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RAPORT ŞTIINŢIFIC FINAL

Director de proiect:
Membrii echipei:

Dr.
Dr.
Dr.
Ing.

Nedelcu Dan Alin
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Rezumat:
Istoria Sistemului Solar a început în urma cu 4567 Ma odată cu condensarea
primelor solide din nebuloasa primordială. Ulterior, procesele de acreţie şi cele colizionale au condus la formarea planetesimalelor, corpuri cu dimensiuni de ordinul
kilometrilor ce au constituit la rândul lor cărămizile constructive ale protoplanetelor. În timpul fazelor primordiale ale genezei planetare debutează procesele
endogene, procese care în cazul planetelor geologic active continuă şi astăzi. Drept
urmare, evolutia planetelor mari la scări de timp comparabile cu vârsta Sistemului Solar a şters complet pâna astăzi proprietăţile fizice şi chimice ale discului
protoplanetar iniţial.
Din fericire, pentru o clasă particulară de obiecte, procesele de transformare sau oprit foarte rapid la doar 6 Ma după începerea formării Sistemului Solar. Aceste
obiecte conservă încă în interiorul lor, protejat de procesele distructive, materialul primordial ce a stat la baza formării sistemului nostru planetar. Singurii
supravieţuitorii ai acelei epoci iniţiale sunt micile planete ale Sistemului Solar,
asteroizii şi cometele.
Studiul asteroizilor şi cometelor este crucial în înţelegerea formării şi evoluţiei
Sistemului Solar. Ca singurii supravieţuitori ai fazelor iniţiale ale evoluţiei planetare, asteroizii şi cometele au înregistrat condiţiile fizico-chimice complexe ce
guvernau nebuloasa solară primordială. Întelegerea formării şi evoluţiei acestor obiecte, distribuţia lor, compoziţia şi proprietăţile lor fizice este una dintre
problemele actuale ale planetologiei şi datorită implicaţiilor în domenii precum
formarea Sistemului Solar şi originea vieţii pe Pământ şi în Univers.
Proiectul PN2-RU-TE Studiul proprietăţilor fizice ale corpurilor din Sistemul
Solar a fost plasat în domeniul de activitate al Planetologiei. Scopul principal al
proiectului a fost realizarea unui Centru de Observaţii la Distanţă în Astronomie în
cadrul Institutului Astronomic al Academiei Române, o infrastructură compatibilă
cu interfeţele hardware şi software ale marilor observatoare astronomice. Proiectul avea astfel două obiective cu indicatorii corespunzători de realizare definiţi în
propunerea de proiect înaintată în cadrul competiţiei 2011: 1) realizarea Centrului de Observaţii la Distanţă şi 2) realizarea de observaţii spectroscopice pentru cel
puţin 10 asteroizi şi publicare de articole cu factor de impact cumulat mai mare ca
6.
La finalul perioadei de implementare a proiectului am realizat şi testat cu succes încă de la sfârşitul primei etape Centrul de Observaţii şi am participat în
competiţia pentru obţinerea de timp de observaţii pe telescopul NASA IRTF din
Mauna Kea Hawaii obţinând un total de 21 de ore de observaţii. Am realizat observaţii spectroscopice pentru 20 de asteroizi incluşi in listele de interes ale proiectului (Anexa I) depăşind astfel obiectivul asumat iniţial de 10 obiecte observate în
trei ani. Factorul de impact total al articolelor publicate este de 10,6 (Anexa II). In-

frastructura dezvoltată în cadrul proiectului împreună cu experienţa dobândită de
către echipa de implementare asigură extinderea operării Centrului de Observaţii
la Distanţă pe termen mediu şi lung.
Astfel, alte două articole ISI (factor de impact cumulat 10,1) bazate pe observaţii efectuate în cadrul Centrului au fost acceptate în anul 2014 pentru publicare.
Estimăm, pornind de la rezultatele publicate şi de la rata de succes a
aplicaţiilor pentru timp internaţional de telescop, un flux constant de cel
puţin 4 articole ISI la fiecare 3 ani, articole ce urmează a cita contribuţia
proiectului PN-II-RU-TE-2011-3-0163 la obţinerea datelor de observaţii.
Pagina de web a proiectului în care sunt disponibile informaţii privind activităţile desfăsurate şi realizarea obiectivelor este http://observer.astro.ro/
astro.

Cuvinte cheie: Sistem Solar, Planetologie, Asteroizi, Spectroscopie, Infraroşul
apropiat (0,8 - 2,5 µ m), Mineralogie

CAPITOLUL

1

CENTRUL DE OBSERVAŢII LA DISTANŢĂ
1.1

INTRODUCERE

Observaţiile astronomice la distanţă reprezintă astăzi metoda predilectă de utilizare a infrastructurii astronomice mondiale. Astfel de observaţii astronomice pot
fi realizate în special prin două metode: în queue-mode, complet automat, fără
intervenţia investigatorului principal sau, interactiv, observatorul operând de la
distanţa interfeţele telescopului şi ale instrumentaţiei cu o asistenţa minimă din
partea operatorului telescopului. Acest ultim mod de operare permite observatorului să utilizeze infrastructura astronomică din zone convenabil alese evitând complicaţiile logistice ale deplasărilor la observatoarele astronomice situate în majoritatea cazurilor la altitudinii atât de mari încât necesită perioade de aclimatizare
de câteva zile.
Succesul unei sesiuni de observaţii la distanţă depinde însă de mai mulţi factori: pregătirea observatorilor şi cunoaşterea particularităţilor instrumentelor astronomice utilizate, cunoaşterea detaliată a procedurii de reducere şi interpretare
a datelor în vederea definirii parametrilor instrumentali şi coordonarea cu operatorul telescopului aflat la faţa locului. Observaţiile la distanţa reprezintă o tehnică
modernă pentru utilizarea eficientă a timpului de telescop atunci când observatorii au la dispoziţie o infrastructură adecvată pentru realizarea conexiunilor audio video şi software cu instrumentaţia dedicată.
1.2

REALIZAREA ŞI TESTAREA CENTRULUI DE OBSERVAŢII LA DISTANŢĂ

Centrul de Observaţii la Distanţă (COD, Figura 1.1) este componenta hardware esenţială a proiectului Studiul proprietăţilor fizice ale corpurilor din Sistemul Solar.
Din acest motiv achiziţia echipamentelor necesare realizării sale a fost prevăzută
în prima etapă a proiectului de cercetare.
În cadrul etapei de definire a acestei infrastructuri ştiinţifice şi de comunicare
am ţinut cont de următorii factori: compatibilitatea cu sisteme similare existente
la nivelul altor echipe de cercetare, integrarea în structura informatică a Institutului Astronomic precum şi existenţa serviciilor de service şi suport. Astfel, COD
este construit în jurul unui sistem de videconferinţă Polycom QDX6000 care permite legături audio-video de înaltă rezoluţie şi fidelitate în condiţiile unei utilizării
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Figura 1.1: Structura Centrului de Observaţii la Distanţă al Institutului Astronomic

minime a capacităţii de transport actuale a legăturii internet. În plus, configuraţia achiziţionată permite exportul, alături de semnalul audio-video al conferinţei
şi a unui semnal de ieşire VGA/DVI/HDMI al unui laptop/desktop facilitând astfel colaborarea şi lucrul pe documente complexe (articole/prezentări/software) al
echipelor separate geografic.
În structura COD este integrată, alături de sistemul de videoconferinţă, şi o
staţie de lucru cu capacitate dual-display necesară operării multiplelor interfeţe
de control ale telescopului şi instrumentelor în timpul observaţiilor la distanţă.
Distribuţia software aleasă pentru această staţie, Ubuntu 64, conţine majoritatea programelor necesare conectării la distanţă la calculatoarele ce deservesc
telescopul şi exportării interfeţelor aferente. COD include şi infrastructura existentă de calcul intensiv a Institutului Astronomic (4 procesoare quad-core x64)
folosită pentru calculul efemeridelor asteroizilor, planificarea şi optimizarea observaţiilor şi la analiza datelor de observaţii achiziţionate. Serverul Institutului
pentru stocarea observaţiilor astronomice (imagini CCD, plăci fotografice scanate)
cu o capacitate de 2 TB poate găzdui întreg volumul de date estimat a fi generat pe
durata celor 3 ani de desfăşurare a proiectului. În final, un laptop Dell optimizat
pentru autonomie extinsă şi prevăzut cu sistem de stocare de tip SSD utilizat de
echipele mobile de astronomi completează structura hardware a COD.
Integrare COD în structura informatică a Institutului a necesitat modificări în
configuraţia routerului central. La nivel DNS am alocat sistemului de videconferinţă hostname-ul visio.astro.ro (80.96.117.129) în timp ce la nivel de firewall /
routing am prioritizat traficul generat în timpul videconferinţelor şi am rezervat o
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Tabelul 1.1: Exemplu de planificare automată a observaţiilor produs de pachetul software
dezvoltat în timpul proiectului.
Number
Asteroid
Min Mag
Date
MOID (A.U.)
007753
1988XB
16.55
2013/06/20
0.006635
017188
1999WC2
13.34
2013/06/16
0.064990
066391
1999KW4
17.84
2013/05/23
0.013377
085990
1999JV6
17.70
2013/02/09
0.031481
163364
2002OD20
13.89
2013/05/27
0.026381
192563
1998WZ6
17.88
2013/05/29
0.035280
242216
2003RN10
17.70
2013/08/03
0.007693
285263
1998QE2
10.57
2013/06/02
0.035089
337053
1988TA
15.69
2013/05/07
0.006209
2002KL3
16.93
2013/06/01
0.064775
2002LT24
16.74
2013/06/24
0.011412
2003FY6
17.39
2013/03/27
0.003683
2006NL
16.76
2013/07/18
0.056692
2010RH137
15.04
2013/02/01
0.051582
2010VA1
16.94
2013/04/18
0.092057

bandă garantată pentru evitarea eventualelor congestii. Testele au fost efectuate
utilizând pentru videoconferinţă configuraţia similară a Centrului de Observaţii
la Distanţă în Astronomie din Meudon, Franţa.
În timpul a 4 ore de videoconferinţă am generat diverse încărcări ale conexiunii la internet pentru a verifica fiabilitatea legăturii audio-video şi calitatea
conţinutului livrat. Alocarea unei benzi garantate la nivelul router-ului precum
şi optimizarea traficului interactiv ne-au permis efectuarea în condiţii excelente a
teleconferinţei, fără întreruperi sau întârzieri semnificative. Până în prezent, pe
durata de implementare a proiectului, COD a fost utilizat în peste 400 de ore de
videoconferinţă cu grupurile de colaboratori pe teme de planetologie din Observatorul Astronomic din Paris, Franţa.
Pentru activităţile de planificare a observaţiilor astronomice am realizat un
pachet software care produce pentru un set de obiecte (asteroizi) şi un set de
constrângeri observaţionale (amplasarea observatorului, înalţimea obiectului deasupra orizontului, magnitudinea minimă) o lista cu perioadele optime de vizibilitate (Tabelul 1.1). Aceste perioade sunt necesare pentru redactarea propunerii de
observaţii trimisă în competiţiile peer-reviewed pentru obţinerea de timp de telescop.
A doua componentă software a COD este dedicată optimizării sesiunii de observaţii astronomice. Pentru toate obiectele ţintă sunt produse în timp real informaţiile necesare observatorului pentru stabilirea priorităţii observaţiilor în interiorul
sesiunii: magnitudinea, masa de aer, înălţimea deasupra orizontului şi orele de
răsărit, tranzit şi apus. Toate aceste informaţii sunt accesibile în interfaţa web a
proiectului: http://observer.astro.ro/astro/?data/ephemerides.html.
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1.3

CONCLUZII

În timpul perioadei de implementare a proiectului, Centrul de Observaţii la Distanţă a fost utilizat pentru 5 sesiuni de observaţii totalizând 21 de ore la telescopul
NASA Infrared Telescope Facility situat la 4200 m înălţime în Mauna Kea, Hawaii.
Experienţa observaţională dobândită de membrii echipei în participarea la competiţiile pentru timp de telescop şi în operarea de la distanţă a instrumentaţiei astronomice ne-a permis participarea în proiectul de cercetare "Modelarea dinamicii
şi compoziţiei asteroizilor geointersectori" în cadrul Programului de Cercetare, Dezvoltare si Inovare - Tehnologie Spaţială şi Cercetare Avansată - STAR Competiţia
2012 al Agenţiei Spaţiale Române. În primul an de desfăşurare al acestui nou
proiect Centrul de Observaţii la Distanţă a fost deja utilizat în alte doua sesiuni de
observaţii pentru 9 ore.
Astfel, primul obiectiv major al proiectului PN2-RU-TE Studiul proprietăţilor
fizice ale corpurilor din Sistemul Solar - realizarea şi validarea unei infrastructuri
de observaţii la distanţă fost îndeplinit. În plus, prin participarea cu succes la noi
competiţii de proiecte de cercetare am extins perioada de operare a Centrului de
Observaţii facilitând crearea unei comunităţi de cercetători români în domeniul
planetologiei.

CAPITOLUL

2

OBSERVAŢII SPECTROSCOPICE ALE ASTEROIZILOR
2.1

INTRODUCERE

Una dintre cele mai utilizate metode pentru studierea proprietăţilor fizice ale asteroizilor este spectroscopia de reflectanţă. Lumina reflectată de asteroizi conţine
informaţii esenţiale despre proprietăţile optice ale materialelor prezente la suprafaţa lor. Deducerea compoziţiei mineralogice a suprafeţei asteroizilor implică analiza comparativă a spectrelor acestora şi a spectrelor de laborator ale meteoriţilor
cunoscuţi sau ale mineralelor terestre în scopul găsirii celui mai probabil analog
spectral.
Spectroscopia în domeniul vizibil şi infraroşu este datorită accesibilităţii şi sensibilităţii oferite una din cele mai răspândite tehnici de observaţii spectroscopice.
În acest domeniu spectral de 0,4 - 2,5 µ m emisia termică a asteroizilor este neglijabilă, spectrele fiind dominate de lumina solară reflectată. Interacţiunea luminii
cu suprafaţa asteroidului va da naştere la benzi de absorbţie cauzate de tranziţiile
electronice, transferurile de sarcină şi de modurile fundamentele de vibraţie ale
unor molecule precum H2 O. Analiza cantitativă şi calitativă a acestor benzi de absorbţie va releva prezenţa şi natura mineralelor ce formează suprafaţa asteroizilor.
Astfel de analize aplicate spectrelor obţinute în urma programelor sistematice de
observaţii au condus la construirea taxonomiei asteroizilor.
2.2

PARTICIPAREA ÎN COMPETIŢIILE PENTRU OBŢINEREA DE TIMP DE TELESCOP

Observaţiile astronomice la marile telescoape, în absenţa existenţei unei afilieri la
nivel naţional, se obţin exclusiv pe baza competiţiilor de proiecte organizate în sistem peer-reviewed. În plus, pe lângă valoarea ştiinţifică, propunerile investigatorilor principali sunt evaluate şi în raport cu celelalte propuneri trimise datorită
unei suprasubscrieri de până la trei ori a timpului de telescop disponibil în fiecare
semestru.
Tema de cercetare abordată de echipa proiectului în cadrul acestei etape a
proiectului a fost investigarea legăturii dintre asteroizii de tip V (un tip rar, asociat
cu asteroidul 4 Vesta) şi meteoriţii HED (Howardite, Eucrite, Diogenite). Relaţia
dintre asteroidul 4 Vesta şi acest tip de meteoriţi bazaltici a fost stabilită pentru
prima dată de catre McCord et al. 1970. Ulterior Binzel & Xu, 1993 au descoperit
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Figura 2.1: Probabilitatea cumulată de injectare a meteoriţilor HED de către toţi cei 29 de
asteroizi de tip V cunoscuţi.

