speed of 21, la ablation ends
before the temperature starts decreasing, meaning that it has completely ablated from the

particle.
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were determined by heating the tungsten filament at a high temperature to completely

In these experiments, the remaining Na aed&nd Ca) in the unablated material

vaporize theresidual as shown in Figure 3,1panels b and d. For the particular

experiments in Figre 3.15with Allende (bottom row of panels), it is observed that full

ablation of Na occurred in the 3 cases, while 20%, 80% and 100% of Fe ablated with

increasing speed. The average yields (i.e. the ablated fraction) of Na and Fe from 47

ablation profiles for dferent combinations of particle mass and velocity (all for 35° entry

angle) and using the Allende meteorite analogues have been calculated from the

experimental data and frothe model predictions (Table 3.IThe yields of Ca from

atmospheric entry simatfions have been also calculated from a set of Bérerents for
Allende (Table 3.2and 22 for Chergach.
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lines for measured temperature (top axes). The Na and Fe ablation rates obtained from the updated version of
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Table31Fe and Na yields (0 = Abl ated/ Tot al )/ @)iram ekgrifhents with the Allende IDR laralaguds,amd fr&BUOD talcddtiomnt s ( DAC
(entry angle 39). Reproduced fron&dmezMartin et al.[2016].

b
?as m ;ns . vikms! n¢ s EAME (d 2 ANREER o ERNE g & PAREER 5;:2 G ZC&D v weight' 5:% ZC&D \r/ceight‘ DAC yas " CDA:;;OD
9 0.01 14 2 0.01 0.01 0.00 0.00 0.02 0.00 0 0.0 0.15 0.44 0.09 0.45
17 4 0.14 0.03 0.01 0.00 0.02 0.00 0 0.0 0.075
21 3 0.85 0.06 1.00 0.46 0.20 0.02 20 9 0.8 0.025
31 2 0.95 0.03 1.00 0.80 0.13 1.00 31 5 37.4 0.0025
36 0.57 14 5 0.90 0.09 1.00 0.52 0.08 0.05 21 4 1.9 0.15 8.46 5.08 1
17 5 0.95 0.05 1.00 0.41 0.28 0.60 16 11 225 0.075
21 4 0.97 0.01 1.00 0.52 0.19 1.00 20 7 37.4 0.025
31 2 0.94 0.00 1.00 0.67 045 1 27 18 37.4 0.0025
64 3.18 14 5 0.95 0.07 1.00 0.58 0.17 0.49 23.0 7 18.3 0.15 6.11 5.79 0.52
17 4 0.97 0.03 1.00 0.88 0.16 1.00 34 6 37.4 0.075
21 5 0.97 0.02 1.00 0.88 014 1 34 5 37.4 0.025
100 12.15 14 3 0.95 0.09 1.00 0.91 005 1 36 4 374 0.15 5.67 6.53 0.37
17 3 0.99 0.03 1.00 0.95 004 1 36 2 374 0.075
Mass and velocityweighted Fe DAC relative to Na, Allende (entry arafe35°) 20.7+2.1 17.5
Mass and velocityweighted Fe DAC relative to Na, normalized to Cl (entry angig5°) 8.4 7.1
Mass and velocityweighted Fe DAC relative to Na, normalized to Cl, 1.5 Na enrichment (entryangf) 5.6 4.7
CABMOD (previous versiofiCarrillo-Sanchez et g12019) integrated DACHoor all possiblem, vand a 5.9
CABMOD (updated version, this work) integrated DA all possiblem, vand a 6.9
DAC derived from lidar observations (chemistry effeatsounted forjCarrillo-Sanchez et gl2015§ 3.5

2 Average radius® Average mass assuming spherical particles with density 3°§ blumber of measurements for eaghnf) combination? Standard deviatiort.DACs for eachf, v) combination! Weighting factors
from the Zodiacal Cloud mass and velocity distributidesvorny et a).201Q Nesvorny et a).2011. ¢ Velocity-weighted DACs for each mass birOverall DACs.
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Na yields (0 = Ablated/ Total ) a nidfromiedpériments withithaAllendedDPanaiogues, atddreBME2D c i ent s
calculations (entry angle 3% Reproduced fror6mezMartin et al.[2016].

R m?

9 0.01 14 4 0.89 0.05 0.000 0.16 0.17  0.000 0 0 0.15 0.00 0.00 0.45
17 1 1.00 0.008 0.02 0.00 0.000 0 0 0.075
21 1 1.00 1.000 0.02 0.00 0.000 0 0 0.025
31 3 0.84 0.12  1.000 0.01 0.03 0.027 0.6 0.7 0.1 0.0025

36 0.57 14 4 0.83 0.23  1.000 0.13 0.16 0.000 0.08 0 0.15 0.03 0.01 1
17 1 1.00 1.000 0.01 0.00 0.000 0.06 0 0.075
21 7 0.80 0.15 1.000 0.01 0.01 0.003 0.05 011 O 0.025
31 6 0.79 0.08 1.000 0.06 0.07 0.924 0.6 0.7 3.3 0.0025

64 3.18 14 3 0.97 0.00 1.000 0.32 0.18 0.000 0.04 000 O 0.15 0.01 0.03 0.52
17 4 0.89 0.05 1.000 0.16 0.17 0.001 0.05 005 O 0.075
21 1 1.00 1.000 0.02 0.00 0.361 0.3 0.3 1.3 0.025

100 12.15 14 1 1.00 1.000 0.02 0.00 0.000 1.2 0.7 0 0.15 0.19 0.00 0.37

Mass and velocityweighted Ca DAC relative to Na, Allende (entry arapfe85°) 0.2+0.2 0.04

Mass and velocityweighted Ca DAC relative to Na, normalized to ClI (entry angig5°) 0.07 0.01

Mass and velocityweighted Ca DAC relative to Na, normalized to Cl, 1.5 Na enrichment (entryangf) 0.05 0.01
CABMOD (previous version) integrated DAGr all possiblem, vand a 0.06

CABMOD (updated version, this work) integrated DA all possiblem, vand a 0.08

DAC derived from lidar observations (chemistry effects accountedGar)illo-Sanchez et gl2019 0.04

2 Average radius® Average mass assuming spherical particles with density 3°§ blumber of measurements for eaghnf) combination? Standard deviatiort.DACs for eachf, v) combination! Weighting factors
from the Zodiacal Cloud mass and velocity distributidesvorny et al.201Q Nesvorny et a).201]. 9 Velocity-weighted DACs for each mass birOverall DACs.
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atmosphere at 14 kmtsThe lower limit of the pyrometer range (1300 K) impedes reproducing the full temperature

profile from low temperature. However, the temperatures relevant for N&aathlation are within the accessible

range. Panels (b) and (d) show the complete ablation of the residual Na and Fe remaining in the material unablated

in the atmospheric entry using a high temperature step function. The oscillations in high tempeddiferare due

to the difficulty of controlling temperature close to the upper limit of the pyrometer range (~3000 K). However, these

oscillations do not have any influence on the result since the only requirement is that the residual particle fully
ablates. Reproduced frol@6mezMartin et al. [20L6].

3.3.5. Interpretation of the ablation profiles.

Inspection of Figure 3.4 and Figure 3lteds some light into the size dependence of

the temperature onsets. Na appears in localized domains in both meteoritic samples. Small

Ferich domains are algaresent in Chergach. LooseNa c h

pl agiocl ase ¢!

[Wieisberg et a).2008) present in the matrix of ordinary chondrites (Albitic Feldspar
[Bryan and Kullerud 1979 with melting point at ~1400 KBowen 1913) most likely

accumulate in the smallest size bins, while the largest bins are dominated by coarser

grained minerals. The preferential accumulation of fine grains of plagioclase in the small

size bins is confirmed by the smaller Na{ 1930 K)/Na(total) observed for samples

prepared from reground largarticles (Figure 3)8
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The onsets for the smallessze bins are similar to those observed with albite, because
the loose albite grains are free to melt and evaporate following the plagioclase phase
diagram. Plagioclase grains still exist in larger size bins, but they are embedded in larger
particle aggregtes, and considerintye low porosity of H5 meteoritd®Vilkinson and
Robinson 2004 the whole particlgorobablyneeds to melt in order to release the inner
sodiumrich pockets, whichikely causes the observed delayed evaporation for larger size

particles.