alţi asteroizi cu caracteristici spectrale similare şi care au fost consideraţi, pe baza
elementelor lor orbitale, ca fiind fragmente ejectate de pe Vesta în urma unui impact, un scenariu ce urma să fie validat de către primele observaţii directe ale unei
regiuni de impact masiv pe acest asteroid (Thomas et al. 1997).
Vesta şi familia sa dinamică nu sunt totuşi singurii asteroizi ce prezintă o compoziţie bazaltică (de tip taxonomic V). Recent, astfel de asteroizi au fost descoperiţi
şi în regiunile mediană şi externă ale centurii de asteroizi sau cu mult dincolo de
limitele dinamice ale familiei Vesta în zona internă a centurii (Duffard & Roig,
2009, Duffard et al. 2004). Existenţa acestor asteroizi, în absenţa unei asocieri dinamice cu Vesta, a fost explicată prin prezenţa mai multor asteroizi de tip bazaltic
în epoca Sistemul Solar primitiv, o ipoteză ce este validată de studiile izotopice ale
meteoriţilor HED.
Această populaţie distinctă de asteroizi de tip V este perturbată prin mecanisme gravitaţionale (perturbaţii planetare) şi termale (efect Yarkovsky) în orbite
ce pot intersecta în cele din urma orbita terestră. O legatură între asteroizii din
imediata vecinătate a Pământului şi meteoriţii HED poate fi stabilită în urma unei
comparaţii statistice a momentelor la care meteoriţii au căzut pe Pamant cu datele
la care Pământul se afla la distanţă minimă de orbitele asteroizilor presupuşi a fi
la originea acestor meteoriţi (MOID - Minimum Orbit Intersection Distance). Vom
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presupune aşadar în analiza noastră că meteoriţii pre-atmosferici sunt fragmente
cu dimensiuni de ordinul metrilor ejectate de către asteroizi cu mult timp în urmă
fiind prin urmare repartizaţi aproape uniform în anomalia medie de-a lungul orbitei.
Pentru cei 29 de asteroizi geo-intersectori de tip V pe care i-am identificat in
literatură am calculat atât valorile MOID cât şi momentul la care Pământul se
află la distanţa minimă de orbitele acestor asteroizi. În funcţie de configuraţia
orbitală reciprocă putem avea unul sau doua astfel de puncte de minim. Probabilitatea cumulată de injectare a meteoriţilor (considerând o dependenţa simplă de
forma ∼ 1/RMOID ) este prezentată în Figura 2.1. Fluxul (teoretic) crescut de meteoriţi din perioada martie - aprilie se datorează în special asteroizilor 1981 Midas şi
1998 GL3 ce au o valoare MOID de 0,004 U.A. respectiv 0,002 U.A. În cazul în care
cei 29 de asteroizi geointersectori de tip V sunt un eşantion reprezentativ al populaţiei de asteroizi ce injectează meteoriţi HED, ar trebui ca şi numărul de meteoriţi
asociaţi (a căror cădere a fost observată şi în consecinţă datată) să respecte o distribuţie similară. Utilizând The Catalogue of Meteorites (Gradie 2000) am selectat
toţi meteoriţii HED pentru care cel puţin luna căderii pe Pământ este cunoscută
(54 de rezultate). Distribuţia lor este prezentată în Figura 2.2. Comparând cele
doua figuri putem observa perioade de activitate mai intensă suprapuse peste un
flux de meteoriţi aproape constant pe perioada celor 12 luni. Distribuţia orbitală
a asteroizilor geointersectori de tip V explică în mare măsura fluxul crescut de
meteoriţi din lunile aprilie - mai şi parţial cel de la sfârsitul anului. Cu toate acestea, numărul important de meteoriţi HED căzuţi în Iunie nu poate fi asociat cu
niciunul dintre geointersectorii de tip V.
Toţi asteroizii geointersectori cu o valoare MOID < 0,1 U.A. sunt o sursa potenţială de meteoriţi (Olsson - Steel 1988). Propunerea înaintată de echipa proiectului pentru sezonul de observaţii spectroscopice 2012B (Iunie 2012 - Ianuarie 2013)
vizează observarea asteroizilor geointersectori (cu MOID < 0,1 U.A.) cu o configuraţie orbitală ce face ca Pământul să se afle la distanţa minimă de orbitele lor în
luna Iunie. Dacă printre aceşti asteroizi vom descoperi şi asteroizi de tip V atunci,
cel mai probabil, îi vom putea asocia cu fluxul crescut de meteoriţi HED observat
în luna iunie. În regiunea infraroşului apropiat (0,8 - 2,5 µ m) asteroizii de tip V
prezintă caracteristici de absorbţie tipice ale meteoriţilor HED cu benzi tipice de
piroxen la aproximativ 0,9 şi 1,9 µ m. O analiză mineralogică mai detaliată ne va
permite ulterior să calculăm compoziţia de tip Fsx Woy a asteroidului şi să identificăm cei mai probabili meteoriţi HED asociaţi.
În timpul semestrului de observaţii 2012B 8 astfel de asteroizi au fost potenţial
observabili. Este important de subliniat că pentru niciunul dintre ei nu au mai
fost efectuate observaţii spectroscopice în domeniul infraroşului apropiat. Pentru
realizarea observaţiilor am solicitat utilizarea instrumentului SpeX, un spectrograf în infraroşu de medie şi joasă rezoluţie. Magnitudinea vizuală a asteroizilor
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Figura 2.2: Numărul de meteoriţi HED care au cel puţin luna căderii cunoscută.

vizaţi se situează în intervalul 15,6 - 16,5. În condiţiile unui seeing de 1′′ estimăm
a fi necesar un timp de expunere de 60 de minute pentru a obţine un spectru cu un
raport semnal/zgomot de 20 în cazul unui obiect cu magnitudinea 17,3 în filtrul H
(1,6 µ m). Cum unii dintre asteroizi se află la opoziţie în timpul observaţiilor având
în consecinţă viteze aparente mari am propus şi utilizarea noului sistem de ghidaj
MORIS capabil să efectueze corecţiile necesare în acest caz. În cadrul propunerii
de observaţii trimisă pentru semestrul 2012B am solicitat un total de 15 ore de
observaţii repartizate în 4 sesiuni în perioada septembrie 2012 - ianuarie 2013.
Propunerea descrisă mai sus, 2012B020 The missing V-type NEAs realizată în
cadrul proiectului de faţă şi trimisă pentru competiţia semestrială de timp de
observaţii a telescopului NASA IRTF cu un diametru de 3.2 m din Mauna Kea,
Hawaii a fost acceptată de către TAC (Time Allocation Committee) fiindu-ne repartizat un timp de observaţii total de 16 ore pe durata a 4 sesiuni. Scrisoarea de
acceptare a programului nostru ştiinţific a fost insoţită de următorul comentariu:
The following are comments from the TAC to help you in future proposals: Strong
science case with clearly stated goals and approach to reach them. The TAC agreed
this was a good proposal based on an interesting question.
În timpul celor patru sesiuni am observat asteroizii: 1990MU, 1989ML, 2004EW9,
2007PA8, 2004EW9, 2002XA40, 2001JW2, 2008XE3, 1994XD, 1998WZ6, 2001BK16,
2001YM2, 2003HR32, 2006VB14, 1989VJ şi 2006YT13 (Anexa 1) şi stelele de refer-
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Figura 2.3: Spectrul asteroidului 4953 1990MU obţinut în 16/09/2012 prezintă caracteristici spectrale intermediare între clasele spectrale Sv şi V

inţă de tip spectral G2V: HD12451, HD232824, HD50117, HD7983, BD+513346,
HD217577, HD9761, HD220764, HD23650, HD29714, HD31867, HD9761, HD12846 şi HD60298.
O analiză preliminară a datelor obţinute ne-a indicat faptul că unul dintre
obiectele observate - asteroidul 1990MU prezintă caracteristici spectrale similare
cu cele ale asteroizilor de tip taxonomic V (Figura 2.3). Orbita acestui asteroid de
tip V, primul descoperit de echipa proiectului, favorizeaza injectarea de meteoriti
de tip HED exact în perioada lunilor mai şi iunie aşa cum ne aşteptam în urma
analizei distribuţiei valorilor MOID şi a căderilor de meteoriţi HED înregistrate
(Figura 2.4).
Pornind de la aceste rezultate preliminare am participat şi în competiţia pentru timp de observaţii la telescopul NASA IRTF din semestrul 2013A. Propunerea
noastra a fost acceptată şi ne-au fost alocate suplimentar 5 ore de observaţii pentru data de 25 iunie 2013. Asteroizii (Anexa 1) şi stelele de referinţa de tip G2V
observate de această dată au fost: 2002LT24, 2002OD20, 1999WC2, 2007TX18,
1998QE2, HD147194, HD157985, HD169019, HD184700 şi HD231683.
Perioada de observaţii spectroscopice a proiectului Studiul proprietăţilor fizice ale corpurilor din Sistemul Solar s-a încheiat astfel în luna iulie 2013, datele
deja reduse intrând în procedura de analiză şi de publicare. Calitatea şi volumul
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Figura 2.4: Probabilitatea cumulată de injectare a meteoriţilor HED de către toţi cei 29
de asteroizi de tip V cunoscuţi inclusiv contribuţia primului asteroid de tip V identificat în
cadrul proiectului

datelor obţinute - 21 de spectre pentru 20 de asteroizi reprezintă baza de lucru
pentru publicarea a cel puţin 4 articole ISI în următorii ani, depăşind estimarea
iniţială de obţinere a 10 spectre pe durata de 3 ani a proiectului.
Infrastructura de observaţii la distanţă creată în cadrul primei etape a proiectului (staţie de videoconferinţă, router cu load-balancing şi line backup, staţie de
lucru cu dual-display) a funcţionat la parametrii aşteptaţi pe toată durata observaţiilor validând astfel soluţiile tehnice alese şi modalitatea de implementare a
acestora.
2.3

OBSERVAŢII ASTROMETRICE ŞI FOTOMETRICE

Observaţii astrometrice şi fotometrice au fost efectuate de către directorul proiectului în calitatea sa de cercetător asociat al Institutului de Mecanică Cerească şi
Calculul al Efemeridelor al Observatorului din Paris pe durata campaniei de observaţii de la statia de planetologie a Observatorului Pic du Midi, Franţa în perioada
16 - 24 noiembrie 2011.
Aceste date au fost completate în anul 2012 cu noi observaţii fotometrice ale
asteroidului 1996 FG3. Noile observaţii au fost obţinute cu acelasi telescop cu
diametrul de 1 m al Observatorului Pic du Midi dar folosind în schimb o camera
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Figura 2.5: Curbele de lumină ale asteroidului 1996FG3 în filtrele R, G, I şi BB obţinute
în ianuarie 2012

CCD Andor iXon cu o eficienţa cuantică, zgomot de citire şi curent de dark mult
imbunătăţite faţă de camera CCD utilizată în noiembrie 2011.
Observaţiile au fost obţinute în filtrele G, R şi I în 16 şi 17 ianuarie şi într-un
filtru de banda largă în 23 ianuarie. O analiza combinată a tuturor acestor date
fotometrice a fost efectuată în cadrul etapei II a proiectului de faţă, curba de lumină obţinută indicând în mod clar natura binară a acestui asteroid (Figura 2.5).
Datele analizate de către noi sunt în prezent incluse în baza de date de observaţii
fotometrice utilizată la determinarea formei asteroidului şi a satelitului său, a
efemeridei sistemului binar şi pentru identificare fazelor de rotaţie asociate observaţiilor spectroscopice.
2.4

PUBLICAŢII

În cadrul celei de-a doua etape a proiectului a fost publicată prima lucrare ISI în
jurnalul Astronomy & Astrophysics (IF = 5,008): Popescu, M., Birlan, M., Nedelcu,
D.A., Modeling of asteroid spectra - M4AST, Astronomy & Astrophysics, Volume
544, id.A130, 10 pp. Articolul prezintă o nouă bază de date de observaţii spectroscopice ale asteroizilor împreună cu un set de algoritmi şi proceduri de analiză
automată a spectrelor, metode ce sunt folosite acum la analiza rapidă a spectrelor
obţinute pe durata proiectului.
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O a doua1 lucrare ISI a fost publicată în ianuarie 2014 în revista Monthly Notices of the Royal Astronomical Society Main Journal (IF = 5,521): M. Birlan, D.A.
Nedelcu, M. Popescu, P. Vernazza, F. Colas, A. Kryszczyńska, Spectroscopy and
surface properties of binary asteroid (809) Lundia, Monthly Notices of the Royal
Astronomical Society, 2014, Volume 437, Issue 1. În acest al doilea articol am introdus pentru prima oară în literatura de specialitate o analiză completă a spectrelor
asteroizilor de tip V observaţi şi în cadrul proiectului de faţa. Pe lânga metodele
cunoscute de analiză spectrală, MGM şi comparaţia cu spectrele de laborator, am
propus o metodă inovativă pentru decelarea soluţiilor mineralogice ale spectrelor
de asteroizi. Aceste ultime rezultate au fost aplicate ulterior la o analiză extinsă a
setului de spectre achiziţionate.
Odată cu dezvoltarea şi consolidarea Centrului de Observaţii la Distanţă acesta
a devenit esenţial în conducerea şi realizarea observaţiilor spectroscopice ale asteroizilor. Cooptând alţi cercetători din ţară şi străinătate alături de echipa proiectului am publicat în anul 2014 alte două articole ISI citând contribuţia esenţială a
proiectului de faţă la obţinerea rezultatelor: D.A. Nedelcu, M. Birlan, M. Popescu,
O. Bădescu, D. Pricopi, Evidence for a source of H chondrites in the outer main
asteroid belt, Astronomy & Astrophysics, Volume 567, id L7, Iulie 2014, şi M.
Popescu, M. Birlan, D. A. Nedelcu, J. Vaubaillon, C. P. Cristescu, Spectral properties of the largest asteroids associated with Taurid Complex, Astronomy & Astrophysics, acceptat pentru publicare la 1 septembrie 2014 http://dx.doi.org/
10.1051/0004-6361/201424064. Estimăm, pornind de la rezultatele publicate şi de la rata de succes a aplicaţiilor pentru timp internaţional de
telescop, un flux constant de cel puţin 4 articole ISI la fiecare 3 ani, articole ce urmează a cita contribuţia proiectului PN-II-RU-TE-2011-3-0163
la obţinerea datelor de observaţii.
Structura proiectului Studiul proprietăţilor fizice ale corpurilor din Sistemul
Solar şi rezultatele sale preliminare au fost expuse la conferinţa Observational
astronomy using remote techniques: CODAM-10, Paris, 21 - 22 ianuarie 2013 în
prezentarea invitată ROC Bucharest Observatory a directorului de proiect.
O parte din spectrele obţinute de către echipa proiectului insoţită de o analiză
preliminară a acestora au fost prezentate sub forma de poster la conferinţa Planetary Defense Conference: M. Birlan, D.A. Nedelcu, M. Popescu, Dynamical evolution and physical properties of six NEAs, 2013 IAA Planetary Defense Conference,
15-19 aprilie 2013, Flagstaff, Arizona.
Toate publicaţiile sunt disponibile pe pagina web a proiectului: http://observer.
astro.ro/astro. Articolele ISI publicate se regăsesc în Anexa II a raportului final.
1 CNCS,

7 Octombrie 2011: Consideraţi drept o prioritate a vizibilităţii cercetării dumneavoastră efortul de a
publica rezultatele cercetărilor în cele mai prestigioase reviste ale domeniului aplicaţiei. Dorim ca accentul
să fie pus pe impactul şi vizibilitatea internaţională a publicaţiilor şi nu pe cantitatea acestora.
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CONCLUZII

La finalul perioadei de implementare, proiectul PN2-RU-TE Studiul proprietăţilor
fizice ale corpurilor din Sistemul Solar a realizat şi depăşit toţi indicatorii de succes asumaţi în propunerea de proiect. Factorul de risc principal subliniat şi de către
echipa iniţială de evaluatori ai proiectului în cadrul competitiei RU-TE 2011 - accesul pe bază de competiţie la infrastructura astronomică observaţională a marilor
telescoape - a fost surmontat, directorul de proiect obţinând ca investigator principal 21 de ore de observaţii pe telescopul NASA Infrared Telescope Facility din
Mauna Kea Hawaii. Accesul la timpul de telescop a fost obţinut prin evaluări de
tip peer-reviewed ale propunerilor ştiinţifice în condiţiile unei supra-subscrieri de
pâna la trei ori a timpului disponibil.
Proiectul stabileşte, cel puţin până astăzi, câteva premiere în astronomia observaţională din România:
• primele observaţii astronomice la distanţă realizate din România
• cel mai mare telescop operat de la distanţă de către astronomii români - 3.2 m
NASA IRTF
• cea mai îndepărtată infrastructură de cercetare operată din România - Mauna
Kea, Hawaii, 13.000 km
Centrul de Observaţii la Distanţă, infrastructură cheie a proiectului de faţă, operat de către Institutul Astronomic al Academiei Române a fost esenţial în participare în alte competiţii de proiecte. Astfel, proiectul de cercetare "Modelarea dinamicii şi compoziţiei asteroizilor geointersectori" din cadrul Programului de Cercetare,
Dezvoltare şi Inovare - Tehnologie Spaţială şi Cercetare Avansată - STAR, Competiţia 2012, al Agenţiei Spaţiale Române se bazează pe experienţa echipei proiectului în accesul la instrumentaţia şi telescoapele marilor observatoare astronomice
şi în operarea acestora. Prin participarea cu succes la noi competiţii de proiecte de
cercetare am extins perioada de operare a Centrului de Observaţii contribuind la
crearea unei comunităţii naţionale de cercetători în domeniul planetologiei. Accesul la infrastructura dezvoltată în cadrul proiectului rămâne deschis pentru toate
grupurile de cercetători în astronomie indiferent de afiliere, echipa proiectului asigurând suport tehnic pe durata observaţiilor şi ulterior pentru reducerea şi interpretarea acestora.
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McCord, T.B. et al., 1970, Science, 168, 1445-1447
Binzel, R.P.; Xu, S., 1993, Science, 260, 186-191
Thomas, P.C. et al., 1998, Science, 277, 1492-1495
Duffard, R., Roig, F., 2009, PSS, 57 229-234
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ANEXA I

SPECTRELE CELOR 20 DE ASTEROIZI OBSERVAŢI ÎN CADRUL PROIECTULUI
Date publicate sau aflate în proces de publicare.
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ABSTRACT

Context. The interpretation of asteroid spectra provides the basis for determining the chemical composition and physical process that
modified the surface of the asteroids. The increasing number of asteroid spectral measurements has lead to well-developed methods
for analyzing asteroid spectra. There is however no centralized database for all the published data and a set of standard routines is
also required.
Aims. We present a public software tool that combines both data archives and analyses of asteroid spectra.
Methods. Our project M4AST (Modeling for asteroids) consists of an asteroid spectral database and a set of applications for analyzing
asteroid spectra. These applications cover aspects related to taxonomy, curve matching with laboratory spectra, space weathering
models, and mineralogical diagnosis.
Results. M4AST project is fully available via a web interface. The database contains around 2700 spectra that can be either processed
in M4AST and/or downloaded. The paper presents the algorithms we developed for spectral analyses based on existing methods. The
robustness of routines is proven by the solutions found for spectra of three diﬀerent asteroids: (9147) Kourakuen, (99 942) Apophis,
and (175 706) 1996 FG3. The available results confirm those in the literature. M4AST applications can also be used to characterize
any new asteroid spectra.
Conclusions. M4AST is a robust and reliable tool dedicated to asteroid spectra.
Key words. minor planets, asteroids: general – methods: data analysis – techniques: spectroscopic

1. Introduction
Spectroscopic studies of celestial bodies connect astronomy with
fundamental physics on both atomic and molecular levels. The
interpretation of the visible and near-infrared reflectance spectra
of asteroids provides a powerful remote method for characterizing their surface composition. The mineralogical and the chemical properties of these objects provide direct information about
the conditions and processes that were present during the very
early stages of the evolution of the solar system. Another important aspect related to asteroids is their relative accessibility to
spacecraft investigations. This enables their scientific study and
the detailed assessment of their future use as space resources.
The choice of targets and the planning of space missions are
based on the ensemble of physical and dynamical parameters of
these objects, which are properties inferred from ground-based
observations.
Asteroid spectra have been obtained since the late 1960s.
McCord et al. (1970) published the first spectral measurements
in the 0.3–1.1 μm wavelength region for the asteroid (4) Vesta,
and found that its spectrum is similar to those of basaltic achondritic meteorites. The most important surveys in the 1980s
for measuring the spectral characteristics of asteroids were the
Eight-Color Asteroid Survey (ECAS, Zellner et al. 1985), and
the 52-color survey (Bell et al. 1988). All these results showed
the diversity of asteroid surface composition.

M4AST is available via the web interface:
http://cardamine.imcce.fr/m4ast/

In the past two decades, the development of CCD spectrographs have made it possible to obtain spectra of significantly
fainter asteroids with a much higher spectral resolution than
achievable with filter photometry. Several spectroscopic surveys have been performed, including SMASS (Xu et al. 1995),
SMASS2 (Bus & Binzel 2002b), and S3 OS2 (Lazzaro et al.
2004). Other spectroscopic surveys have been dedicated only to
near-Earth asteroids such as SINEO (Lazzarin et al. 2005) or
the survey performed by de León et al. (2010). The total number of asteroid spectra resulting from these surveys is on the order of thousands and has led to a mature understanding of their
population.
Currently, the spectral data of asteroids continues to grow.
The most important spectral surveys for asteroid have made their
data available online. There is no centralized database containing
all the asteroid spectra1 . Moreover, the exploitation of these data
in terms of the construction of mineralogical models, comparison to laboratory spectra, and taxonomy is treated individually
by each team working in this field. While the spectral databases
for asteroids have become significant in size and the methods for
modeling asteroid spectra are now well-defined and robust, there
are no standard set of routines for handling these data.
We developed M4AST (Modeling for Asteroids), which is a
tool dedicated to asteroid spectra (Popescu et al. 2011; Birlan &
Popescu 2011). It consists of a database containing the results
1
Some of these data are archived within the Small Bodies Node of
the Planetary Data System (http://pds.nasa.gov/).
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of the observational measurements and a set of applications for
spectral analysis and interpretation. M4AST covers several aspects related to the statistics of asteroids – taxonomy, curve
matching with laboratory spectra, modeling of space weathering eﬀects, and mineralogical diagnosis. M4AST was conceived
to be available via a web interface and is free for access to the
scientific community.
This paper presents M4AST as follows: in Sect. 2, we briefly
review the general methods used to analyze asteroid spectra.
In Sect. 3, we describe the structure of the database, and in
Sect. 4 we give details about the M4AST interfaces and their
use. Section 5 presents the algorithms behind the diﬀerent models implemented in M4AST. Section 6 shows some examples of
spectral analysis and discusses the applicability of the models.
We end up with the conclusions and further perspectives.

2. Methods for asteroid spectra analysis
“Asteroids” actually means “star-like” and viewed through a
telescope, as these planetesimals are merely a point source of
light. A panoply of new observational techniques (e.g. spectroscopy, photometry, polarimetry, adaptive optics, radar, etc.)
has transformed these star-like objects into individual little
worlds.
One of the techniques used to characterize the surface of
asteroids is reflectance spectroscopy in the visible and nearinfrared wavelength regions. Diagnostic features in spectra related to electronic and vibrational transitions within minerals or
molecules are detectable in the 0.35–2.50 μm spectral range.
The overlapping of the absorption bands from diﬀerent mineral species provides a distinctive signature of the asteroid surface. Olivine, pyroxene (clino- and ortho-pyroxene), iron-nickel
(Fe-Ni) metal, spinel, and feldspar are some of the most important minerals that can be identified by carefully analyzing the
reflection spectra of the asteroid (McSween 1999).
The analysis of reflectance spectra can be done using several
methods, such as taxonomic classification, comparison with laboratory spectra, band parameter determination, and modeling of
the space weathering eﬀects. We briefly discuss below the methods implemented via M4AST.
2.1. Taxonomy

Taxonomy is the classification of asteroids into categories
(classes, taxons) using some parameters and no a priori rules.
The main goal is to identify groups of asteroids that have similar
surface compositions. The classification into taxons is the first
step for further studies of comparative planetology. In the case
of asteroids, a precise taxonomic system gives an approach to a
specific mineralogy for each of the defined classes.
Taxonomic systems of asteroids were initially based on asteroid broadband colors (Chapman et al. 1971), which allowed
us to distinguish between two separate types of objects, denoted “S” (stony) and “C” (carbonaceous). Based on the increasing amount of information from diﬀerent types of observations, new taxonomic classes were defined. Historically, the
most widely used taxonomies are the following: Tholen (1984)
and Barucci et al. (1987), which used data from the Eight-Color
Asteroid Survey (Zellner et al. 1985); Bus & Binzel (2002a),
which used data from the SMASS2 survey; and DeMeo et al.
(2009), which is an extension of a previous taxonomy scheme
into the near-infrared.
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Statistical methods are used for defining taxonomic systems
of asteroids. We point out two of them, namely principal component analysis (PCA) and the G-mode clustering method.
Principal component analysis (PCA) is a method for reducing the dimensionality of a data set of M variables, involving
linear coordinate transformations to minimize the variance. The
first transformation rotates the data to maximize the variance
along the first axis, known as the principal component 1 (PC1),
then along the second axis – the second principal component,
and so on. Overall, the new coordinates are ordered decreasingly
in terms of the dispersion in the principal components.
The G-mode is a multivariate statistical clustering method
that allows us to classify a statistical sample consisting of N elements with M variables. The parameter G is the analog of the distance in a NxM space. This statistical distance between an object
and a taxonomic class shows the similarities of the characteristics of this object to those of its class (Birlan et al. 1996). One
of the advantages of this method is that even if only a subset of
variables are available for an object (only part of the spectrum),
a preliminary classification can still be achieved.
2.2. Spectral comparison

Spectroscopy of diﬀerent samples performed in the laboratory
provides the basis upon which compositional information about
unexplored planetary surfaces can be understood from remotely
obtained reflectance spectra. Thus, confronting the spectral data
derived from telescopic observations with laboratory measurements is an important step in study of asteroid physical properties (Britt et al. 1992; Vernazza et al. 2007; Popescu et al. 2011).
Several spectral libraries are available for accomplishing this
task, such as Relab2 , USGS Spectroscopy Laboratory3, the Johns
Hopkins University (JHU) Spectral Library, the Jet Propulsion
Laboratory (JPL) Spectral Library4, etc. We use the Relab spectral library in M4AST, which is one of the largest libraries and
contains more than 15 000 spectra for diﬀerent types of materials from meteorites to terrestrial rocks, man-made mixtures, and
both terrestrial and lunar soils.
2.3. Space weathering effects

It is now widely accepted that the space environment alters the
optical properties of airless body surfaces. Space weathering is
the term that describes the observed phenomena caused by these
processes operating at or near the surface of an atmosphere-less
solar system body, that modify the remotely sensed properties of
this body surface away from those of the unmodified, intrinsic,
subsurface bulk of the body (Chapman 1996, 2004).
The objects that are most aﬀected by the space weathering are silicate-rich objects for which a progressive darkening
and reddening of the solar reflectance spectra appear in the
0.2−2.7 μm spectral region (Hapke 2001). Lunar-type space
weathering is well-understood, but two well-studied asteroids
(433 Eros and 243 Ida) exhibit diﬀerent space weathering types.
The mechanism of space weathering for asteroids is still currently far from being completely understood.
The latest approaches to the study of space weathering
are based on laboratory experiments. Simulations of micrometeorites and cosmic ray impacts have been achieved using
nanopulse lasers on olivine and pyroxene samples. These have
2
3
4

http://www.planetary.brown.edu/relab/
http://speclab.cr.usgs.gov/
http://speclib.jpl.nasa.gov/
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Fig. 1. Block diagram and work flow of M4AST.

shown that laser ablation lowers the albedo, dampens the absorption bands, and reddens the spectrum. These eﬀects could
explain the transition from “fresh” ordinary chondrite material to
the observed asteroid spectra (Yamada et al. 1999; Sasaki et al.
2001). The spectral eﬀects generated by the solar wind irradiation to silicate materials were investigated by Brunetto et al.
(2006). On the basis of ion irradiation experiments, they found
“a weathering function” that could be used to fit the ratio of the
spectra of irradiated to unirradiated samples, which was implemented in M4AST.
2.4. Band parameters

The “traditional” method used for mineralogical analysis is
based on diﬀerent parameters that can be computed from the
reflectance spectra of the object. These parameters give information about the minerals that are present on the surface of the
asteroid, their modal abundances, and the size of the grains.
Cloutis et al. (1986) outlined an analytical approach that permits the interpretation of visible and near-infrared spectral reflectance to determine the mineralogic and petrologic parameters of olivine-orthopyroxene mixtures, including end-member
abundances, chemistries, and particle size. These parameters are
the wavelength position of the reflectance minima around 1 μm
and 2 μm, the band centers, and the band area ratio (BAR) which
is the ratio of the areas of the second absorption band relative to
the first absorption band.
Gaﬀey (2010) noted that mineralogically diagnostic spectral
parameters (band centers, BARs) are “essentially immune to the
eﬀects of space weathering observed and modeled to date”.

3. Spectral database
The schematic of the M4AST project is given in Fig. 1. The
first component is the spectral database. It contains the results
of telescopic measurements for the reflectance spectra of different wavelength ranges (V – visible, NIR – near infrared,
V+NIR – visible and near infrared) of the asteroids and the
observations logs.
3.1. Structure of M4AST database

The information in the database is organized into two type of
files: permanent and temporary files. Additionally, there is a catalog to keep track of the permanent files recorded.

Permanent files are uploaded through a dedicated interface
protected by a password. Any new file submitted in this way
is recorded in a catalog together with its observation log. The
observation log is also kept in the header of the file containing
the corresponding spectral data, including IAU designations of
the asteroid, the date and hour (UT) of the observation, and the
IAU code of the observatory. Additional information could be
included such as the investigator name and e-mail address as
well as the link to a reference if the spectrum was published.
Each file containing the spectral data includes a header with
the observation log and the measurements given in two columns:
the first column contains the wavelength in μm, and the second
column contains the corresponding reflectance values (normalized to unity at 0.55 μm if the visible part of the spectrum is contained, and otherwise at 1.25 μm). If the dispersions in the measurements are available, they are provided in the third column.
Temporary files are created by the users only for processing
the data. They provide a way for the anonymously user to use
the applications of M4AST for his own spectral data. Temporary
files receive a random name and can be removed by the same
user that created them (no administrative rights are required).
The application library is fully available for modeling spectral
data contained in temporary files. No permanent information is
recorded.
3.2. The content

Historically, the database was designed for making available to
the scientific community the spectra obtained after observations
performed remotely from the Centre d’Observation à Distance
en Astronomie à Meudon (CODAM) (Birlan et al. 2004, 2006).
The observations were obtained in the 0.8–2.5 μm spectral region using the SpeX/IRTF instrument, located on Mauna Kea,
Hawaii. The project now includes around 2,700 permanent spectra (in the V and NIR wavelength regions) of both main belt and
near-Earth asteroids.
Along with the spectra obtained via CODAM, the main
sources of the project are SMASSI (Xu et al. 1995), SMASII
(Bus & Binzel 2002b), and S3 OS2 (Lazzaro et al. 2004) and
de León et al. (2010). Together with our program of asteroid
spectroscopic observations, some collaborations are intended in
order to enlarge M4AST database.
The purpose of this database is not to duplicate other spectral
libraries that already exist, but to oﬀer a unique format for the
data, a fast way of applying the existing models, and a rapid
comparison of the results.
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3.3. M4AST database via the Virtual Observatory

4.2. Modeling tool interface

The Virtual Observatory (VO) is an international astronomical
community-based initiative. Its aims are to allow global electronic access to the available astronomical data archives of space
and ground-based observatories and other sky survey databases
and to enable data analysis techniques through a coordinating
entity that will provide common standards.
The M4AST spectral database can be accessed via VOParis Data Centre5 using Simple Spectral Access Protocol (Tody
2011). The M4AST spectral data obtained via VO can be retrieved in both VOT able format or our native AS CII format. A
“simple query search” based on asteroid designation correctly
returns all the spectra from our database for the corresponding
object.
New protocols, dedicated to planetology, (such as table access protocol) will be implemented in the future.