A recent study of unmelteand partially melted micrometeorites collected at the
Earthdos surface shows that the porosity of
likely an indication of low temperature melting and evaporation of volatile mineral phases
creating empty poaks within the IDP grainy aggregaf&ohout et al.2014. The higher
porosity of AllendgMacke et al.201] could be an explanation of the somewhat weaker
size dependences observed. The Na onsets from Murchison and Allende are higher than
for Chergach, whichieflects the higher melting temperature of nepheline, which is the
major Nabearing feldespatoid in carbonaceous chondrites. The limited number of
experiments carried out with Murchison samples show well defined, narrower and sharper

profiles than in Allede

The Ferich distinct grains shown in Figure43are probably sybcted to a similar
mechanism ashe Narich grains, which would explain the size dependence of the Fe
signal onsets. The abundance of Fe also makes the ablation profiles somewhat more
regular and smoother, but the presence of lower and higher temperature phases produces
the very long mieing curves shown in Figures 3811 Chondritic materials are
assemblages of different metal alloys and minerals, such-&s$ fRetal grains, troilite
(FeS), and silicates of varying Fe content. Thus, it is not surprising that the onset
temperature of &ablation is not far from the melting point of metallic Fe (~1800 K), and
ablation continues for the rest of the temperatamngps. Figure 8.shows that, in contrast,
Mg-rich olivine samples R display onsets around 200 K higher than the meteoritic
andogues, and that the later can be better understood as a superposition of the metallic
Fe and Fepablation curves. Possibly, the presence of residues of molten sulphide material
also help to lower the onset of the Fe signal. It is also noticeable tHaathen of Fe
ablated below the melting point of the correspondingrily olivine is higher for
Chergach, which is consistent with the higher content of metallic Fetypédordinary
chondrites.
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Pure Fe, albite, labradorite and olivine show Na or Fe evaporation onsets not far from
their corresponding melting points. As a consequence, Na and Fe evaporation onsets in
IDP meteoritic analogues can be understood in terms of the melting point of common
mineral phases included in the meteoritic aggregates. Ca on the other hand appears at a
higher temperature than the melting point of labradorite in IDP analogues, for which it
starts evaporating after all Na has been released. The evaporation onsetrof Ca i
labradorite and anorthite is similar to the onsdtath analogues (e.g. Figure B.&hich
is consistent with the CGlaearing phase being €&mh feldspar, commonly found in
chondritedBryan and Kullerug1975 Clarke et al, 1971 Fuschs et a).1973. It should
be noted that the partitioning of Ca in a melt is@xely dependent on the concentration
of maj ors pfegd ewsdo s uc h[kegley g Camergrii987S Th®
distribution of Ca between thdifferent pseudospecies in the melt depends on the
thermodynamic activities of MgO, Si@nd AbOs, because the major Ca psetspecies
are CaSi@, CaMgSOs, CaAbSi>Osg, and other Ca silicates. Changes in the calculated
activities of MgO, Si@and AbOs also affect Ca chemistryhether or not all Ca is found
as CaMgS0Os. The MgO activity affects Sifvia MgSiQ; and Mg@SiOs, for example.
Therefore the evaporation of Ca is very dependent on the composition of the melt, and

not only on the Vano6ét Hoff parameters of

3.4.ASSESSMENT OFCABMOD RESULTS

The simulation of the melting of an assemblage of many grains of diffeieatals
is an extremely challenging task. Clearly, the assumption of a single mineral constituent
is simplistic and leads to inaccuracies, especially regarding minor elemental constituents.
Firstly, the phase diagram of the silicate constrains the eatipoof the minor volatile
elemental constituents and secondly, the -@mmdance of scavenging species in the
single melt (such as MgO and S)Qlelays significantly the release of refractories such
as Ca. Furthermore, other physical effects observedeirMASI experiments such as
delayed release from larger particles and multiple pulses cannot be accounted for
presently by CABMOD.

A version of CABMOD has been adapted to model the MASI experiments, where
the momentum and energy balance calculationgr@ndonthermal ablation module are
bypassed. This laboratory version of CABMOD instead directly uses the temperature
profiles measured by the pyrometer. The model is then run with the specific elemental

composition, density, etc. of the different IDP lagmes employed. Figure 3.%ows a
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comparison between the MASI Na, Fe and Ca ablation curves obtained for one particular

si ze

bi R<(Y3d &m)<for

Chergach and

Al

ende

and the corresponding predictions using the original version of CABMOD with melting
points corresponding to the Fe to Mg ratio in their silicates (2000 K for Chergach and

1800 K for Allendeand Murchison, indicated by thick black lines on each panel). The

original version of the modehéreaftetCABMOD 1, in blue) is unable to reproduce the

onset and the width of the pulses. The dependence on particle size (average radius of the
correspondingize bin) of the FWHM and the temperature at the peak ablation calculated

with CABMOD 1 are plotted in Figure 3.1Zhe Na and Fe pulses are narrower than the

observations, particularly in the case of Na, and the release of Cain CABMOD is delayed.
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left column shows data for Chergach (panels a, b and c¢) and the right column data for Allende (panels d, e and f).

Each row shows data for one elent: Na (panels a and d), Fe (panels b and e) and Ca (panels ¢ and f). The ablation

rate in arbitrary units is on the left axis andettemperature of the filament time right axis of each panel. The black
vertical lines indicate the melting temperatuoéd-cso and Fao. The prediction of the original version of CABMOD

appears in blue, and the red lines show the results with the new version with updated Na thermodynamics and wider
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Implementing a multphase aggregate in CABMOD is beyond the scope of this

work. Here our objective it identify shortcomings of the model and advance some

possible solutions, as well as ass#s performance in predicting integrated injection
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rates. Another objective is to produce the best possible Na ablation profiles, given the
importance of Na ablation and subsequent impact ionization in determining the radar
detectability of slow/small mebroids where Na may be the only element that ablates
[Carrillo-Sanchez et 312015 Janches et al2014 Janches et al201].

In a first attempt to improve the agreement between CABMOD and MASI, the model
was upgraded with the latest version of the MAGMA code, which includes revised data
for Na and K aluminssilicates [Holland and Powe|l 201]. Revision of the
thermodynamics of Na resulted in lower equilibrium vapour pressures and thus in a lower
evaporation rate, which fits better the high temperature tail ddahgulses. Note that the
effective evaporation coefficient can also be modified to vary betfveentand’ p
(rather thar p) below and above the melting point, respectively, which would have
the same effect as a decrease in the equilibrium vgpessure. A unity evaporation
coefficient for Na seems like a reasonable result from the comparison of the theory and

the experiment.

In order to account for the lower onset of the Na signal, the sigmoidal temperature
dependence ¢f in the phase trssition can be made smoother so that it extends over a
wider temperature range, which is equivalent to relaxing the constraint imposed by the
very high melting temperature of the assumedrib olivine composition. Thus, the
problem of the simplistic desption of the composition of the particle can be
provisionally addressed for Na by allowing for a range of melting temperatures, which

acknowledges the presence of more volatile mineral phases.