The second component of the M4AST project is the set of applications for modeling and analyzing the spectra from the database
or any spectrum submitted by the user. The usage of this tool
(Fig. 1), called the modeling interface, is based on the name of
the file containing the spectral data.
The following applications are currently available in this
interface:

4. The interface
M4AST includes two interfaces, one dedicated to database access and another for running the diﬀerent applications dedicated
to spectral analysis6 . The access flow starts with the database interface and continues with the modeling tool interface. Figure 1
gives an overview of the M4AST work-flow.
4.1. Database interface

The database interface (Fig. 1), called user input interface, allows the users to access the spectra from the database or upload
their own spectra for further processing. The following options
are available:
Search spectra in database – the user can search spectra in the
database based on a maximum of three keywords. These keywords include object designations, observing date, and the
IAU observatory code.
Download file from database – the user can download any spectrum using as input the filename provided by the previous
option.
Upload temporary spectrum to database – the anonymously
user can upload his own spectral data for further processing. The file with the spectrum should contain two or three
columns, the first column containing the wavelengths (given
in angstroms, nanometers, or microns), the second column
containing the corresponding reflectance. Optionally, the
third column may include the dispersion of measurements.
The file is given a temporary name over which the user has
full control.
Concatenate spectra – spectra in diﬀerent wavelength regions (V and NIR) can be merged. The procedure consists
in the minimization of data into a common spectral region
(usually 0.8–0.9 μm). The result is stored in a temporary file
and can be further processed.
The results of all these options are displayed at the bottom
of each page. These results can be either spectra found in the
database or temporary files. The connection with the modeling
tools is made using the name of the file containing the spectrum.
This filename is provided as a link and a simple click allows us
to access the modeling tool interface.
5
6

http://voparis-srv.obspm.fr/portal/
http://cardamine.imcce.fr/m4ast/
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Plot spectrum – plot the reflectance as a function of wavelength.
Additional information related to the selected spectrum (the
observing log) are also given.
Taxonomy – classify the spectrum according to diﬀerent taxonomies. Taxonomic systems that can be selected are
Bus-DeMeo (DeMeo et al. 2009), G13 (Birlan et al. 1996),
and G9 (Fulchignoni et al. 2000). The methods behind these
classifications are outlined in Sect. 5. The results of this
application consist in the first three classes that match the
asteroid spectrum, together with some matching quantitative
values (coeﬃcients). In addition, the asteroid spectrum is
plotted together with standard spectra corresponding to the
best matches.
Search matching with spectra from the Relab database – performs spectral comparison with spectra from Relab
database. In general, only the meteorite spectra are of
interest, thus an option for selecting between all spectra
and only meteorite spectra is included. However, the “all
spectra” option includes spectral measurements for mixtures
(olivine/pyroxene) prepared in the laboratory that can be
considered when analyzing asteroid spectra. Four methods
are available for the spectral matching. Their description
is given in Sect. 5. This application provides the first
50 laboratory spectra that matched the spectrum (in order
of the matching coeﬃcient). These results are given in a
table, along with a link to visualize a comparative plot of
laboratory spectra and asteroid spectra. The table includes
all the information regarding the spectral measurements and
the sample characteristics.
Space weathering eﬀects – uses the space weathering model defined by Brunetto et al. (2006). The results consists in computing the parameters of the model and de-reddening the
spectrum. The de-reddening (removal of space weathering
eﬀects) is done by dividing the spectrum by its continuum.
The spectrum obtained can be further analyzed, being provided in a temporary file.
Band parameters and mineralogical analysis – computes the
spectral parameters defined by Cloutis et al. (1986). If only
the infrared part of the spectrum is given, the algorithm computes the band minima. If the spectrum contains both V and
NIR regions, all the parameters described in Sect. 2.4 are calculated. Along with the results, the plots required to interpret
these parameters are also provided.
After each computation made in M4AST, the results are displayed at the bottom of the page. It must be noted that some of
these applications provides meaningfully results only for certain
types of spectra. Their applicability is indicated in the publications describing the models. The reference to the relevant publications is also available via the web interface.
4.3. Updating the database

Permanent spectra can be added into the database via a dedicated
interface – update database (Fig. 1) – that requires administrative
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rights. The information needed to add a new permanent file with
spectral data are asteroid designations (an additional utility is
provided to check the designations), information about the observation (date, investigator, and IAU code of the observatory),
and information about the uploaded file containing the measurements. Each record submitted to the database can be removed
only from this interface.

A quantity commonly used to test whether any given
points are well-described by some hypothesized function is
chi-square (χ2 ), the determination being called the chi-square
test for goodness of the fit (Bevington & Robinson 1992).
The classical definition for the χ2 is:
χ2 =

N

(xi − μi )2
i

5. Algorithms – the mathematical approach
This section describes the algorithms used to analyze the diﬀerent types of spectra.
5.1. Taxonomic classification

We used diﬀerent approaches for the three taxonomies types proposed in M4AST.
To classify a spectrum in the Bus-DeMeo taxonomy, we determine how closely this asteroid spectrum is fitted by the standard spectrum of each class using a curve matching approach.
This approach involves first fitting the spectrum with a polynomial curve and then comparing this curve to the standard spectrum at the wavelengths given in the taxonomy. We select the
taxonomic classes producing the smallest standard deviation in
the error (see Eq. (5)).
For G-mode taxonomy, we used the algorithm defined in
Fulchignoni et al. (2000). This comprises the computation of the
g parameter, which gives the statistical distance of a new sample,
characterized by {xi } from the taxonomic class s


2
M 


xi − xis
gs = 2 Rs
− 2 R s M − 1,
(1)
σis
i
where M is the number of points and i = 1...M. The G-mode
method defines for each taxonomic class s the mean values {xis },
the standard deviations {σis }, and a statistical indicator R s . We
select the
√ classes that have the lowest g s , the ideal case being
g s = − 2 R s M − 1.
The taxonomic classes are defined depending on the taxonomy in diﬀerent wavelength intervals (0.45–2.45 μm for
Bus-DeMeo taxonomy, 0.337–2.359 μm for G13 taxonomy, and
0.337–1.041 and for G9 taxonomy) and some of them also using the albedo. The curve matching or g factor computation can
be made across a smaller wavelength interval (depending on the
available wavelength range of the asteroid spectrum) but with a
lower confidence, thus a reliability criterion is required (Popescu
et al. 2011)

card [λm , λM ] {λT1 , λT2 , ..., λTN }
Reliability =
,
(2)
N
where [λm , λM ] is the spectral interval between the minimum
wavelength and the maximum wavelength in the asteroid specT
trum, λT1 , λT2 , ..., λN are the N wavelengths for which the standard spectra of the taxonomy are given, and card() represents
the number of elements of a discrete set.
5.2. Curve matching

The methods for taxonomic classification and comparison with
meteorite spectra are based on curve matching. These procedures involve minimizing a quantity (usually called Φ) in order
to determine the best estimates for a given asteroid spectrum.

σ2i

,

(3)

where there are N variables xi normally distributed with the
mean μi and variance σ2i . If σ2i are correctly estimated, the data
are well-described by the values μi when Φ = χ2 → 0.
We denote by {ei } the error between the data (asteroid spectrum) and the curve that was fitted
ei = (xi − μi ).

(4)

Our first approach to curve matching, derived from chi-square
fitting, is based on the formula


N

1
Φ std =
(ei − e)2 ,
(5)
N
i
where we have denoted with e the mean value of the set {ei }
(Eq. (4)).
The quantity to minimize in this case is the standard deviation of the errors. To apply this procedure, we smooth our asteroid spectrum by a polynomial curve (using the poly f it function
from the Octave3.2 computation environment). This step is required to eliminate the outlier points produced by the incomplete
removal of telluric absorption lines.
We used this type of curve matching to find the taxonomic
class of the asteroid in the Bus-DeMeo taxonomy and to compare with laboratory spectra. In the latter case, we determine how
well the asteroid spectrum is fitted by diﬀerent laboratory spectra, and select the closest 50 fits, in ascending order of Φ.
A second approach to curve matching can be made using χ2
with the definition (Nedelcu et al. 2007):
χ2 =

N
1  (xi − μi )2
,
N i
xi

(6)

where xi are the values of a polynomial fit to the asteroid spectrum and μi are the reflectance values for the meteorite spectrum.
The meaning of this formula is that of a relative error at each
wavelength (N being the number of wavelengths on which the
comparison is made).
The third approach to curve fitting is based on the correlation
coeﬃcient
cov(X, M)
ρX,M =
,
(7)
σX σ M
where, X = {xi } is the spectrum of the asteroid and M = {μi }
is the laboratory spectrum. The correlation coeﬃcient detects
linear dependences between two variables. If the variables are
independent (i.e. the asteroid and laboratory spectra), then the
correlation coeﬃcient is zero. A unitary value for the correlation
coeﬃcient indicates that the variables are in a perfect linear relationship, though in this case we search for laboratory spectra
that match the desired asteroid spectrum with the highest ρX,M .
Finally, we concluded that a good fitting can be achieved by
combining the standard deviation method and correlation coeﬃcient method. Thus, the fourth coeﬃcient we propose is
ρX,M
Φcomb =
,
(8)
Φstd
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where ρX,M was defined in Eq. (7) and Φstd was defined in
Eq. (5). In this case, the laboratory spectra that match the asteroid spectrum are those with the highest value of Φcomb .
5.3. Computing the space weathering effects

Our approach to computing space weathering eﬀects applies the
model proposed by Brunetto et al. (2006). On the basis of laboratory experiments, they concluded that a weathered spectrum
can be obtained by multiplying the spectrum of the unaltered
sample by an exponential function (see Eq. (9)) that depends on
the precise parameter C s .
By fitting the asteroid spectral curve with an exponential
function using a least-square error algorithm, we can compute
the C s parameter
W(λ) = K × exp

Cs
λ

(9)

Brunetto & Strazzulla (2005) demonstrated that ion-induced
spectral reddening is related to the formation of displacements,
with the C s parameter being correlated with the number of displacements per cm2 (named damage parameter – d). Brunetto
et al. (2006) obtained an empirical relation between C s and the
number of displacements per cm2
C s = α × ln(β × d + 1),

(10)

where α = −0.33 μm and β = 1.1 × 1019 cm2 . M4AST applies
Eq. (10) to compute the damage parameter d.
This model for the space weathering eﬀects describes the effects of solar-wind ion irradiation. While this is not the only active weathering process, it seems to be the most eﬃcient at 1 AU
(Vernazza et al. 2009; Brunetto et al. 2006).
The removal of space weathering eﬀects is made in M4AST
by dividing the asteroid spectrum by W(λ) at each wavelength.
5.4. Application of the Cloutis model

Cloutis et al. (1986) proposed a method for the mineralogical
analysis of spectra showing absorption bands. We implemented
an application to compute the spectral parameters defined by
this method. The computation of all the parameters described
in Sect. 4.2 is done for spectra that contains the V + NIR wavelength regions. If only the NIR region is given, then only the
band minima can be computed.
The following steps are made: we first compute the minima
and maxima of the spectrum. This is done by starting with the
assumption that there is a maximum around 0.7 μm followed by
a minimum around 1 μm, then a maximum between 1.3–1.7 μm
and a minimum around 2 μm. The spectrum is fitted around these
regions by a polynomial function. The order of the polynomial
is selected to be between three to eight, in order to obtain the
smallest least square residuals. The minima and the maxima are
the points where the first derivative of the fitted polynomial functions is zero.
In the second step, using the wavelengths and the reflectance
at the two maxima and at the end of the spectrum (around
2.5 μm), we compute two linear continua, tangential to the spectral curve. The continuum part is removed by dividing the spectrum by the two tangential lines (in the corresponding regions).
The band centers are computed following a method similar to
that applied to the band minima, but after the removal of the
continuum.
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The last step consists in computing the two absorption-band
areas. The first absorption band is located around 1 μm and between the first and second maxima. The second absorption band
is located around 2 μm, between the second maximum and the
end of the spectrum. The area is computed using a simple integration method. This method consists in computing the area
between two consecutive points in the spectrum defined by a
trapezoid and summing all these small areas corresponding to
the absorption band.
OPX
BII
= 0.4187 ×
+ 0.125 .
OPX + OL
BI

(11)

The ratio of the areas of the second to the first absorption band
(BAR = BII
BI ) gives the relative abundance orthopyroxene vs.
olivine presented in Eq. (11) (Fornasier et al. 2003).

6. Results and discussions
The functionality of M4AST is now exemplified by the analysis
of three spectra available in the database that were previously
discussed by Popescu et al. (2012), Binzel et al. (2009), and
de León et al. (2011). Our selection here covers a wide variety
of spectra: (9147) Kourakuen is a vestoid with deep absorption
features, (99 942) Apophis is an Sq type asteroid with moderate
features, and (175 706) 1996 FG3 is a primitive type with featureless spectra.
The discussion of the taxonomic type of each object is made
with reference to both Fig. 2 for Bus-DeMeo taxonomy and
Fig. 3 for G-mode taxonomies. Table 1 summarizes the comparison of asteroid spectra with spectra from the Relab database.
The corresponding plots are given in Fig. 4.
6.1. Results

The spectrum of (9147) Kourakuen has the characteristics of
a V-type asteroid. In Bus-DeMeo taxonomy, V-type asteroids
are characterized by a very strong and very narrow 1 μm absorption and a strong 2 μm absorption feature (DeMeo et al.
2009). M4AST undoubtedly classify this spectrum as V-type.
This agrees with the classification made via the MIT-SMASS
online tool7 . The next two matches (the programs always returns
the first three matches) of Sv and Sr types have larger matching
errors (Fig. 2(a)).
The solution given by all four methods for comparison with
laboratory spectra shows that the spectrum of (9147) Kourakuen
is almost identical to the spectrum of a sample from the Pavlovka
meteorite (Fig. 4(a)), which is a howardite achondrite meteorite.
The second best match corresponds to the spectrum of a a manmade mixture of pyroxene hypersthene plagioclase bytownite
ilmenite (Fig. 4(b)). This man-made mixture reproduces quite
well the natural composition of volcanic rocks or melting rock of
volcanic beds, and is consistent to the V-type mineralogical composition of asteroids. The majority of the laboratory spectra proposed by M4AST as good matches to this asteroid corresponds
to Howardite-Eucrite-Diogenite (HED) achondrites, which are
meteorites that come from asteroid (4) Vesta. This agrees with
the the classification of a V-type asteroid.
While the standard deviation measures the overall matching
between the two spectra, the correlation coeﬃcient find the spectra for which the spectral features positions and shapes are very
close. In the case of spectrum of (9147) Kourakuen, a very high
7

http://smass.mit.edu/busdemeoclass.html
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Fig. 2. Classification in Bus-DeMeo taxonomical system for: a) (9147) Kourakuen; b) (99 942) Apophis; and c) (175 706) 1996 FG3. All the
spectra are normalized to 1.25 μm.
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Fig. 3. Classification in the G-mode taxonomical system for: a) (99 942) Apophis using G13 taxonomy; b) (175 706) 1996 FG3 using G13 taxonomy; and c) (175 706) 1996 FG3 using G9 taxonomy. All the spectra are normalized either to 1.25 μm (left and central panel), or to 0.55 μm (c)).
Table 1. Summary of the results obtained by matching the asteroids spectra with spectra from the Relab database.
Spectrum
(9147)
(99 942)
(99 942)
de-reddened
(175 706)

Std. dev.
0.01884
0.02244
0.01756
0.01970
0.01539
0.01609
0.01219
0.01504

Corr. coef.
0.99477
0.99207
0.98013
0.98224
0.96245
0.97272
0.90546
0.85366

Meteorite/Sample
Pavlovka
Mixture
Simulant
Hamlet
Cherokee Springs
Cat Mountain
Sete Lagoas
Murchison heated 1000 ◦ C