The comparison between model runs for Na and observatamenin Figure 3.17
although still far from perfect, highlights the fact that the Na ablation rate is significantly
slower than previously assumed. A narrower signpeidormsa betterfit with Allende
Na profiles, which is perhaps an indication of thghkr porosity of this meteorite
compared to Chergach. For the test linear temperature ramp employed throughout this
work, the FWHM of the modelled pulses i32imes higher than with CABMOD 1 and
in reasonable agreement with the MASI results for theethrest important size bins for
Allende (Figure 3.18). In thenew developed version of CABMOD (hereaf®BMOD
2), calculations of Na ablation rates from micrometeorite entries are in reasonable
agreement with théVIASI simuations in Figure 3.17where tle experimental and

calculated curves are normalized to the same area.
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Given that 75% of IDPs are estimated to be carbonaddaysor et al, 2013 the
Allende sigmoid width is employed for calculations of realistic atmospheric ablation
profiles with CABMOD 2 which are then used to derive Fe and Ca yields relative to Na.

It is thought that CM chondrites such as Murchison are mineralogically clodxP$o

The FWHM of the Fe pulses modelled with CABMOD is approximately half of the
FWHM of the MASI Fe pulses (Figure 3.12 pan el b), which is i
Fe p étedkirsFigures 3.83.11 Figure 3.17llustrates that CABMOD does a dhitly
better job in reproducing the Fe profile shapes for Allende than for Chergach, which is
most likely due to the lower metallic content in carbonaceous meteorites. The
modification of the sigmoid function in CABMOD does not have an impact in the Fe
simuated curves, because the equilibrium vapour pressure of Fe above olivine is very
small below the melting point. CABMOD does not predict significant particle size effects
(pulse onset or width changing with size) besides the dependence on total Fe due to
particle mass (the red and the green curves correspond to the size bin of the experimental
curves shown in black, and to a smaller size bin, respectively). Improved prediction of
the Fe (and Ca) ablation rates can only be achieved by a more complex tredtthen

mineral aggregates in CABMOD.

Figure 3.17shows the CABMOD prediction for Ca (panels c and f). It can be seen
that the model fails to replicate the onset and the shape of the curves, but the calculation
for the smaller size bin replicates qualitatively the sequence of the observed peaks (the
paricle fragments A and B are smaller than C and D, and similarly the smaller particle
shows a lower temperature onset for calcium in the simulatidosgdd hoc modification
of the model to better match the Ca ablation teebeen introducedSimilarly, a
multiphase treatment of IDPs is the only way of dealing at once rigorously and
simultaneously with all the ablation features observed in the present study.

Despite the poor agreement between simulated and observed Ca ablation profiles
using linear rampdt is worth noting that for steeper heating ramps the difference between
the observed and the modelled Ca signal onset is less severe, to the point that the shape
of the experimentally simulated and calculated atmospheric injection profiles of Ca are
very similar. This can bseen for example in Figure 3,Mhere the position of the Ca
peak in an atmospheric ablation experiment is well matched by the model prediction. The
yield of Ca, however, is a matter of concern, as will be sHoeiow.
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Allende (CV3) (53 um <R <75 um, 17 kms™)

T/K

1400 1600 1800 2000 2200 2400 2600

' TMASI ' ' l I —Na (CABMOD)

T CABMOD |—— Fe (CABMOD)
100 ~ Na (MASI o 1

o ——Na exp. 1) -

—— Fe (MASI exp. 1)
Et“ Na (MASI?;Z. 2)
—— Ca (MASI exp. 2)

90

z/km

80

70

Cl-normalized DACs
DAC Fe
CABMOD 15

MASI

13.8

DAC Ca
0.0015
0.0096

10°
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obtained simultaneously, so the two corresponding Na profiles are plotted to demongtradieiciility. The target

(dashed line) and measured (solid line) temperature profiles are shown in pink. The observed and modelled curves

are scaled to their relative differential ablation coefficients for this particle mass and veRefiyoduced from
GomezMartin et al. [2016]

The experimentally-determined yields of Fe and Na for a selection of veloeityl

massspecific calculated heatingofiles are shown in Table 3.The data shows some

scatter, and there are some disagreements which are possibly related to the higher yield

of Fe atlower temperatures due to low melting point ofdemtaining mineral phases.

Nevertheless, the model reproduces correctly the trend of greater Fe ablation with

increasing particle speed and mass, as shown by the differential ablation coefficients

plotted n Figure 3.19Thus CABMOD provides a reasonable estimate of the differential

ablation of Na and Fe for different combinations of mass and size, even if the detailed

physics of melting of a complex aggregate of mineral grains is not described in the model.

It is actually possible to derive a mass and velocity distributieighted DAC from

the data plotted ifrigure 3.1%y using theZCM [Nesvorny et al.201] (velocity and

mass weightg factors included in Table 3.1This results in Ghormalized values of 8.4

and 7.1 for MASI and CABMOD respectively. This good agreement arises because most

of the mass in the Zodiacal Cloud mass distribution is in then3® a 6 4

Because most of the Na and Fe are released in the range of masses and velocities

eEM

radi

u .



Chapter 3: Anovel instrument to measure differential ablation of meteorite samples and proxies. The Meteoric Ablation Simulator (MASI)

considered, the results are not too far from the Fe/Na DAC derived from CABMOD 2
considering the fulZCM mass and velocity distributions, which is 6.9.

|
i
\ §

30

15

CABMOD
MASI

Figure 3.19. Differential ablation coefficients (ratio of the fraction of ablated Fe to the fraction of ablated Na) for
different combinations of size and entry velocity using the Allende IDP analogues. MASI results are shown in red and
CABMODpredictions in black. Note that for complete ablation of Na and Fe (high speed/large particles) the DAC
tends to the Fe/Na ratio in the Allende meteorite (~Béproduced fronedmezMartin et al. [2016]
It is worth noting here that global modelling of the liddiserved sodium and iron
layersin the terrestrial mesosphere requires a Fe/Na DAC ¢fCafillo-Sanchez et al.
2015. The MASI resultsindicate that complete Na ablation occurs for almost all
combinations of mass and speed. Moreover, it seems that Fe ablates slightly more
efficiently than expected due to the low temperature phase unaccounted for by
CABMOD. Therefore, the remaining diffaree between the CABMOD predicted DAC
and that derived from lidar observations and modell®arrillo-Sanchez et 312015
requires both differential ablation and enrichment of Na in meteoroids relative to Cl, as
suggested in previous studi€brigo-Rodriguez and Llorca2007 and observed in
cometary materidlSchulz et a).20153.
The large difference between the CABMOD Ca DAC for the full velocity and mass
distributions (0.08) and the CABMOD Ca DAC for the set of selected mass and velocity

combinations used in the experiments (0.01) is essentially due to the absence of large
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massesand velocities from the reduced set (Table€2).3 The heating profiles
corresponding to the missing tail of speeds and masses reach the highest temperatures,
and therefore are those for which the largest yields of Ca occur. It is thesigfufeeant

thatthe experimental DAC for the limited set of low speeds and masses considered is

0.07, not far from the full distribution modelled result.

The poor agreement for Allde (~0.01 CABMOD vs 0.07 MASDBan be explained
by noting that ablation of Ca is mordieient than predicted by the model owing to the
specific composition of the Gaontaining minerals, which essentially lack Mg and have
a smaller Si/Ca ratio than in the elemental composition assumed for the whole particle in
CABMOD. The scatter of the eepgmental Ca yields from Allende is large (£100%), but
this most likely reflects the presence of different-li@aring phases which are
heterogeneously distributed, as discussedClayke et al.[1971]. Since the Caich
mineralsare abundant in CAlJsome experiments were carried out with hpioked CAI
fragments in order to check for differences in the evaporative behaviour of Ca, but the
results wee inconclusivede.g. Figure 3.10) possibly because of the presence in the non
separated samples of chondrule fragments, which also contain minerals with low Si/Ca

ratio. By contrast, the Ca yield from the Chergach analogues are significantly smaller.

The design of MASI requires prescribing modelled atmospheric heating profiles to
the particles. The modelled atmospheric heating profiles depend on the free molecular
drag and the free molecular heat transfer coefficipsdrak et al. 200§, which can
only be studied in an experimental arrangement where particle heating results from
aerobraking[Thomas et a).2014. Therefore, uncertainties propagating from these
parameters ofrom the simplifications involved in the energy and momentum balance
eguations are not taken into account in the calculation of yieldsiiéomal mass loss
(sputterirg) cannot be studied with MA®Ither, although it has been shojdondrak et
al., 2009 that this mechanism is negligible for meteoroids with velocities up to 45%km s
and heavier than('® ¢ gVondrak et al. 200§, which encompasses most of the IDP
population and in particular the masssand speeds that can be studied with the MASI

apparatus.

3.5.SUMMARY OF THE CHAPTER

A novel experimental set up has been constructed to test the description of meteor
ablation in the statef-the-art chemical alation model CABMOD. Figure 3.18hows
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experimental and calculated ablation rates (arbitrary units) of Na, Fe and Ca, scaled to
their respective DACs relative to Na (Na=1). CABMOD reproduces general features of
the MASI experiments, such as the relative position of the ablation curves anditfap

of the peak ablation of Na and Ca. CABMOD also reproduces well the differential
ablationof Fe:Na The current version of CABMOD 2 produces reliable results for the
integrated differential ablation of Fe and of the other major elemental congifent
similar volatility such as Mg and Si, which will be the subject of future research with the
MASI. On the other hand, the integrated differential ablation of Ca is not well described.
CABMOD cannot reproduce the large experimental yields of Ca froemdd. However,

the much smaller Ca yields from Chergach indicate that the mineralogy of the simulated
particles is key to simulating atmospheric ablation profiles of Ca. A suitable analogue,

representative of the average Ca distribution in IDPds1eebeused for this purpose.

CABMOD doesnot reproduce efficientlthe width of the Na and Fe peaks, and the
magnitude of the Ca ablation relative to Na, i.e. instantaneous properties of single meteors
that may be important for radar detecti@onsequentlya solution is to increasthe
width of the temperature dependence of the sticking coefficient in the transition between
the liquid and solid phas# theNa profile. This could help in the current efforts to better
model radar head echoes and reduce unn&gsiin the simulation of observed radar
meteor rates. Due to its low ionization potential and high volatility, ablated Na is a major
contributor to radar detectability of meteors. A decrease of the peak number of head echo
electrons due to the slower Mhlation would correspond to a quadratic decrease of the
radar cross section, which would reduce the radar detectionJamthes et al.2014
Janches et al.2013. These calculations are relevant to quantifying the input rate of

cosmic dust into the Earthés atmosphere, as

The major shortcoming of the model ispisor physical description of the particles.
Further developments need taddress the complexity ofDP composition and

morphology and resolve the influence of these on differential ablation rates.
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CHAPTER 4: SOURCES OF CosMIC DUST IN THE EARTH 68 ATMOSPHERE

4.1.INTRODUCTION

As discussed in Chaptet and 2, the principal sources tfe Zodiacal Cloud are
JFCs,ASTs HTCs,andLPCs Observations of the mihfrared spectra of the Zodiacal
Cloud reveal thaparticles in the bandare larger than those in tbéffuse Cloud[Ade et
al., 2014 Fixsen and Dwek2002 Nesvorny et a).201Q. In fact, this is not unexpected.
The composition of the Diffuse Cloud is often claimed to be both asteroidal and cometary
[Nesvorny et al.201Q, whereas the bands are understaole mainly asteroidal debris
[Sykes and Greenberj984. In the 1990s, it was assumed that gravitational focusing of
relatively slowmoving AST particles would enhae their contribution to the Zodiacal
Cloud and the terrestrial inpyDermott et al. 1996 Durda and Dermott1997 Flynn,
1989 Flynn and McKay199Q. Opik[1951]analyzed the capturing probability of a small
particle on an intersecting orbit with a plan€he gravitational enhancement is
defined as the ratio between the effective cross sectiorfor capture of a particle by a

planet and the physical cross sectibiY () of the particle
- — p — [4.1]

wherel is the escape velocity from the surface of the planet, 11.2'kmthe case of

the Earth, and is the geocentric speed of the particle. Consequently for fast particles
with 0 L , the gravitational enhancement approachesiity. In contrast;- tends to
infinity asv © Tu If we assume the average entry velocity for the JFCssAST HTCs
populationsrom the ZCM arel4.5, 12.0 and 34.4 km‘srespectivelf|Nesvorny et a).

201Q Nesvorny et aJ2017 , then thegravitational enhancement factors for these sources
are 1.6, 1.9 and 1.1, respectively. This result shows that theoretically, for a given size, the
Earth accretes paeles from the AST with an efficiency 1.7 times greater than cosmic
dust from the HTCs. Accordihg the IDPsand MM& nt er i ng t he Eart h
are expected to be dominated by the main belt asteroidal paftityes, 1989 Flynn

and McKay 199Q.

As disassed in Chapter Rlesvorny et a[2010]concluded thaithe dominant source
of cosmic dust is JFCs, with a contribution of@34 This is because the profile of the
mid-Infrared emission across the plane of the ecliptic matches that exp&cm JFC

particles, whereas HTC particles should have a broader profile and the AST profile should
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be narrower (Figure 2.7b). More recentlyang and Ishiguro[2015] combined
observations of the albedand spectral gradient of the Zodiacal Claodshow that
cometary dust (perhaps includingtippe astewids) contributes ~94% of the Zodiacal

Cloud with the remaining ~6% from-§/pe, X-type, and Btype asteroidal particles.

In this Chaptera completely different approach to this problememployed The
absolute contributions of each of these dust sources to the global input of cosnsc dust
constrained byhe cosmic spherule accretion rate at the bottom of an ice chamber at the
AmundsenrScott base at South Pol@aylor et al, 1998, together with recent
measurements of the vertical fluxes of Na and Fe atdioge 87.5 km in thetmosphere
[Gardner et al. 2016 Gardner et al. 2014 Huang et al. 2015. Two different mass
distributions for the JFCs are compared: the first derived from IRAS observations, and

the second inferred from the most recent analysis provided by the Planck satellite.
4.2.METEOR SOURCES IN THE ZODIACAL CLOUD
4.2.1. Mass and velocity distributions ofstifrom different sources.

In the ZCM mode[Nesvorny et a).201Q Nesvorny et a).201], submm particles
from the different dust sources are launched and tracked as their orbits enadvehe
influence of solar radiation pressure, PoyriiRmpertson drag and planetary
perturbations (see Section 2.2.8r more details)The size distribution of cosmic dust
particles was assumed to be represented by a broken powdedawt.2)with a
differential indexk: between-2 and-3 below the break diameté&,, and a differential
indexkz between4 and-5 aboveDy [Fixsen and Dwek2003:

— 89 o
wherefo represents the pexponential factorThe observations made by tR¢RAS (Far
InfraredAbsolute Spectrophotometenstrumentabroadhe COBE satellitendicate that
Dy lies between 30 um and 60 pum, which is suped by measurements of weak Zodiacal
Cloud emission at sutimm wavelengths by the Planck telescope launched in O0®
et al, 2014. In the present studyye assum®y, = 36 um, which corresponds to a dust
composition in between amorphous carbdp~28 pm) and silicately ~64 pm)[Fixsen
and Dwek 2003. The cumulative size distributi@for IRAS and Planck are shown in

Figure 4.1. As discussed in chapter 2, the IRAS observations sudigesiO nm
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[Nesvorny et al.201(Q. According to Figure 4.1, the Planck distribution hafifferential
index of-1.4 + 0.3 below the break diameter, and a differential inde.8f+ 0.1 above
Dp. In contrast, the IRAS distribution exhibits differential indices2of + 1.8 and4.8 +

0.1 below and above the break diameter, respectively.
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Figure 4.1 Cumulative size/mass distributions of JFC particles inferred from observations of emission from the
Zodiacal Cloud by the Planck (blue) and IRAS (red) satellReproduced fror€arrillo-Sanchez et al. [2016]