Sample ID
MR-MJG-094
SC-EAC-039
CM-CMP-001-B
OC-TXH-002-C
TB-TJM-090
MB-DTB-035-A
MH-JFB-021
MB-TXH-064-G

Type
Achondrite(AHOW)
Pyrox Hyper Plagi Bytow Ilmen
Soil/Lunar
OC-LL4
OC-LL6
OC-L5
OC-H4
CC-CM2

Texture
–
Particulate
Particulate
Particulate
Particulate
Particulate
Slab
Particulate

Notes. For each asteroid, we show the best two matches, obtained by measuring the standard deviation (std. dev.) and the correlation coeﬃcient
(corr. coef.).

correlation coeﬃcient (more than 0.99) characterizes the first
matching solutions (Table 1).
Since only the NIR part of the spectrum is available, we can
only compute the band minima. The high signal to noise ratio of
this spectrum ensures that there is a small error in computing the
band minima. The first minimum is at 0.9217 ± 0.0005 μm and
the second minimum is at 1.9517 ± 0.0062 μm, which imply
a band separation of 1.03 μm. The band separation provides a
way of estimating the iron content. Cloutis et al. (1990) noted
that the band separation is a linear function of the BII minimum
for orthopyroxenes and that both parameters increase with the
iron content. If we refer to the relation obtained by de Sanctis
et al. (2011), the parameters that we found match their formula

y = 0.801 ∗ x − 0.536, where y is the band separation and x is the
BII minimum. These parameters corresponds to an iron content
of around 40 wt%. However, the laboratory calibrations suggest
that the correspondence is true for a number of low aluminum
orthopyroxenes but invalid for mixtures of olivine, metal, and
both ortho- and clino-pyroxenes (de Sanctis et al. 2011).
The second spectrum we consider to exemplify the M4AST
routines is that of the potential hazardous asteroid (99 942)
Apophis (Binzel et al. 2009). On the basis of this spectrum this
asteroid was found to be an Sq type, and has a composition that
closely resemble those of LL ordinary chondrite meteorites.
M4AST classifies this spectrum in the Bus-DeMeo taxonomy as an Sq-type (Fig. 2(b)). The next two types, S and Sr,
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Fig. 4. Asteroid spectra and the best two matches derived from a comparison with laboratory spectra: a) spectrum of Kourakuen and the spectrum
of a sample from Pavlovka; b) spectrum of Kourakuen and the spectrum of a mixture of pyroxene hypersthene plagioclase bytownite ilmenite;
c) spectrum of Apophis and the spectrum of a simulant Lunar soil; d) spectrum of Apophis and the spectrum of a particulate sample from the
Hamlet meteorite; e) de-reddened spectrum of Apophis and the spectrum of a particulate sample from the Cherokee Springs meteorite; f) dereddened spectrum of Apophis and the spectrum of a particulate sample from the Cat Mountain meteorite; g) spectrum of 1996 FG3 and the
spectrum of a sample from the meteorite Sete Lagoas; and h) spectrum of 1996 FG3 and the spectrum of a sample from the Murchison meteorite
heated to 1000 ◦ C.

are relatively good matches, but have larger errors. Applying
the G13 taxonomy, M4AST classifies this asteroid as being in
class 2 (Fig. 3(a)). Two other classes (namely 6 and 7) are relatively close in terms of g factor (Fig. 3, upper plot). Class 2
has the representative members (7) Iris and (11) Parthenope,
which are S- and S-q type asteroids according to DeMeo
et al. (2009). The classes 2, 6, and 7 are equivalent to the
S profile.
Being an Sq type, for this asteroid spectrum we can apply the space weathering model proposed by Brunetto et al.
(2006). Thus, fitting the spectrum with an exponential continuum we found C s = −0.196 μm, corresponding to a moderate spectral reddening. The result obtained by Binzel et al.
(2009) is C s = −0.17 ± 0.01 μm. This diﬀerence could be
caused by the diﬀerent method that they used: their “best fit was
A130, page 8 of 10

performed as an integral part of the overall minimum RMS solution”. The C s value gives the number of displacements per cm2 ,
d = 0.74×1019 displacements/cm2. We analyze both the original
spectrum and the de-reddened spectrum.
Comparing the original spectrum of (99 942) Apophis with
all laboratory spectra from Relab, M4AST found matches with
some ordinary chondrite meteorites (L and LL subtypes, and
petrologic classes from 3 to 6) and some lunar soils (Figs. 4(c)
and 4(d)). Referring to standard deviation and to correlation coeﬃcient, the closest matches were those of particulate lunar soils
and some spectra from the Hamlet meteorite which is particulate
with grain sizes smaller than 500 μm. The meteorite Hamlet is
an ordinary chondrite, subtype LL4.
In the case of the de-reddened spectrum, the majority of solutions correspond to ordinary chondrite meteorites, of subtype

M. Popescu et al.: M4AST - Modeling of asteroid spectra

L and LL, with petrologic classes from 4 to 6. The best matches
were those of the Cherokee Springs meteorite (an LL6 ordinary
chondrite, Fig. 4(e)) and the Cat Mountain meteorite (an L5 ordinary chondrite, Fig. 4(e)). From spectral modeling of mixtures of
olivine, orthopyroxene, and clinopyroxene, Binzel et al. (2009)
correlate the spectrum of (99 942) Apophis with the spectra of
LL meteorites. This results agrees with the spectral matching
solutions found by M4AST.
No significant diﬀerences between the Cloutis model parameters computed for original and de-reddened spectrum are found.
The application found the first band center at 0.9721±0.0143 μm
(0.9755 ± 0.0144 μm for the de-reddened spectrum), the second
band center at 1.8200 ± 0.0679 μm (1.8404 ± 0.0591 μm for the
de-reddened spectrum), and the band area ratio 0.4059 ± 0.0047
(0.3886 ± 0.0015 for the de-reddened spectrum). These parameters correspond to an ordinary chondrite with an OPX/(OPX +
OL) ratio of 0.222 (0.215 for the de-reddened spectrum). This
ratio agrees with the compatibility relation between NEA and
LL ordinary chondrites found by Vernazza et al. (2008), which
is similarly consistent with the spectral matching we found.
This value means that the ordinary chondrite consist of 78%
olivine, which is consistent with an LL ordinary chondrite. And
this result agrees with the spectral matching.
The dark primitive asteroid (175 706) 1996 FG3 is the primary target of the ESA Marco Polo-R mission. Some papers
were dedicated to this object, namely de León et al. (2011),
Wolters et al. (2011), Rivkin et al. (2012), and Walsh et al.
(2012). There are few spectra published in both V and NIR. In
the M4AST database, we included the spectra from the MITUH-IRTF (MINUS) survey8 and the spectrum of de León et al.
(2011).
On the basis of diﬀerent spectra, the asteroid has been classified as belonging to primitive types (C, B, or X), but there
is no consensus on its classification in the literature (de León
et al. 2011; Walsh et al. 2012). In addition some spectral matchings have been noted with meteorites ranging from ordinary
chondrite H-type to both CM2 and CV3 carbonaceous chondrite
(de León et al. 2011; Rivkin et al. 2012).
To exemplify the applications of M4AST, we used the spectrum obtained on March 30, 2009 by MIT-UH-IRTF (MINUS).
The classification in the Bus-DeMeo taxonomy returned the Ch,
Cg, and Xc taxonomic types (Fig. 2(c)). The scores obtained for
the classes Ch, Cg, Xc, C, and Cgh are very similar. This object has neither the absorption band centered at 0.7 μm typical
of Ch-type, nor the redder spectral slope of Xk-types (de León
et al. 2011). In addition, the slope in the NIR part of the spectrum, that is of Cg type does not corresponds to the spectrum of
(175 706) 1996 FG3.
Classifying this spectrum of (175 706) 1996 FG3 using the
G13 taxonomy, we obtain with high confidence (g s = −1.237)
the type corresponding to class 3. The other two types (classes
9 and 4) have greater g s coeﬃcients (Fig. 3(b)). Groups 3 and
4 are the equivalents for the C-type asteroids. As representative
members of the class 3, there are (1) Ceres and (10) Hygiea,
which are both primitive asteroids. The classification in the G9
taxonomy (Fig. 3(c)) confirms the classification as a primitive
type, suggesting as the first options the classes G and C, while
the third option (V) could be ignored because it has a larger g s .
Considering these three classifications, the solution on which
the applications of M4AST seems to converge is that the spectrum of (175 706) 1996 FG3 is of a Cg taxonomic type.
8

http://smass.mit.edu/minus.html

Comparing the spectrum of (175 706) 1996 FG3 to the laboratory spectra, we obtain a good match to a sample of the
meteorite Sete Lagoas (Fig. 4(g)). Other matches are the spectrum of a sample from meteorite Murchison heated to 1000 ◦ C
(Fig. 4(h)), the spectrum of a sample from the Dhofar 225 meteorite, and the spectrum of a sample from Ozona. This is puzzling, since both the Sete Lagoas and Ozona meteorites are ordinary chondrites (H4 and H6, respectively), and both Murchinson
and Dhofar 225 are carbonaceous chondrites. However, we note
that the majority of matching solutions are spectra of carbonaceous chondrite meteorites (CM type). If additionally, we take
into account the asteroid albedo9 , then the spectrum of Dhofar
225 (sample ID: MA-LXM-078) and Murchison heated to 1000
◦
C (sample ID: MB-TXH-064-G ) seems to be the most probable
analogs of this asteroid spectrum.
With the results of M4AST in agreement with those already
published, we conclude that the routines of M4AST work correctly and their implementation is robust.
6.2. Discussions regarding misinterpretations of spectra

Applying the correct methods for interpreting asteroid spectra
can reveal a lot of information about the physical properties
of these objects. However, each method has its own limitations
which in general are well-described in the corresponding paper,
and using the methods beyond their limits may of course lead to
incorrect results.
The first misinterpretation that may occur is related to space
weathering. As Gaﬀey (2008) noted, “space weathering is commonly invoked to reconcile observational data to the incorrect
expectation that ordinary chondrite assemblage are common in
the asteroid belt”. While space weathering for the lunar samples
has been well-documented using the samples returned from the
Apollo missions, it has been observed that diﬀerent models are
required to interpret the space weathering processes that acted
on diﬀerent asteroid surfaces.
The model we applied for space weathering was based on
laboratory experiments that consist in ion irradiation (Ar+ ) of
olivine and pyroxene powders. This model is suitable for asteroids that seems to consist of olivine and pyroxene, such as those
from the S complex.
According to these experiments, the reddening in the infrared part of spectra due to solar-wind ion irradiation can be
removed, by dividing the spectrum by an exponential function.
However, there are several other eﬀects that can modulate the
spectra, such as either thermal influence (Rivkin et al. 2005) or
the debated phase-angle eﬀect (Veverka et al. 2000).
The second misinterpretation that may occur is related to the
spectral matches with laboratory spectra (Gaﬀey 2008). Curve
matching can provide clues to the nature of the asteroid surface
composition. The eﬃciency of this method can be clearly observed in the case of asteroids that have strong spectral features,
such as the vestoids. Misinterpretations can occur when the asteroid surface is modified by space weathering eﬀects, while the
meteorite can be modified by terrestrial influences.
The four methods we proposed take into account diﬀerent
characteristics of the spectra: spectral slope, band depths, and
the various feature positions. In the context of taxonomic classification, albedo value, space-weathering eﬀects, and similar solutions obtained from all four matching methods, we believe that
9
The geometric albedo was found as 0.039 ± 0.012 by Walsh et al.
(2012).
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spectral matches with laboratory spectra provide valuable constraints of the asteroid surface nature.
By applying the methods of M4AST, we observed that a
good solution for interpreting the asteroid spectrum is found
when all the methods converge to the same mineralogical interpretation. For example, when the spectrum of (99 942) Apophis
was processed, despite the poor signal to noise ratio in the infrared part of its spectrum, we obtained the classification Sq in
the Bus-DeMeo taxonomy and an analog of this class in the G13
taxonomy. We then found that the spectra of ordinary chondrite
meteorites (L, LL subtypes) match this spectrum. These two
results were confirmed and developed by applying the Cloutis
model: the fraction of olivine-orthopyroxene is 22%, and the associated parameters are equivalent to those of an ordinary chondrite. This conclusion is in general valid for all the spectra we
analyzed via M4AST.

7. Conclusions and perspectives
Spectroscopy plays a key role in determining the chemical composition and physical processes that took place and modified the
surface of atmosphere-less bodies in the solar system. The development of telescopic instruments (such as SpeX on IRTF, NICS
on TNG etc.) and the possibility to access them remotely has led
to an increasing number of asteroid spectral measurements. In
this context, the exploitation of spectral measurements becomes
one of the important means of developing minor planet science.
During the past few decades, several methods have been developed to analyze asteroid spectra in order to reveal the physical
and chemical properties of these objects. These methods comprise taxonomic classifications, band analyses and comparative
mineralogy.
In this paper, we have described M4AST (Modeling for
Asteroids), which is a software project dedicated to asteroid
spectra. It consists of an asteroid spectral database and a set
of applications for analyzing the spectra. The M4AST spectral
database has around 2700 asteroid spectra obtained from our observing program and diﬀerent collaborations. The spectra from
the database are in a standard format and are fully available for
download.
The M4AST applications cover aspects related to taxonomy,
curve matching with laboratory spectra, space weatherin models,
and diagnostic spectral parameters.
M4AST was conceived to be fully available via a web interface and can be used by the scientific community. We have presented the interfaces available to access this software tool and
the algorithms behind each method used to perform the spectral
analysis. The applications have been exemplified with three different types of spectra. The robustness of the routines has been
demonstrated by the solutions found for the asteroid spectra of
(9147) Kourakuen, a V-type asteroid, (99 942) Apophis an Sq asteroid, and (175 706) 1996 FG3 a Cg type asteroid and a target of
Marco Polo – R mission. The results agree with and complement
those previously published for these objects.
Future developments of this project will include increasing
the number of spectra in the database, additional methods for
analyzing the spectra (such as mineralogical charts – Birlan et al.
2011), and a more friendly interface.
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Telescopic observation of binary system of (809) Lundia in the in the 0.8–2.5 µm spectral
range is presented in order to determine its physical and mineralogical parameters. Observations covering several oppositions were performed using NASA telescope Infrared Telescope
Facility and SpeX spectrograph. One of these spectra was observed during a mutual event
(an occultation between components). A detailed analysis of spectra was performed using
M4AST tools. (809) Lundia complex is a V-type object having similar mineralogy on both
components of the system. By applying different mineralogical models a composition similar
to the one of howardite–diogenite meteorites was found. The comparison of composite visible
and near-infrared spectra with meteorites from Relab data base confirms this solution. From
this comparison a surface covered by fine dusty regolith with grain size less than 100 µm
was found. Orthopyroxene is the most abundant pyroxene of the regolith. Howarditic and
diogenitic minerals seem to be the most abundant on the surface of (809) Lundia. The discrepancy between howardite–eucrite–diogenite meteorite bulk density and the one computed for
the binary system suggests a rubble pile structure of both components.
Key words: methods: observational – techniques: spectroscopic – minor planets, asteroids:
general.

1 I N T RO D U C T I O N
Several discoveries of complexes of bodies among asteroids have
been announced during the last 10 yr. The binary or multiple structures of asteroids, hypothesized around 1980 (Zappala et al. 1980;
Leone et al. 1984), were accessible for observing later by means
of the large aperture telescopes and innovative techniques (adaptive
optics, correlated observations photometry/radar).
When the components of a double object have comparable
sizes, the generic term of binary object is commonly used. Particular geometries of the system will allow observations from the
ground where the components will be mutually occulted or eclipsed.
Recording these events by photometric techniques (obtaining the
light curve) allows to model several physical and dynamical parameters such as dimensions, shape, bulk density and dynamical
parameters of the binary system.