Figures 4.2a and Zb are histograms of the particle mass distributions for the four
cosmic dust sources accreted at the Earth derived from the Planck and IRAS observations,
respectively. These distributions are shown as mass flux per decade over the mass range
10°-102 g, i.e., with a radius between 5 pm and 1 mm, assuming a particle density of 2.2
g cm® [Consolmagno et g1200§. The mass influx of each source has been weighted
according to the fitting procedudescribedn Section 4. As discussed above, the JFCs
were modHedusing either th@lanck or IRAS distributiondlfese are termed JHRAS
and JFGPlanck pdéticles, respectively Figures 4.4 and4.1b show that the JFCBlanck
mass distribution peaks around O}, whereashe largest mass contribution of accreted
JFGIRAS, HTC and OCC particles is from particles ofrd, and the AST peak is ~10
ng. Following from the conclusion that most of #adiacal Cloucemission is from JFC
particles, the IRAS and Planck observasiondicate a global input of 3417 t d* of
JFGIRAS particledCarrillo-Sanchez et al2019 or 30° 15 t d* of JFGPlanck particles
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[Janches et gl.2019 into the atmosphere. Meanwhile, the total mass input rates of the
AST, HTC and OCC sources are arbitrarily set to 10" irdthe ZCM because the
Zodiacal Cloudobservations cannot be used to caldrthese mass distributions. In
Section 4 the absolute magnitudes of all four dust sources are optimized to get an estimate
of the Total Input Mass (TIM).
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Figure 4.2 Histograms of the particles mass distribution with each dust source weighted with the corresponding
coef fi ci en theeJES isrépreseatedin grey, ASWin orange, HTC in blue, and OCC in Baeesi.a:
Mass distribution assuming JFRlanck observations. Panel b: Mass distribution based onlHFEAS measurements.
Reproduced fror€arrillo-Sanchez et al. [2016]

Figures 4.3a and 43show the entry velocity distributions of the different
populations modeled by the ZCMThe slowest particles tend to be JFC and AST
particles, and the fastest particles are HTC and OCtilearfrom longperiod comets
(the velocity ranges are between 11.5 khics particles in a prograde orbit and 72.5 km
st for those in a retrograde orbit). The average entry velocity of the JFCs and the ASTs
is 14.5 km & and 12.0 km'$, respectivelywhich means that most of these particles are
in prograle orbitswith radiants irthe Helion and antiHelion sporadic sourcgslesvorny
et al, 201Q Nesvorny et al.2011.

The velocity distribution for the HTC and OCG@rpicles is shown in Figure 43
The HTC distribution depends on the mass range: for massasy<tie distribution
follows a bimodal trend with a dominant peak at 26 Knausd a second maximum at 57
km s. For masses >y there is a single peak at 26 kih $he OCC distributioexhibits
a single peak at 58 kmtsMost of these particles are in a retrograde orbit andlitkely

have radiants ithe north and south apex sources.
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Figure 4.3. (a) and (b) Velocity distributions for JFC (grey), AST (orange), HTC (blue), and HTC (green). Note the
dependence of the KTdistribution with the mas&eproduced fror€arrillo-Sanchez et al. [2016]

4.2.2. Meteoric ablation modelling.

Owing to the large number of particles from each cosmic dust source that are
produced by the ZCM (630° for JFGIRAS, 9.3 10° for JFGPlanck, 1.1 for
ASTSs, 3.3 10° for HTCs, and 1.9 10° for OCCs), we have used a Mont@arlo sampling
procedure described Ifarrillo-Sarchez et al[2015] (see Section 2.3 for more details).
Only particles smaller than 500m in radius (<10°® ng) are considered to ensure
isothermal heating of the particles in CABMQY2ondrak et al.200§. Furthermore, this
is a reasonable approximation because the very largelgardo not represent a
significant share of the total influx. Ashown in Figures 4.2a and #,2this is not a
significant constraint. Each mass decade is divided into five bins, and the velocity and
zenith angle distributions are Mor@arlo selected. Ae resulting atmospheric ablation
profiles are then cadded. Finally, the results for each mass bin are summed ta obtai
the integrated injection rapofiles for eachmetallic element (see Figure 2)1The total
number of sampled patrticles is 15,500 éach source, assuming a sample size of 500
particles per mass and 5 bins per decade in the mass range betWwaen 16 ug. For

simplicity, we have used a constatrmaspheric density profile (48°n March).

The injection rate profiles foindividual elements from the differesburces are
shown in Figure 4.4ANote that these ablation profiles have been weighted following the
fitting procedure in Section 4.2.3, in order to show their absolute contributions to the total
input of each elementhe top panels illustrate the contributions of JH&nck, AST and
HTC particles. The lower left panel shows the elemental ablation rate profiles for JFC
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IRAS, and the final two panels show the total inputs for IRAS and Planck. In all cases,
the most voléle elements (Na and K) ablate-18 km higher than the main constituent
elements (Fe, Mg and Si), which turn in ablate higher than the most refractory elements
(Ca, Al and Ti). As expected, the ablation profiles for the #&€ about 1420 km below
thecorresponding profiles for the JFCs and HTCs. This is caused by their sklo@tyw
distribution (Figure 4.Band the larger particles in the AST population taking longer than
the JFCs to reach the melting point. The ablation profiles for the HTCs eapttes
opposite extreme, and are quite similar to the distribution of meteor trails observed by
HPLA radars this may indicate that most of the meteors observed by these radars are
either HTC or OCC particles. The ablation profiles for the OCCs are weitgisto those
produced by the HTC particles,dago are not shown in Figure 4.4
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Figure 4.4. Ablation rates profiles for individual elements integrated for the JFC (constrained with the Planck and
IRAS observations), AST and HTC populations. Thevasplots show the overall injection raté&eproduced from
Carrillo-Sanchez et al. [2016]
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4.2.3. Determining the contribution of each cosmic dust source.

Three observationare usedo constrain the relative contributions of each of these
dust sources. First, the analysis of cosmic spherulgse&outh Pole indicates a global
accretion rate of 4.4 + 0.8 tidfor spherules with diameters between 50 and 700 pum
[Taylor et al, 1998. Second, the global input rate of Na atoms from meteoric ablation
above 87.5 km is estimated to be 0.30 + 0.08 bg taking the annual raa vertical flux
of Na atoms at 87.5 knl6700° 1800 atom cm s') measured at the Starfire Optical
Range(SOR) at35°N [Gardner et al. 2014; assuming that this can be extrapolated
globally [Gardner et al. 2014, though we(arbitrarily) double the error to allow for
uncertainty in this extrapolation; and multiplying the flux by a factor of 1.03 to obtain the
totalNa input by including the other forms of Na modeled to be present at 87Nddash
et al, 2013. Third, the global input rate of Fe atoms above 87.5 km is estimated to be
2.29 + 1.05 t d, by taking the ratio of the Fe to Na atom fluxes measured at the Table
Mountain Lidar Facility (48N) to be 2.36 (Figure 4)5and multiplying by a factor of
1.38[Feng et al. 2013 to obtain the total Fe input.
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Figure 4.5. Profiles of the mean vertical fluxesaidmic Fe (blue solid line) and Na (red dashed lines) measured at
the Table Mountain Lidar Facility in AuguSteptember 2010. Reproduced fralioang et al. [2015]

The ablation profiles of Na andeFrom each cosmic dust source (Figure) 4ah
now be integrated above 8k& to produce an ablation flux, which is then multiplied by
the global sudce area of the atmosphere at &hbto produce a global input rate. This

assumes that the flux is glalby isentropic, which should be the case when integrated

t
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over a yeafFeng et al.2013. The cosmic spherule flux predicted by CABMOD for each

dust source can similarly be converted into a global accretion rate.
We now have three simultaneous aftijpns of the form in equation [4:3]

r T Tr i [4.3]

where [ is the global mass accretion rate of either Na atoms, Fe atoms or cosmic

spherules; ki AT A arethe global mass accretion rates of Na, Fe or spherules

from the different sources; and & and g are the coefficients which weight the
contribution from each soce. LPC in equation [4.3}fers to Long Period Cometary
particles. This covers both HBGand OCCs, which cannot be distinguished using our
three criteria (see below). In the following discussion, the LPC particles are treated as
HTCs unless otherwise stated.

Since there are three simultaneous equations and three unkidgwnsuid g, the
solution is in principle unambiguous. However, one constraint on the solution is the
elemental abundance ratio of Na to Fe in the cosmic dust particles. The measured Fe and
Na atom fluxes above 87.5 Kiduang et al. 2015 correspond to a Fe:Na ratio of ~3.16,
which is similar to the ratio of 3.6 required in a global model of the Na and Fe layers
[Feng et al. 2013. However, if the Fe:Na ratio in the cometary particles is the
carbonaceous Cl ratmf 15.5[Asplund et al.2009, then CABMOD predicts the Fe:Na
ablation flux above 87.5 km would be either 3.4, 13.2 or 14.6 for the JFC, HTC and OCC
sources, respectively. Thus, even if the LPC particles make up a small proportion of the
total input [Nesvorny et al.201Q Yangand Ishigurg 2015, because they ablate
relatively efficiently this implies thahte cometary particles must be enriched in Na. There
is in fact strong evidence for Na overabundance compared to Fe: an enrichment factor of
3.2 from the VEGAL mission to comet 1P/Hall¢yessberger et 31198§; 2.0 from the
Stardust mission to comet 81P/Wild [Bainsforth et al. 2013; ~2 from meteor
spectroscopic analysis during the Perseid and Leonid sh¢wege-Rodriguez and
Llorca, 2007; and most recently, 483.7 from the Rosetta mission to 6ZRUryumov
Gerasimenk§Hilchenbach et a).2014. The average enrichment factor is thus®2193.

The additional Na appears to be contained in interstitial material that binds together

mineralgrains in the particles.

The optimal fits using the JFElanckparticles (termed the ZCMlanck modelare:
Na enrichment factor = 2.8l= 1.17 + 0.47p = (3.46 + 1.96 )x18, andg= (4.99 + 2.72
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)x102. These values and their stated uncertainties were estimated by using Monte Carlo
selection (assuming a tdmat distribution) to choose the cosmic spherule, Na and Fe
fluxes within their quoted uncertainties, and then solving the simultaneous equations for
new values ofUJ b and g Trials which generated negative values of any of these
parameters were rejected. A Na enrichment factor of 2.5 gave the highest number of
successful trials (71%). The values and their uncertainties are then the mean and standard
deviations of 1®trials. In terms of the global mass input rate, the contributions of the
JFC, AST and LPC particles are 34.6 + 13.8 (80%), 3.7 + 2.1 t d(8%), and 5.0 +

2.7 t d* (12%), respectively.

The corresponding results for the JFRAS distribution (termed the @M-IRAS
model) are| 1@ p T XI o cgdm pm,l XY PKG pTT.
In terms of the global mass input rate, the contributodtise JFC, AST and LPC particles
are 13.7 £ 5.7 t 4 (57%), 2.9 + 2.1 t 4 (13%) and 7.4 + 1.9 t1(30%), respectively.
The TIM for the ZCMIRAS model is 24.0 + 6.4 td In this case,te number of

successful trials assuming a Na overabundance of 2.5 is 23%.

4.3.RESULTS

Tables 4.1 and 4.2(top four rows) illustrates the partitioning of the accreted mass
between urmelted micrometeorites, cosmic spherules, and ablated atoms, for the JFC
(Planck and IRAS)AST and LPC (=HTC) dust sources. The fourth column shows the
total from the three soces. The bottom part of Taklé.1 and 4.2 showhe ablated mass
of each element for each of the dust sourths.final columrshows the fate of the OCC
particle population, which was calculated by setting LPC = OCC instead of HTC in the
fitting procedure(minor changes to the JFC and AST outcomes are not shown in the
Tables). Because the HTCs and OCCs are relatively fast par(i€igsre 4.3, Table4.1
shows that 88% of the HTC mass input, o#®8f the OCC mass input, ablates. As a
consequence, theskist populations make an insignificant (6% and 1% for HTC and
OCC, respectively) contribution to the cosmic spherule flux. They also produce very
similar Fe:Na ablation ratios (5.7 and 5.9, respectively, with a Na enrichment factor of
2.5). This explains Wy solving equatiort.3 does not distinguish between HTCs and
OCCs.

We now consider why the fitting procedure yields such a high relative input of JFCs.
The ratio of the Na mass input measured by lidar above 87[&kndner et al. 2016
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Gardner et al. 2014 Huang et al. 2015 to the cosmic spherule flyXaylor et al, 1998
isOB g g T8t x For Fe, the corresponding ratio ®Q g ™ ¢
These ratios can be compared with the corresponding ratios for the different sources in
Tables 4.1 and 4.2 The JFCs produce the closest ratios to the measuremendsh
Planck and IRAS. Fa3FGPlanck,0 & g ¢ ™t yand™0Q 5 d ™8 q
In contrast, the ASTs and LPCs represent lower and upper limits, since these sources are
at the opposite extreme in the production of ablated atoms and spherules. For the ASTs,
where thee is a low average velocity, there is a significant production of spherules
compared to ablated atoms, so thal§ g ¢ 8t pand0Q 5 ¢ ™ Y
For the LPCs, where there is a high average velocity, the situation is reversed:
0@ g ( ™ Tand’0Q g 1& oConsequently, the fitting procedure
determines a minor contribution from both ASTs and LPCs.

Table4.1. Global mass input from the four cosmic dust sources for theRIBfck fit. Elemental ablation

inputsare italicized; the percentages in parentheses show the fraction of each element that ablates from its total
atmospheric input from each souréeproduced fron€arrillo-Sanchez et aj2016].

Mass flux JFC (td?) AST (td?) LPC=HTC (td™) Total (td?) LPC=0CC (td?
Unmelted micrometeorites 27.4 1.2 0.3 28.9 0.04
Cosmic spherules 4.4 1.8 0.3 6.5 0.06
Ablated atoms 2.8 0.7 4.4 7.9 4.4
Cosmic spherule’ 2.4 1.7 0.3 4.4 0.05
Unmelted® v 1t 6 3.0 11 0.2 4.3 0.03
Na 0.2 (28%) 0.02(75%) 0.09 (99%) 0.3 (40%) 0.09 (100%)
K 7.7510%(27%)  2.2510°(74%) 4.0%10% (97%) 0.01 (28%) 3.82103(100%)
Fe 1.0 (10%) 0.3 (28%) 1.3 (90%) 2.6 (21%) 1.2 (98%)
Si 0.4 (6%) 0.1 (17%) 0.7 (87%) 1.2 (17%) 0.7 (97%)
Mg 0.3 (5%) 0.06(11%) 0.6 (85%) 1.0 (16%) 0.6 (97%)
Ca  7.0%10° (1%) 1.8310* (0.4%) 0.05 (70%) 0.06 (10%) 0.06 (93%)
Al 3.7910°(0.8%) 5.5%10° (0.1%) 0.04 (59%) 0.04 (7%) 0.05 (88%)

Ti  3.6°1052%)  1.7910°(0.8%)  2.5°10%(84%)  2.9910*(11%)  3.0°10“ (100%)

o) 0.9 (7%) 0.2 (18%) 1.6 (90%) 2.7 (17%) 1.7 (100%)
Total 34.6 37 5.0 43.3 4.5

PO @ g A4 86% 46% 99% 87% 100%

p0Q 5 A7 52% 0.9% 92% 65% 98%

ASpherules in the size rangert & 'O X T ‘Tt dcorresponding to measurements at South Falglor et al, 1994.