 E-mail: mirel.birlan@imcce.fr

The occultation of a component by its pair in a binary asteroid
allows to investigate its mineralogical structure and to discriminate
between the homogeneity/heterogeneity of components, tracing a
probable history of the system. Spectroscopy in the visible and
near-infrared regions can be used for these investigations.
The enlargement of the available observing time for spectroscopy
of the Solar system has increased the sample of asteroids with welldefined spectral characteristics, also widening the asteroid period
coverage having spectra taken at different rotation phases. If any
difference is to be find, discriminating the real, intrinsic variation
from more spurious instrumental-induced artefacts (Gaffey et al.
2002; Hardersen et al. 2006) is a necessary step before advancing a
surface inhomogeneity explanation.
Laboratory studies are also used in order to compare both telescopic spectra and the one of irradiated minerals in order to simulate
the space weathering. One important aspect of this promising work
is the correlation of the surface astrophysical age with the amount
of irradiation experienced by the surface.
The number of identified binary/multiple systems or asteroids
with satellites is relatively low. Moreover, very few of them are
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ABSTRACT

Spectroscopy and surface properties of Lundia
2 O B S E RVAT I O N S

The asteroid was observed in the 0.8–2.5 µm spectral region. The
observations were carried out using the SpeX instrument mounted
on the Infrared Telescope Facility (IRTF), located on Mauna Kea,
Hawaii. Remote observing technique was used from CODAM-Paris
Observatory (Birlan et al. 2004). The time lag between Paris and
Hawaii allows day light remote observations.
(809) Lundia was announced as binary object in 2005 October
(Kryszczynska et al. 2005).
Table 1 summarizes the observational circumstances of our spectroscopic observations. SpeX was used in low-resolution Prism
mode (Rayner et al. 2003), with a 0.8 × 15 arcsec2 slit oriented
north–south. Spectra of the asteroids and solar analogues were obtained alternatively on two distinct location on the slit (A and B
beam) referred as nodding procedure.
The asteroid was observed as close as possible to the zenith and
the solar analogues were chosen as close as possible to the asteroids.
In the case of observational runs in 2005 December, the observation time was limited for two time intervals of 1 h each, for two
distinct configurations of the binary system. The constraints of observations were imposed by the light curves of the asteroid (809)
Lundia, obtained just before these two runs. Photometry obtained
by the 1-m telescope located at Pic du Midi, France, was used in
order to increase the precision in time of mutual phenomena of the
binary system.
The allowed observations were scheduled to obtain spectra corresponding to one of the minima of the light curve and the other
one observation on the plateau. The observation obtained at the
minimum of the light curve corresponds to a mutual phenomenon
of the binary system, while the other one corresponds to the sum of
reflected light of both components (Fig. 1).
The observations of 2010 March 1 were performed in ideal
weather conditions with low-speed wind (less than 1 mph) and very
dry atmosphere (humidity less than 5 per cent). These conditions
allow a signal-to-noise ratio (S/N) > 90–100 also in the spectral
bands around 1.4 and 1.9 µm which usually are influenced by the
telluric vapours.
Spectroscopic observations performed on 2007 March 12 were
performed in poor atmospheric conditions, with humidity at
83 per cent and the seeing close to 1 arcsec. However, the apparent magnitude of the asteroid as well as the integration time allows
a good S/N ratio for this object.
Data reduction was carried out by means of standard procedures
for near-IR spectral range. The median flat-field for each night was
constructed, then all images were corrected with this median flatfield. In order to eliminate the sky influence, the A–B pairs of images
were subtracted. The result was the addition of these images. The
final images were collapsed to a two-dimensional pixel–flux matrix.
The result obtained was then calibrated in wavelength, using the

Table 1. Observational circumstances occurred during the observations of the asteroid (809) Lundia and the standard star. Date, mid-time
exposure time, apparent magnitude, phase angle, distance Earth–asteroid, airmass, total exposure time, individual exposure time and number
of cycles, seeing and humidity are presented for both asteroid and solar analogue.
Date (UT)

V
(mag)


(◦ )

r
(au)

Airmass

Texp
(min)

Itime
(s)

Cycles

Seeing
(arcsec)

Humidity
(per cent)

Solar analogue

2005 December 21, 7 h 16 m
2005 December 22, 9 h 26 m
2007 March 12, 10 h 42 m
2010 March 1, 9 h 10 m

15.01
15.04
15.39
15.94

22.3
22.5
1.7
14.8

1.3041
1.3136
1.7308
1.7733

1.04
1.52
1.03
1.07

16
20
32
20

120
120
120
120

4
5
8
5

0.7
0.56
0.8
0.5

18
14
83
4

HD 16018
HD 16018
HD 127913
HD 60298
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characterized in terms of physical and mineralogical properties
(Carry et al. 2011; DeMeo et al. 2011). Each new investigation of
a binary system will improve our knowledge concerning the internal structure, mineralogical composition and dynamical evolution
of minor bodies which in fine will bring clues for a better understanding of formation and evolution of our Solar system. Binary
asteroids could be seen as first stages of asteroids-pair formation
thus providing constrains of their fissional disruption (Moskovitz
2012).
(809) Lundia was reported as a V-type asteroid based on the
spectroscopic observations in the visible region (Florczak, Lazzaro
& Duffard 2002; Duffard et al. 2004; Lazzaro et al. 2004). As long
as its orbital elements are far enough from Vesta family, the authors
suggested that (809) Lundia is a V-type asteroid non-member of
Vesta family. Carruba et al. (2005) investigated also the membership
of (809) Lundia to Vesta family to whom the orbital elements drifted
mainly by non-gravitational effects, thus being captured by the z2
resonance.
Photometric observations of (809) Lundia asteroid obtained over
the period 2005 September–2007 January allow to conclude that
the asteroid is a binary system spinning with a period of 15.418 ±
0.001 h (Kryszczyńska et al. 2009). The composite light curve of
(809) Lundia shows a periodicity with large and non-equally variations in amplitude up to 1 mag for the period 2005 October–2006
January. These variations are associated with mutual occultations
of components. These observations are followed by observational
periods on which the composite light curve has small amplitude
variation, associated with pole-on/pole-silhouette geometry of the
system. Photometric data were modelled using Roche ellipsoids approach (Descamps et al. 2007) and the pole solution was obtained
for the J2000 ecliptic coordinates λ = 119◦ ± 2◦ , β = 28◦ ± 4◦ . The
kinematic model (Kryszczyńska et al. 2009) applied to the binary
system of (809) Lundia computes a pole solution of λ = 120◦ ±
5◦ , β = 18◦ ± 12◦ , in agreement to the first one. The separation
between components was computed to the value of 15.8 km. The
components, assuming triaxial ellipsoid shapes and homogeneous
composition, were estimated to be in a mass ratio of 0.7, and a bulk
density ρ = 1.64 ± 0.05 g cm−3 (Kryszczyńska et al. 2009).
This paper is the completion of results already published by
Kryszczyńska et al. (2009) and it is the result of an international
campaign of observations for the global characterization of (809)
Lundia in terms of internal structure, mineralogy and dynamics.
The paper presents 0.8–2.5 µm near-infrared spectroscopic (NIR)
observations of (809) Lundia obtained over three oppositions in
2005, 2007 and 2010. One of our spectra in 2005 was obtained
during a mutual event. The modelling of spectroscopic data using
several approaches is also presented. Discussion of results in a
global context of knowledge of this object and asteroidal population
is presented in Section 4. A synthesis of these results is contained
into the final remarks of the paper.
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Argon lamp lines. The ATRAN model of atmosphere was used in
order to minimize the telluric influence into the spectra (Rivkin et al.
2004). This paper presents the spectral reflectances of the asteroids
with respect to the solar analogues, normalized to 1.25 µm (J filter).

3 R E S U LT S A N D M O D E L L I N G
The NIR spectral region of (809) Lundia was investigated and a
detailed analysis using mineralogical models, spectral comparison
with laboratory spectra and mineralogical charts are presented.
3.1 Results
Four spectra are presented in Fig. 2. The spectral trend suggests to
a V-taxon type (DeMeo et al. 2009) of components, with large absorption bands around 0.93 and 1.92 µm. Our data are in agreement
with the one of Florczak et al. (2002).
The spectra of 2005 December 21, 22 and 2007 March 12 exhibit
spectral variations around 1.45 and 1.9 µm which are due to the influence of telluric water bands which were not completely removed
during the data reduction procedure.
The spectra obtained on 2005 December 22, 2007 March 1 and
2010 March 12 are very similar over the whole spectral interval. The
spectrum of 2005 December 21 is slightly different in the region 0.7–
0.9 µm. All the spectra present a maximum of reflectance around
1.45 µm, and a shoulder around 1.15 µm. This region of spectrum
between 1.15 and 1.4 µm is influenced either by the presence of
plagioclase feldspar feature (Feierberg et al. 1980; Gaffey et al.
2002) or pyroxene (Cloutis & Gaffey 1991).
3.2 Modelling
The modelling of (809) Lundia is mainly based on the protocols
implemented in the procedures of Modeling for Asteroids (M4AST)
and largely presented in the paper of Popescu et al. (2012b).
The NIR spectra were combined with the visible spectrum of
(809) Lundia published by Florczak et al. (2002). The visible and
near-infrared (VNIR) spectrum was constructed by the minimiza-

Figure 2. Four spectra of (809) Lundia normalized to 1.25 µm. The spectra
are vertically shifted with −0.4, 0.4 and 0.8 compared to the one of 2005
December 22.

tion the spectral reflectance values of the common spectral interval
of visible and NIR spectra, which is usually between 0.7 and 0.9 µm.
The advantages of a composite spectrum are the possibility of analysis of whole 1 µm band profile, and to compute a mineralogical
model based on the large wavelength interval of spectral reflectance
data. The inconsistency of a composite spectrum could consists in
merging two spectra which are not obtained in quasi-similar aspect
angle (quasi-similar physical ephemerides). The composite spectrum VNIR of 2005 December 21 will be further denominate Sp1,
and we will note Sp2 the result for the one of 2005 December 22,
Sp3 the result for the one of 2007 March 12 and Sp4 the result
obtained for the one of 2010 March 1.
The procedure of merging for Sp1 produces a spectrum much
redder than the spectra Sp2–Sp4. While NIR part of Sp1 was obtained during the mutual event presented in Fig. 1, we consider the
behaviour of Sp1 intimately linked to the structure of reflected light
from the asteroid and less than an artefact obtained by the data
reduction pipeline.1

3.2.1 Taxonomy
The comparison with Bus–DeMeo taxonomy (DeMeo et al. 2009)
reveals that all composite VNIR spectra of (809) Lundia are typically to V-taxon with a reliability factor (Popescu et al. 2012b)
of 95.1 per cent. This result complements the one produced by
Florczak et al. (2002) for the visible region. V-taxon characteristics
are the very strong 1 µm absorption band and as well as strong 2 µm
absorption feature (DeMeo et al. 2009).

1 Sp1 and Sp2 were observed at the same phase angle and the solar analogue
was the same.
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Figure 1. Rotational period of (809) Lundia obtained for the period 2005
December 15–19. The zero-point of the rotational period was fixed for 2005
December, 15.8552 UT (Kryszczyńska et al. 2009). Spectroscopic observational runs of 2005 December were superimposed to this light curve.
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Table 2. Mineralogical parameters obtained using Cloutis model and temperature correction (Burbine et al. 2009).
Date

2005 December 21
2005 December 22
2007 March 12
2010 March 1

Band I
(µm)

Band II
(µm)

Band II–Band I
(µm)

BAR

OPx/(OPx+Ol)

0.9230 ± 0.0024
0.9308 ± 0.0027
0.9351 ± 0.0014
0.9318 ± 0.0008

1.9385 ± 0.0025
1.8970 ± 0.0052
1.8792 ± 0.0321
1.9438 ± 0.0032

1.0155
0.9662
0.9441
1.0120

2.0024 ± 0.0018
2.1366 ± 0.0130
2.1938 ± 0.0077
2.0509 ± 0.0009

0.891
0.947
0.971
0.911

3.2.2 Spectral band characteristics and mineralogy

2 We cannot exclude the hypothesis of presence of minerals which are spectrally neutral for these wavelengths.

Figure 3. The values obtained for Sp1–Sp4 are placed in the diagram of
Gaffey et al. (1993). The computed values are inside the rectangle which
delimits the basalts.

Figure 4. Band minima of four composite spectra in the diagram OPx+CPx
computed by Adams (1974). The characteristic of band centres place the
binary system of (809) Lundia into OPx-rich component of the diagram.

Spectral characteristics of (809) Lundia were also computed using the empiric model proposed by Gaffey et al. (2002). This iterative procedure allows the estimation of pyroxene composition in
terms of molar Ca and Fe content. These computations converge
towards a low Ca molar content, the solutions spanning the interval
Wo6–11 Fs19–37 at ±4 molar per cent level of error. In the case of Sp3
there is an ambiguity into its final result while the molar content
of Fs is 11 per cent which allows the bifurcation of mineralogical
solution. Thus, two values of Fs were obtained for this spectrum
with 37 and 19 per cent molar Fe. This bifurcation explains the wide
interval of forsterite into our mineralogical formula. These values
are also in agreement with the results presented in Fig. 5.
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Two prominent absorption features in the reflectance spectra occurs
near 1 and 2 µm. The band at 1 µm is characteristics of both olivine
(Ol) and pyroxene (Px). Generally, mafic minerals (Ol, Px, certain
Fe-phyllosilicates) are the most abundant phases in chondrite and
in most achondrites (Gaffey et al. 2002). The olivine band is related
to Fe2+ presence either in distorted octahedral M2 crystals and/or
the weaker sidelobes of Fe2+ in M1 crystals (Burns 1970). In the
case of orthopyroxene (OPx) the presence of Fe2+ in M2 octahedral
crystallography produces symmetric 1 µm absorption band (Burns
1993). The 2 µm absorption band is produced by pyroxenes. This
absorption feature is due to Fe2+ in a highly distorted M2 octahedral
sites (Burns 1993). Both 1 and 2 µm bands could be shifted by the
molar iron content as well as by the substitution of Fe2+ by other
ions of metal, such is Mg2 + (Adams 1974).
Spectral region around 1.25 µm could be influenced either by the
presence of plagioclase or pyroxene. Plagioclase feldspars exhibits
weak absorption band centred near 1.25 µm due to Fe2+ occurrence
on tetrahedral sites or Ca sites. In general, the presence of feldspars
is inferred by the flattening or shift of interband peak, and the
absorption band is clearly resolvable if the plagioclase abundances
reaches 75 per cent. Laboratory studies conclude that quantitative
determination of plagioclase abundances in mafic silicate bearing
mixtures is very imprecise using 0.4–2.5 µm spectral region. The
shoulder in spectra at 1.15 µm could be also due to the presence of
Ca-rich pyroxenes. For example, type A clinopyroxene exhibits a
large absorption band around 1.15 µm due to crystal field transitions
in ferrous iron in the M1 crystallographic site (Cloutis & Gaffey
1991).
All spectra were investigated using the model of Cloutis et al.
(1986), beforehand applying the temperature correction of band
centres computed by Burbine et al. (2009). The results are summarized in Table 2.
The evolution of Band I (BI) minimum versus band area ratio (BAR) is a good indicator characterizing different mineralogies
(Gaffey et al. 1993). Fig. 3 contains polygonal regions corresponding to meteoritic silicate assemblages (olivine, mafic silicates in ordinary chondrites and basaltic achondrite mineralogy). We placed
our measurement into this diagram and the plot shows that all of
our spectra are typically basaltic, being inside the rectangle which
delimits basaltic mineralogy.
Another mineralogical indicator is the BI and Band II (BII) minima placed in the context of pyroxene types of crystals, namely
orthopyroxene (OPx) and clinopyroxene (CPx; Adams 1974). Our
spectra parameters are placed mainly into the OPx predominant material region as shown in Fig. 4. This implies that on the surface of
(809) Lundia, OPx is the predominant material which will impose
its spectral signature to our spectra.2
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Table 3. Ranges of average Fs and Wo
contents of pyroxenes (Burbine et al.
2009, and the references within). The
value obtained for (809) Lundia using the
empirical model of Gaffey et al. (2002)
is presented as Lundiaa while the one obtained using the end-members from Relab
data is presented as Lundia.b

Non-cumulate eucrites
Cumulate eucrites
Howardite
Diogenite
Lundiaa
Lundiab

Fs

Wo

43–55
30–44
31–42
20–30
19–37
23

9–15
6–10
4–8
1–3
6–11
6

3.2.3 Mineralogical charts

3.2.4 Space weathering

Sp1–Sp4 were investigated with three component mixtures. These
components were selected from Relab. The end members of Ol, OPx
and CPx sets contain 44, 33 and 55 spectra, respectively. The olivine
set includes synthetic spectra that span the Fa0 Fo100 –Fa100 Fo0 domain in 5–10 mol per cent increments (Dyar et al. 2009) while the
members of orthopyroxene set sample the range En0 Fs100 –En100 Fs0

Space weathering effects have been analysed by laboratory measurements on irradiated eucritic and basaltic meteorites (Vernazza
et al. 2006; Fulvio et al. 2012). These experiments conclude to
a darkening of sample and the reddening of the spectra, together
with the decreasing depth in absorption bands. Fulvio et al. (2012)
conclude to a rapid reddening of spectra on a time-scale less than

Figure 6. Mineralogical charts of (809) Lundia based on OPx, CPx, Ol samples from Relab. The best fit indicates an OPx-dominated mineralogy.
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The difference between the two band minima, called band separation, can be used to estimate the iron content (de Sanctis et al. 2011).
Laboratory calibration indicates that the band separation given as a
function of BII minima shows a linear trend which can be correlated
with the iron content (Cloutis et al. 1990). In Fig. 5 the data obtained
for Lundia are plotted together with the linear fit obtained by Cloutis
et al. (1990). Our measurements match well this linear trend, indicating an iron content between 20 and 40 per cent, according to
the laboratory calibrations. These values agree with those obtained
by applying the model of Gaffey et al. (2002). However, these calibrations are true for a number of low aluminium orthopyroxenes
and are not valid for mixtures of olivine, metal, OPx and CPx (de
Sanctis et al. 2011).

(Klima, Pieters & Dyar 2007). CPx spectra represents minerals with
different Wo, En, Fs content. This wide variety of minerals included
in the three above sets make them suitable for generating synthetic
mixtures spectra.
The computation of each mineralogical chart follows the procedure presented in Birlan et al. (2011). The mixture producing the
best fit in χ 2 sense is (Opx, Cpx, Ol) = (0.725, 0.275, 0). The
Relab end-members of this mixture are c1dl03 (DL-CMP-003) for
OPx and c1dl17a (DL-CMP-017-A) for CPx. The corresponding
WoFs solution of the mixture is Wo6 Fs23 . These results, presented
in Fig. 6, outline an OPx-dominated mineralogy in agreement with
our previous spectral bands analysis.
The WoFs values obtained using two methods together with the
average Fs and Wo contents of pyroxenes (Burbine et al. 2009) are
presented in Table 3. If (809) Lundia is a member of Vesta family that
has drifted under a non-gravitational mechanism it could represent
a fragment of Vesta’s howarditic layer.

Figure 5. Band separation versus BII minima. Percentage along the horizontal axis indicates the iron content (mole per cent ferrosilite).
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Table 4. Results obtained by matching spectra of (809) Lundia with laboratory spectra from Relab data base.
Date

Meteorite

Sample ID

2005 December 21

ALH-78132, 61
Y-790727, 144
ALHA76005, 85
Le Teilleul
Kapoeta P11410
Pavlovka
Nobleborough
Le Teilleul
Y-791573, 145
EETA79005
Y-791573, 145
Haraya

MB-TXH-072-B
MP-TXH-098-A
MB-TXH-066-B
MP-TXH-093-A
SN-CMP-012
MR-MJG-094
MR-MJG-093
MP-TXH-093-A
MP-TXH-099-A
TB-RPB-026
MP-TXH-099-A
TB-RPB-024

2005 December 22

2007 March 12

2010 March 1

Type
HED eucrite
HED howardite
HED eucrite
HED howardite
HED breccia
Howardite
Eucrite
HED howardite
HED howardite
Euc polymict
HED howardite
Achondrite eucrite

Texture
Particulate
Particulate
Particulate
Particulate
Thin section
–
–
Particulate
Particulate
Particulate
Particulate
–

Size (µm)
25–50
0–25
25–45
0–25
–
–
–
0–25
0–25
0–250
0–25
–

3 Myr, highly influenced by the cross-section efficiency of flux particle into the collision with the sample (in their case C+ ions is
the most efficient comparing to Ar+ ). In the approach of laboratory space weathering experiments, the composite spectra of (809)
Lundia appears unaltered.

3.2.5 Comparison to Relab spectra
Comparative mineralogy was performed using laboratory spectra
from Relab data base.3 This approach provide insights on the possible surface mineralogy of asteroids, based on a large specific data
base of minerals studied in laboratory. The limitation of this method
is synthesized by Gaffey et al. (2002) and Gaffey (2010). As a corollary, comparison between laboratory and telescopic spectra is useful
in identifying the reason of differences between asteroid spectrum
and the possible meteorite analogue spectrum. The degeneracy of
mineralogical solution (several minerals and mixtures exhibit similar spectral behaviours) should be also taken into account during
the interpretation of telescopic data.
The routine of spectral comparison implemented by M4AST was
used for our objective; the combined method of matching (Popescu
et al. 2012b) was chosen in finding analogue minerals among meteoritic spectra. The choice of the method of matching was imposed

3

http://www.planetary.brown.edu/relabdocs/relab.htm

by two major aspects: (i) this method keeps as close as possible the
extrema position between the asteroid spectrum and the one of meteorite, and (ii) this method minimizes the χ 2 between the asteroid
spectrum and the meteorite one.
Spectral matching was performed for Sp1–Sp4 spectra. Overall,
the first 50 spectral analogues found by the procedure are belonging
to the basaltic meteorites (howardite, achondrite, eucrite). The large
part of best matches are composed by small 0–100 µm grain size,
which imply that the surface is covered by fine dusty regolith.
Table 4 synthesized the three best matches for our spectra, while
Fig. 7 shows two examples of matching for Sp1 and Sp4.

4 DISCUSSION
Orbital elements of (809) Lundia show an object which is located
into the inner part of main belt, in the vicinity of the space region of
Vesta family. The revised Vesta family using hierarchical clustering
method (Cellino & Dell’Oro 2010) count 4547 objects; the cluster
was obtained for a cut-off value of the relative velocity of 57.5 m s−1
(Mothé-Diniz, Roig & Carvano 2005). Spectroscopic evidences of
asteroid family of Vesta were published by Binzel & Xu (1993)
on 20 small objects (diameter less than 10 km) which attest the
presence of chips of Vesta over a large region in space. Binzel &
Xu (1993) estimate a mean ejection velocity of 590 m s−1 of their
fragments with diameters of 5–10 km for attending the vicinity of
3:1 resonance while for small fragments (0.1–1.0 km) the ejection
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Figure 7. Examples of spectral matching between Sp1 and the meteorite ALH-78132, 61 (left-hand side), Sp4 and the meteorite EETA79005 (right-hand
side).
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4 The authors also claims that several V-type asteroids genetically linked to
Vesta must be present into the z2 resonance.
5 The paper of Moskovitz et al. (2010) presents new calibration for mineralogical parameters which are different of those computed by Cloutis et al.
(1986).

Figure 8. Our four spectra were placed into the HED diagram of Moskovitz
et al. (2010) after applying the temperature correction of BII (Burbine et al.
2009). For comparison, we plot with star symbol also the result concerning
(809) Lundia obtained by Moskovitz et al. (2010) and Duffard et al. (2004).
Our results are consistent to a howarditic–diogenitic mineralogy of the
object.

represent the addition of reflected VNIR electromagnetic waves on
both components. The variation is either the competition between
two bodies of different surfaces (HED like but different spectral
properties) or the result of two bodies which presents geographic
variations of their surface. While Sp1 was observed during the mutual event, and its slope is more important, the hypothesis of slightly
dichotomous surface6 should be more favourable.
Another important aspect is related to the density of (809) Lundia.
Kryszczyńska et al. (2009) modelling of photometric data of binary
system computed the best solution for a bulk density of 1.6 ±
0.1 g cm−3 in the case of Roche ellipsoid model and a bulk density
of 1.7 ± 0.1 g cm−3 for the best solution in the case of kinematic
model. Our spectral observations reveal a V-type system which
is similar to HED meteorite spectra. Laboratory measurements of
the bulk density of HED meteorites span the range 2.7–3.4 g cm−3
depending on their eucritic, howarditic or diogenitic nature (Britt
& Consolmagno 2003).7 These values could be reconciled only
if (i) we consider a macroporosity rather large between 30 and
50 per cent for the binary asteroid or (ii) the object is composed
of vesicular volcanic material.8 While the mineralogical analysis
is in favour of fragments with howarditic (with diogenites and less
eucritic structure) we can conclude that the interior of components
of (809) Lundia is more probable a rubble pile structure.
Spectral comparison to HED meteorite spectra from Relab shows
very good matches between achondrite meteorites and (809) Lundia. The comparison favours the meteoritic samples with small grain
size allowing to conclude that both components of binary system are
covered by small size regoliths. This conclusion could be confirmed
by future polarimetric measurements which will give more information concerning the surface roughness and physical properties
(Belskaya et al. 2009).

6

General trend of both component is similar to HED meteorites.
If we consider a howarditic and diogenitic nature of (809) Lundia the bulk
density range spans 3.0 − 3.4 g cm−3 .
8 Very few meteorites such are Ibitira, Dhofar, Silistra present pumice or
vesicular structure.
7
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velocity could attain 700 and 1000 m s−1 for falling into the same
resonance.
Dynamically (809) Lundia is located into the z2 resonance, one
of the strongest non-linear secular resonance into the inner belt
(Carruba et al. 2005). Evolutions of orbits by clones and taking
into consideration the Yarkovsky effect show that mechanisms of
migration chips of Vesta into the z2 resonance could be imagined
and in some cases these objects will be trapped into the resonance
for long periods (Carruba et al. 2005).4
We computed the v distance (Zappala et al. 1990) of (809)
Lundia as a chip of (4) Vesta to 1469 m s−1 . This value is much
larger than the threshold of Vesta family delimited by Mothé-Diniz
et al. (2005), thus a small probability of dynamical association
between the two objects.
Our spectral data show that both components of binary system
are mineralogically very close. This result is similar to the one
obtained by DeMeo et al. (2011) on the asteroid (379) Huenna and
its satellite.
Duffard et al. (2004) published a composite VNIR spectrum of
(809) Lundia obtained using Telescopio Nazionale Galileo 3.5-m
facilities, during the asteroid opposition in 2004. Mineralogical
analysis performed by the authors on 15 V-type objects placed Lundia into an intermediate position between eucritic and diogenitic
mineralogy (fig. 7 of their paper).
The statistical analysis and comparison between howardite–
eucrite–diogenite (HED) meteorites and V-type asteroids performed
by Moskovitz et al. (2010) contain one NIR spectrum of (809) Lundia obtained during its opposition of 2008.5 This spectrum is quite
similar to our spectra, the BI and BII minima being in the same
range to ours. However, BAR is relatively different by approximately 0.4 and this result is the consequence of difference of limit
we used for the upper limit of BII. Placed into the context of HED
diagram of Moskovitz et al. (2010), our results are an indication
that the surface of (809) Lundia is mostly howarditic and diogenitic
materials as presented in Fig. 8. The howarditic composition is also
shown by the comparison with Relab spectra.
New spectroscopic results concerning the (4) Vesta observed visible and infrared (VIR) spectrometer on-board Dawn mission were
published recently (de Sanctis et al. 2012). These in situ results,
obtained on a spatially resolved asteroid, contain NIR spectra of
Vesta which present characteristics of HED meteorites. de Sanctis
et al. (2012) clearly distinguish differences in spectra correlated
to specific locations on the asteroid surface (such is the big basin
Rheasilvia on the South Pole). These variations were also detected
on ground-based spectral observations (Vernazza et al. 2005) thus
confirming that telescopic observations could be very reliable in
describing the possible spectral variation over the rotational period
of asteroid.
As it can be noticed from Fig. 2 spectra published in this paper
present some variations in their global trend, similar to the one of
published by de Sanctis et al. (2012) for Vesta. In the assumption
that these variations are not artefacts due to the atmosphere or bad
manipulation during data reduction procedures, we can speculate
concerning the origin of these variations. While the geometry of binary system is different in each date of observations these variations

Spectroscopy and surface properties of Lundia

5 CONCLUSIONS
NIR spectroscopy of asteroid (809) Lundia was obtained during
three distinct oppositions. In 2005 a spectrum of binary system was
obtained during a mutual event. The interpretation of spectroscopic
data was done by using the information in the visible spectral range
published by Florczak et al. (2002). Photometry (Apogee/T1M Pic
du Midi, France) were used in order to refine physical ephemeris
of (809) Lundia and to determine the optimum timing of spectroscopic observations (SpeX/IRTF, Hawaii). The composite spectrum
Sp1 was obtained during the mutual event between the components
of the binary system. Our observations performed during three oppositions show that NIR spectral behaviours are those of a V-type
asteroid. The spectrum obtained during the mutual event exhibits
similar mineralogical parameters than other three spectra which
imply that (809) Lundia is an object having similar mineralogy
on both components of the system. The comparison of composite
VNIR spectra to meteorites one from Relab data base shows that the
best matches correspond to a surface covered by fine dusty regolith
with grain size less than 100 µm. OPx is the most abundant pyroxene of the regolith. Diogenitic and howarditic minerals seem to be

the most abundant on the surface of (809) Lundia. The discrepancy
between HED meteorite bulk density and the one computed for the
binary system suggests a rubble pile structure of both components.
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In the last years large number of V-type small asteroids were discovered. Some of them could not belong to Vesta family considering
the dynamical criteria even if their surface composition is similar
to the one of Vesta (Duffard & Roig 2009; de Sanctis et al. 2011;
Popescu et al. 2012a). The hypothesis of several basaltic asteroids at
the origin of discovered V-type objects in the main belt (Nesvorný
et al. 2008; Roig et al. 2008) seems to be now sustained by good
arguments.
How numerous V-type rubble piles asteroids are in the main belt?
Is this a common internal structure for V-type objects? Laboratory
experiments on mechanical properties (elastic and shear moduli,
compressive and tensile strengths) of HED meteorites (Petrovic
2001) conclude that these are bigger than the one of ordinary chondrite meteorites (Slyuta 2010). This implies that complex, rubble
pile structure could be more difficult to realize. If the situation occurs
for V-type asteroids, then the energetic balance is more important
that in the case of rubble pile structures for ordinary chondrites.
Thus we expect that rubble pile V-type asteroids to be relatively
less abundant, which is not really the case. Indeed, (809) Lundia
complex is not unique among binary objects, while the asteroid
(854) Frostia was already reported as binary object (Behrend et al.
2006) and its spectral properties are similar to the one of Vesta
(Birlan et al. 2011). The density of (857) Frostia estimated by
Behrend et al. (2006) requires a porosity of 40–60 per cent of the
components for fitting the HED range of densities, which imply a
rubble pile structure.
Another aspect of rubble pile structures could be derived from
asteroids pairs (Pravec & Vokrouhlický 2009; Pravec et al. 2010).
The fission mechanisms proposed by Pravec et al. (2010) require a
rubble pile structure of parent body. While mechanical properties
of HED meteorites show cohesion properties (shear and elastic
moduli, compressive and tensile strength) with bigger values than
for other stony materials, we expect a less important fraction of
V-type objects into the category of asteroid pairs. Spectroscopic
observations reveals that at least two pairs contain objects with
spectral properties similar to vestoids (Birlan et al. 2012; Polishook
et al. 2012).
Even if (809) Lundia is not unique, this binary object allows us
to address a battery of questions and aspects related to Vesta and
Vesta-like objects.
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ABSTRACT