Afraction of Na and Fe ablated above 87.5 km

A significant result of the present study is that the-Bf&hckparticles contribute

(80 £ 17)% of the mass input to the terrestrial atmosphere. This is consistent with the
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conclusions ofNesvorny et al[2010], Yang and Ishigur¢2015], andRowarRobinson
and May[2013](see Sectiod.1).In contrastalthough the JFARAS is stillthe dominant
source, its contribution is estimated to be ggly = 19%. It should be noted, as pointed
out by Yang and Ishigurd2015], that the analysis of Antarctic micrometeorites and

cosmic dust particles collected in the stratosphere has found that less than 50% are

Achondritic porouso particl es [Nogudhietcah ar e
2015. In contrast, the present study indicaZ&3M-Planckthat for 63% of unmelted
micrometeorites and cosmic spheruleshwdiameters > 50rm (the lower limit for
measur ement s) should be cometary. This m
smootho particles, assumed to be asteroi

Planck particle mass distribution peaks aroun@l Org (Figure 4.29 there is only
significant ablation of the higmass tail of the distribution, so that 67% of the TIM does

not melt during entry.

Table4.2 Global mass input from the four cosmic dust sources for thelBAS fit. Elemental ablation inputs
are italicized; the percentages in parentheses show the fraction of each element that ablates from its total
atmospheric input from each souré&producedrom Carrillo-Sanchez et aJ2016].

Mass flux JFC (tdh AST (td?b) LPC=HTC (tdY) Total (t d) LPC=0CC (td*)
Unmelted micrometeorites 8.5 1.0 0.4 9.9 0.07
Cosmic spherules 3.1 14 0.6 5.1 0.1
Ablated atoms 2.1 0.5 6.4 9.0 6.5
Cosmic spherule’ 2.8 1.4 0.4 46 0.08
Unmelted® v 1t § 24 0.9 0.3 3.6 0.04
Na 0.1 (45%) 0.02(75%) 0.1 (99%) 0.2 (48%) 0.1 (100%)
K  4.9%10%(44%) 1.8%10%(74%)  5.9%10°%(97%) 0.01 (51%) 5.6310°(100%)
Fe 0.8 (20%) 0.2 (28%) 1.9 (90%) 2.9 (43%) 1.9 (98%)
Si 0.3 (13%) 0.08 (16%) 1.0 (87%) 1.4 (37%) 1.0 (97%)
Mg 0.2 (11%) 0.05 (11%) 0.9 (85%) 1.1 (31%) 0.9 (97%)
Ca 6.2910%(3%)  1.4310%(0.4%) 0.07 (70%) 0.08 (27%) 0.08 (93%)
Al 3.4%10°(2%)  4.3%10%(0.1%) 0.06 (59%) 0.06 (19%) 0.08 (88%)
Ti  3.29105%4%)  1.4%10°(0.8%)  3.7910%(84%)  4.0510%(28%)  4.5%10*(100%)
o) 0.7 (14%) 0.2 (18%) 2.4 (90%) 3.3 (38%) 2.4 (99%)
Total 13.7 2.9 7.4 24.0 6.7
PO G g *° 76% 46% 99% 86% 100%
pOQ, A7 39% 0.9% 92% 70% 98%

ASpherules in the size rangert & ‘O x Tt Tt dcorresponding to measurements at South Falglor et al, 1999.

Afraction of Na and Fe ablated above 87.5 km
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Figure 4.6. Differential flux of cosmic dust particles against the radius for the (a) Planck and (b) IRAS distributions.
The total flux rade up of particles from Jupiter family comets, the asteroid belt, and Halley type comets (black line),

particles which form cosmic spherules (orange), and unmelted micrometeorites (blue)

Tables4.1and 4.2 showhat there are striking differences in the ablation efficiencies
of individual elements for the different dust sources. In the case of Na, the ablation
efficiency from JFGPlanck particles is 28%, compared with 99% for LPC particles. For
the highly refratory elements, the differences are even more extreme: for Ca, the ablation
efficiency is 1%, compared with 70% for the LPCs. Note that even though the average
velocity of ASTs is lower than JFCs (Figure 4).2e ablation efficiencies are higher for

all the elements apart from the most refractory (Ca, Al, Ti) because the particle mass
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distribution is shifted to larger particles which tend to reach higher temperatures during

atmospheric entry.

Figure 4.6illustrates the differental flux of particles forZCM-Planckand ZCM
IRAS. The gradual falbff in the differential flux is expected because solar radiation
pressure ejects very small particles from the Solar Sy§hesvorny et al.201(Q.
Spherules become the major form of residual meteoroidR fo60 pm for both, ZCM
Planck and ZCMRAS, although more of these larger particles entehniglh enough

speeds to ablate completely.
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Figure 4.7. Ablation rates for Ca, Fe and Mg relative to Na produced for the Z&anick, and all cosmic dust
populations given the Planck distribution. The abscissa represents the relative inpuegaiiesd to model the
global metal atoms in the MLT. The solid line is the 1:1 correlation line. The horizontal error bars show the
uncertainty in the measured ratios used in WACCM, whereas the vertical error bars correspond to the uncertainties
associatedo the estimate of the contribution of each dust source. The black points show the relative Cl chondritic
compositions, and the red points are the Cl composition with a Na enrichment factor of 2.5. Reproduced from
Carrillo-Sanchez et al. [2016]

Figure 4.7correlates the ablation efficiencies of Fe, Mg and Ca relative to Na (data
takenfrom Table 4.] against the relative ablation rates of these elements required to
produce good agreement betwa®ACCM and lidar and satellite observations of the
mesospheric metal atom laydarrillo-Sanchez et gl2013. The black circles show

the Cl chondritic ratio§Asplund et al.2009, and the red circles represent the ratios with
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a Na enrichment factor of 2.5. These points represent the case where there is no
differential ablation i.e. complete ablation of all elements, and are welédhe line of

1:1 correspondence. However, when differential ablation is included, -2laktk
(orange diamonds) produces much improved correlation with the modeled observations.
Figure4.7 also shows the differential ablation ratios for the JFC, AST ard phricles

in the ZCMPlanck model, Wwere the HTCs essentially ablate in their chondritic ratios

for all metals. In contrast, the ASTs exhibit such a high degree of differential ablation for
the refractory elements that the Ca:Na ratio is well belovirikeof 1:1 correspondence.

The corresponding ablation rates of Fe, Mg, and Ca relative to Na forIRBM exhibit

a similar behavioto that shown in Figure 4.7
4.4.SUMMARY OF THE CHAPTER

In this chaptethe absolute inputs of cosmic dust parsdi@mfour different sources
I JFCs, ASTs, HTCsand OCCs o t he Earthdéds at mosthbere were
measured vertical Na and Fe fluxes above 87.5 km, and the accretion rate of cosmic
spherules at South PolBecause HTCs and OCCs are characterizedigh entry
velocities, it is not possible to distinguish between them in terms of these constraints.
Taking a JFC mass distribution determined recently from observations of the zodiacal
light by the Planck satellite] FCs are shown to contribute (80 + 17)% of the total input
mass of 43 + 14 tHassuming a Na to Fe enrichment of 2.5 which is close to the average
enrichment measured in cometary partickesally, the differential ablation of Ca and
Fe, with respeco Na, is now large enough to model the respective metal atom layers in

the upper mesosphere.
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CHAPTER 5: METEORIC ABLATION IN THE ATMOSPHERES OF VENUS, MARS, AND
TITAN

5.1.INTRODUCTION

As discussed in Chapters 2 and 4, the ablatiorcohinuaus flux of extraterrestrial
materialin the atmosphere gives rise to permanent laydre@heutral and ionized metal
atoms. Mg, Fe, Na and Si are the most abundant metallic species in the atmosphere,
whereas other specisschas K, Al and Ca & present at concentrations at least one order
of magnitude lower (see Figures 2.11 and 4.4). Meteor showers may increase the
concentration these metals by a factor of although thisacthas been hard to verify
because meteor showers are normakyl Wwelow the activity of the sporadic backround
[Grebowsky et al.1998 Kopp, 1997. As discussed in Chapter 1, the radio occultation
techniqgue has been used to sound planetary atmospheres since the 1960s. These
measurements have shown that the daytime ionosphere exhibits a major peak produced
by solar radiation and photoelectrons (see Figure 1.10), and below this main peak one or

more seondary peaks can occur, which may be caused by meteoric ablation.

Pioneer Venus measured the electron density profile in the nightside ionosphere of
Venus|Kliore et al, 1979 which shows lowaltitude layers below the main ionospheric
layer (see Figure 1.10, top panel). The main peak is located at an altitude of 142.2 + 4.1
km, with a peak electron density varying between 23x@h@ 40x18 cm3. Below this
main peak, there is an intermittentuidde peak around 120 km, which is close to the
ablation peak of meteoric ablation (see below), although other phenomena such as direct
ionization by electron precipitation or protons in the nightside could explain the
occurrence of this laygKliore et al, 1979 Molina-Cuberos et a).200§.

The atmosphere of Mars has been sounded in more detail than other pletdis.
et al. [1966] analyzed the data provided by Mariner IV and found that daytime
ionosphere is characterized by a main layer produced by solar radiation at an altitude of
140 km with a number density of the order of 4@@r3. Another two layers were found
below this main pealEjeldbo etal. [1966] reported a secondary layer at around 100 km
with a density approximately one order of magnitude lower than the main peak, and
Savich et al[1976] found a secondary layer at ~80 km during nighttime using the Soviet
spacecraft Mars 4 and Mars 5. Some years later, these layers were confirmed by Mars

Express (see Figure 1.10, bottom panel) that found a sporadic layer between 65 and 110
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km in altitude in10 of 120 ionospheric electron concentration profijleatzold et al.
2003. More recently, metallic ion layers produced by the meteor storm event following
the close encounter between Comet Siding Spring (C/20)a®d Mars were identified

by the Imaging Ultraviolet Spectrograph (IUVS) aboard the Mars Atmosphere and
Volatile Evolution (MAVEN) spacecrafiSchneiler et al, 2013.

Finally, Titan is the onlynoonin the solar system ith a thick atmospherdird et
al. [1997] conduded that the main ionospheric peak was located at an altitude of 1180 *
150 km using the Voyager | flgy observations. However, no evidence of a lower
secondary peak belothie main ionospheric layer hbsen found, although this has been
predicted by some theoretical model§af t an 6 s [Emnghsb et gd. b98G Melina-
Cuberos et a).2001.

In this chapter, the process of meteoric ablation in these three solar system bodies is
examined CABMOD 2 [Vondrak et al. 200§ is combined with the ZCMNesvorny et
al., 201Q Nesvorny et a).201] extended to Mars and Venus and constrained by the
IRAS observations, to model: 1h@ meteoroid mat layers deposited in the atmospheres
of each planet; 2. fie global mass influx accreted by Mars and Verus 3. What
portion of theTIM ablates completely or remains unmeltedthe case of Venus, the
ablation process and the distribution of metal layerstudied forboth the noon and
midnight sides because of the significant differences that are caused by the slow rotational
period of the planefHedin et al, 1983 Keating et al. 1985. Finally, the ablation of
cosmic dust in Tit aQOwgtodht lack o nbweedge regaslinge x a mi n e d
themeteoroid distribution for the outer solar system bqdig®rethe major contributor
of IDPs is the EdgewortKuiper Belt(EKB) [Landgraf et al. 2003, is not possible to
model acompleteMl F f or Ti tands atthepesem eorkexplo€so nsequen
if the ablation processisreledan i n Titands at mosphere, since
small sizesR < 10 um) may contribute significantly to the available surface area for
heterogeneous chemistry, whereas larger particlemsatlivery rapidly through Titag”

atmospher¢Frankland et al. 2019.
5.2.ABLATION MODELLING OF THE ATMOSPHERES OF VENUS, MARS, AND TITAN
5.2.1. Meteoric Ablation ithe Martian Atmosphere.

In order to modeMarsh atmosphere, CABMOD usdhe Mars Climate Database

[Lewis et al. 1999 (http://www-mars.Imd.jussieu.fr/mcd_pythgn/Figure 5.1 (left
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panel) shows the atmospheric density profilesHEarthi conditions ofMarch 40°N

(http://ccmce.gsfc.nasa.gov/modelweb/models/msis_vitmg.phpand Mars at two

different latitudesgn winter, 40N and 80N. Mars atmosphere isnarkedly less dense
thantheterrestrial atmosphere below 100 km, so thegteoric ablation occuet alower

altitudeon Mars. Moreover, t is noticeable that thetmospheric density is significantly

lower at higher latitudes.

Figure 5.1 (right panel) shows height profiles of than atmospheric constituents

in Marsd at mosphere,

is CO between 50 and 250 kni\tomic O is more abundant tharn @bove 75 km,

although its concentration is about ~2%¥1@n, more than onerder of magnitude lower

whi

c h

have

been

used

than the concentration of O in the terrestrial atmosphere at 100 km, which makes the

contribution of metallic ions to the Mars third ion layer around 80 km seem less likely

because O plays an important role in reducing metal aaigeback to atomic ions (e.g.

MgO" + O - Mg" + O, although the analogous reaction with CO is also important

because of the relatively high CO concentrations (Figurd8/ialley and Plang201(.
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Figure 5.1 Left panel: atmospheric density profiles Earth (40°N)

10"

10]4

(http://ccmce.gsfe.nasa.gov/modelweb/models/msis_vitmpgpigbMarswinter (40°N and 80°N). Right panel:

vertical profiles ofmain compounds in thidartian atmosphere which have bagsedin CABMOD.The Martian

atmosphere has been modelled in CABMOD using the Mars Climate Databasénvww

mars.Imd.jussiefr/mcd_pythor)l.

Figure 5.2 (left panel) compartse ablation profiles foa5 pgmeteoroidhatentes
into theatmospheres dEarth and Marsvith an entry velocityf 20 km st and a zenith

angle of 35°The latitude40°N, isthe sane for both planetd.heseresuls reveathat the
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Chapter 5: Meteoric Ablation in the Atmospheres of Venus, Mars and Titan

ablation procesat Marsoccurs roughly 10 km lower than Earffhe ablation peak for
the more volatile elements, Na and K, is located at 94nkihars compared with ~100
km in the case of the Earthigure 5.2 (right panel) shows the effect of the latitubiee

ablationpeak of dfferent metals at 80°Mre located 15 km lower than4Q°N.

Mars 40°N

/ Earth /

Mars 80°N

Figure 5.2. Ablation profilesfor a 5 ugmeteoroidentering with an entry velocity=20 km & and azenith anglezA
= 35° Left panel: comparison between Earth (solid lines) and Mars (dotted lines) for the same latitudeRigItN).
panel: ablation rateprofilesin the Martian atmosphere at two different latitudes Ni@bolid lines) and 804 (dotted

lines).
5.2.2.Meteod Abl ation in Venusodo At mosphere.

Several authors have reported numerical models of thmichkeand physical
structure oV e n atsx@sphere at different latitudes and altitugiesed on measurements
of different spacecraiuchas Venera 11 and JKeating et al. 1989, Pioneer Venus
Orbiter [Hedin et al, 1983, andVenus ExpresfPeter et al, 2014. Hedin et al[1983]
used the Pioneer Venus Orbiter Neutral Mass Spectron@ivi§) measurementand
provided a gbbal model of théemperature and compositiomthethermospherabove
100 km by using spherical harmonics expansion to emphasize solar angle variations.
Figure5.3 (left pane) showsthe vertical density profilefor the midnight side and the
noon side at thequator reported biyledin et al[1983]andKeating et al[1985]. Ve n u s 6
atmosphere is significantly demse han t he Earthdés atmosphere b
temperature and eddy diffusion profiles are shown in right panel of Figure 5.3. The
vertical eddy dfusion coefficient,Q , as a function of the altitudeéstimated according

to thefollowing expressiorivon Zahn et aJ.1979 Yung and DeMorel983:
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