Aims. In this paper we report near-infrared spectroscopic observations of one of the largest potentially hazardous asteroids, (214869)
2007 PA8. Mineralogical analysis of this object was followed by the investigation of the dynamical delivery mechanism from its
probable source region, based on long-term numerical integrations.
Methods. The spectrum of (214869) 2007 PA8 was analysed using the positions of 1 μm and 2 μm bands and by curve-matching with
RELAB meteorites spectra. Its dynamical evolution was investigated by means of a 200 000-year numerical integration in the past of
1275 clones followed to the source region.
Results. (214869) 2007 PA8 has a very young surface with a composition more akin to H chondrites than to any other type of ordinary
chondrite. It arrived from the outer Main Belt in the near-Earth space via the 5:2 mean motion resonance with Jupiter by eccentricity
pumping. Identification of its source region far from (6) Hebe raises the possibility of the existence of a second parent body of the
H chondrites that has a radically diﬀerent post-accretion history. Future spectroscopic surveys in the 5:2 resonance region will most
likely discover other asteroids with an H chondrite composition.
Key words. minor planets, asteroids: general – techniques: spectroscopic – celestial mechanics – methods: numerical

1. Introduction

2. Observations

Ordinary chondrites (OC) dominate the current meteorite collections with almost 80% of the total falls (Burbine et al. 2002).
Their subclasses defined on the basis of Fe content – H (high
Fe), L (low Fe), and LL (low Fe, low metallic Fe) represent 48%,
43%, and 9% of the OC-group meteorites (Grady 2000).
Despite their relatively high proportion among OC, H chondrites (HC-like) asteroids remain elusive. Following the identification of (6) Hebe as the putative parent body of HC (Gaﬀey &
Gilbert 1998) it is only recently that Dunn et al. (2013), based
on mineralogical analysis, has found six near-Earth asteroids
(NEA) with spectral parameters consistent with HC in a set of
47 NEA with OC-like analogs. Another NEA with a composition between H and L chondrites was identified by Sanchez
et al. (2013) in a group of 14 NEA and Mars-crossing asteroids.
Overall, HC-like asteroids are uncommon in the NEA population
dominated by LL-chondrite mineralogies (de León et al. 2010),
a finding at odds with their prevalence among OC meteorites.
In this paper we report the serendipitous discovery of an
unweathered NEA with an HC-like composition – (214869)
2007 PA8 (hereafter 2007 PA8). Mineralogical analysis of this
object was followed by the investigation of dynamical delivery mechanism from its probable source region based on longterm numerical integrations. Finally, we discuss the results and
their implication for the history of the HC parent body and its
location.

The asteroid 2007 PA8 has an orbit with (a, e, i) = (2.823 AU,
0.662, 1.984◦) and a Tisserand parameter (T J ) of 2.947
marginally indicating an association with Jupiter family comets
(JFCs). Although T J alone is not a reliable indicator of a primitive composition of an asteroid (Stuart & Binzel 2004 find that
25% of NEA have both T J ≤ 3 and a C, D, or P taxonomic type),
2007 PA8 remained an interesting object. With an absolute magnitude H = 16.4 and a MOID value of 0.024 AU, it is among
the largest 5% potentially hazardous asteroids (PHAs). It is also
a relatively accessible target of space missions with a minimum
required ΔV = 6.8 km s−1 .
Its recent close approach to Earth on 5 November 2012 (the
last one until 2084) prompted many observations. It was the subject of an extensive radar campaign that revealed a slow rotating, 2 km-wide, elongated, asymmetric object (Brozovic et al.
2013). Based on spectrophotometric observations, Godunova
et al. (2013) obtained an S-type taxonomic classification, while
Hicks et al. (2012) inferred an Xc spectral type from broadband
photometry. From polarimetric and spectroscopic data, Fornasier
(in prep.) finds an albedo of 0.21 ± 0.03 and a spectrum typical
of OC for 2007 PA8.
We observed 2007 PA8 on 15 September 2012 using the
spectrograph SpeX at the 3-m NASA Infrared Telescope Facility
(IRTF) located in Mauna Kea, Hawaii (Rayner et al. 2003).
The observations were performed in remote mode from the
Astronomical Institute of the Romanian Academy Remote
Observing Center, Bucharest (AIRA ROC). Instrument configuration for the run and the data reduction procedure are described
elsewhere (Nedelcu et al. 2007).


Figure 2 is available in electronic form at
http://www.aanda.org
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Table 1. General circumstances of 2007 PA8 spectroscopic observations.
Date (UT)
2012/09/16.530

RA [h m s ]
00 43 58

Dec [◦   ]
+00 13 35

φ [◦ ]
12.23

r [AU]
1.37

Δ [AU]
0.38

MV
15.73

Airmass
1.13

Standard star
HD 7983

Notes. The columns in order: UT date for the middle of exposure interval, asteroids right ascension and declination (J2000), phase angle, heliocentric and geocentric distances, magnitude, airmass value, and the solar analog star used in spectra reduction.
1.3
(214869) 2007 PA8
Cangas de Onis H5
Sq class
SW Cangas de Onis

Reflectance

1.2

1.1

1
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Fig. 1. Near-infrared (0.8−2.5 μm) spectrum of (214869) 2007 PA8
(red) and of Cangas de Onis H5 ordinary chondrite from RELAB
(black). The average Sq-type spectrum from DeMeo et al. (2009) is displayed for comparison. A space-weathered spectrum of Cangas de Onis
computed using the model of Brunetto et al. (2006) with Cs = −0.2 is
displayed in gray. All spectra were normalized at 1.25 μm.

All spectra were acquired under good observing conditions
(seeing 0.7 , airmass 1.13) with the asteroid and the solar analog star (HD 7983) at the same airmass (Table 1). The calibrated
0.8−2.5 μm near-infrared spectrum of 2007 PA8 is presented in
Fig. 1.

The lack of visible spectrum and accordingly of spectral
data shortward of 0.8 μm precludes the accurate determination
of the Band I center and of the band area ratio (BAR). We note,
however, that from a set of 48 OC meteorites samples spanning petrologic types 4−6, Dunn et al. (2010) obtained for H,
L and LL chondrites band centers at BIH = 0.939 ± 0.006 μm,
BIIH = 1.925 ± 0.014 μm, BIL = 0.956 ± 0.011 μm, BIIL =
1.944 ± 0.020 μm, and BILL = 0.998 ± 0.016 μm, BIILL =
1.962 ± 0.030 μm respectively. This result makes 2007 PA8 more
akin to HC than to other ordinary chondrite types.
Another line of evidence for an HC composition of 2007 PA8
is M4AST curve matching with laboratory spectra. The best fit
among meteoritic material is represented by Cangas de Onis H5
chondrite (Fig. 1). Its reflectance in the visible domain (0.55 μm)
is 0.16, a value compatible with the inferred 2007 PA8 albedo
(Fornasier, in prep.). In contrast, we found no reasonable match
for 2007 PA8 among DeMeo et al. (2009) taxonomic classes.
The closest taxonomic type that our object could be assigned
to is Sq, but the average spectrum of this class is considerably
redder than Cangas de Onis. Furthermore there is a significant
mismatch in the visible domain.
We interpret these findings as evidence of a very young surface for 2007 PA8. Using the model of Brunetto et al. (2006) to
produce a “space-weathered” spectrum for Cangas de Onis we
find that a parameter Cs = −0.2 is suﬃcient to “redden” this HC
to a typical Sq spectrum. Owing to an unknown past orbital evolution of the asteroid, it is, however, diﬃcult to associate an irradiation time-scale to this Cs value. Giving the fast action of solar
wind as a space-weathering agent (Vernazza et al. 2009), we can
however establish an upper limit of 106 years for 2007 PA8 surface age.

3. Results
3.2. Dynamical modeling
3.1. Mineralogical analysis

For spectral analysis we used the Modeling for asteroid spectra
(M4AST) package, a tool available via a web interface1 . M4AST
streamlines spectroscopic investigation of asteroids by providing applications that cover aspects related to taxonomy, curve
matching with laboratory spectra, space-weathering models, and
mineralogical diagnosis (Popescu et al. 2012).
The 2007 PA8 spectrum (Fig. 1) has a slightly negative
slope of −0.03 μm−1. It presents two absorption bands located at
∼1 μm and ∼2 μm associated with Fe2+ crystal field transitions
in the chondritic minerals olivine and pyroxene (Burns 1970).
We calculated band centers from the minima of cubic spline
fits resampling the entire spectrum and, as a check, by fitting
a second-degree polynomial to the lower half of the bands.
Both methods produced similar results. The diﬀerence between
band minima and actual band centers is always smaller than
0.01 μm even for objects with steep spectral slopes (Burbine
et al. 2009). Band centers and their corresponding errors are
BI = 0.92 ± 0.02 μm and BII = 1.95 ± 0.01 μm for Bands I
and II, respectively.
1

http://m4ast.imcce.fr
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From 641 optical astrometric positions reported to MPC we
computed the orbital elements of 2007 PA8 at the epoch
JD = 2 456 600.5, (a, e, i, Ω, ω, M) = (2.822816 AU, 0.661989,
1.98386◦, 142.6593◦, 292.2879◦, 70.7095◦), with a 1σ variation
of σast = (2.97 ×10−8 AU, 8.58 ×10−9, 1.44 ×10−6◦ , 6.45 ×10−5◦ ,
6.50 × 10−5◦ , 1.25 × 10−6◦ ).
In order to explore the dynamical evolution of the asteroid
in a meaningful way, we generated a population of 1275 clones
using a Gaussian distribution in the six orbital elements with the
corresponding standard deviation σclones = 3 × σast . The clones
were integrated backward in time for 200 000 years using a realistic dynamical model of the solar system described by Nedelcu
et al. (2010) modified to use an 80-bit extended precision data
type.
The result of the run is presented in Fig. 2. An Apollo type
asteroid for the past 500 years, 2007 PA8 oscillated between
Apollo and Amor classes beginning with 1500 years ago. Since
this behavior is followed by the entire population of clones,
we infer this to be a real stage in the dynamical evolution of
2007 PA8. The deterministic evolution (in terms of orbital elements) broke around 2000 years ago when clones split between
Amor and Apollo classes (on average fractions of 80%, 20%).
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Fig. 3. Residence time of (214 869) 2007 PA8 clones expressed as
the average number of clones per century for each (a, e) bin of size
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The Amor population of clones starts decaying rapidly beyond
5000 years ago as objects move to moderate eccentricities and
consequently leave NEA space. In contrast, the population of
Apollo-type asteroids has a much slower declining rate.
At the end of our 200 000-year numerical integration, only
14% of the initial clones are still NEA (8.8% Apollo, 5.2%
Amor). Asteroids reaching q ≤ 0.02 AU (4%) or Q ≥ 50 AU
(56%) were considered “lost” and removed from integration
when they crossed the stated limits during the run. Finally, 36%
of the objects evolved toward Main Belt orbits.
To quantitatively evaluate the dynamic of 2007 PA8, we calculated the residence time of clones in the admissible region of
movement of the (a, e) space as the number of clone per century
for each (a, e) bin of (0.02 AU, 0.02) size. The result, presented
in Fig. 3, shows that for our 200 000-year run, the evolution of
clones mainly took place in a narrow region at a = 2.824 AU
that corresponds to the 5:2 mean motion resonance with Jupiter.
Looking at the end state of the run, we find that out of 560 objects
that “survived” for 200 000 years, 163 are within the borders of
the 5:2 orbital resonance.
This mean motion resonance has been a subject of dynamical studies for a long time. Based on semi-analytical models
and numerical integrations, Yoshikawa (1991) found that eccentricities of asteroids in 5:2 resonance change largely on a time
sale of 105 years. Numerical integration of fictious asteroids
placed in the 5:2 resonance explored the boundaries of the associated Kirkwood Gap and obtained a similar time scale for
eccentricity increasing from an initial average e0 ≤ 0.15 to
emax ≥ 0.7 (Ipatov 1992). Using the Wisdom (1982) perturbative
method, Yokoyama & Balthazar (1992) determined that, unlike
the 7:3 resonance, the 5:2 has no “safe zones”. Asteroids eccentricity will reach planet-crossing values even starting from
initial values e0 near zero. Taking the role of overlapping ν5 and
ν6 secular resonances in the region of the 5:2 mean motion resonance into account, Moons & Morbidelli (1995) found a large
scale chaotic region that produces large jumps in eccentricities,
a result usually obtained in realistic, full solar system numerical
simulations.
In summary, the 5:2 resonance provides an eﬀective pathway for asteroids to reach the inner solar system region with objects injected into it having the shortest half lives and the shortest time for crossing the orbits of terrestrial planets (Gladman
et al. 1997; Morbidelli & Gladman 1998). Resonant asteroids
will eventually become Earth- and Mars-crossers with future

0

-50000

-100000

-150000

-200000

Years ago

Fig. 4. Orbital evolution of one clone still locked in the 5:2 resonance at
the end of 200 000 years backward numerical integration: Δ  = J −
ast , diﬀerence in the longitudes of perihelion of Jupiter and clone (first
panel), critical argument σ5:2J = 5λJ − 2λast − 3ast (second panel),
semimajor axis and eccentricity (third and fourth panels).

planetary close approaches slowly depleting the resonance region. The 5:2 resonance alongside the 3:1 and 2:1 mean motion
resonances and the ν6 secular resonance is one of the important
sources of Earth-crossing objects (Bottke et al. 2002; de Elía &
Brunini 2007).
If we turn to the numerical integration results, we find that
the nominal orbit represents an object currently trapped in the
5:2 mean motion resonance with Jupiter with critical angle
σ5:2J = 5λJ − 2λast − 3ast (λJ , λast , and ast are the mean longitude of Jupiter, mean longitude, and perihelion longitude of
the asteroid) undergoing libration around 0◦ with a period of
about 200 years. Orbital evolution of one typical clone surviving for 200 000 years in the 5:2 resonance is presented in Fig. 4.
Critical angle σ5:2J librates around an oscillating libration center
whose evolution correlates to that of semimajor axis and eccentricity. The diﬀerence in the longitudes of perihelion of Jupiter
and clone librates with the same 52 000 year period seen for
semimajor axis and eccentricity, thus eﬀectively protecting asteroid from multiple close approaches with Jupiter.
Based on these known results on the 5:2 resonance and on
our numerical integration run, we can now propose a plausible
scenario for the dynamical evolution of 2007 PA8. Following the
injection of the asteroid in resonance (via collisions in nearby
families, Yarkovsky eﬀect, gravitational scattering by large asteroids), it evolved rapidly on a time scale of 105 years toward higher eccentricities. It progressed from Main Belt to
Mars-crossing region to enter NEA space as an Amor-type asteroid. Five hundred years ago, 2007 PA8 moved to Apollo class,
and is currently one of the largest PHAs. The Bottke et al. (2002)
NEO model finds for 2007 PA8 a probability of origin in the
JFC region of 0.534 and in the outer main asteroid belt region
of 0.438. Although we cannot completely exclude an outer solar
system origin of 2007 PA8, its spectral data clearly indicates an
origin in a region bordering the 5:2 resonance.
L7, page 3 of 5

A&A 567, L7 (2014)

4. Discussion
The discovery of an unweathered NEA with an HC-like composition and identification of its source region in the outer Main
Belt provide important constraints on the nature of HC parent body. Its composition, internal structure, and evolution have
lately been topics of several debates (Harrison & Grimm 2010;
Monnereau et al. 2013; Ganguly et al. 2013 and references
within). The common understanding is that an “onion-shell”
structure (Minster & Allegre 1979), i.e. petrographic type inversely correlated with metallographic cooling rate, has existed
at least in an early stage of its formation. Whether this concentric
layered structure has survived until today is still an open question. The scenario is complicated by the existence of HC samples with thermo-chronological data that are inconsistent with
numerical models of an onion-shell body thermal history (Taylor
et al. 1987; Scott et al. 2011). Our best fit for 2007 PA8, Cangas
de Onis, for example, includes H6 clasts with diverse cooling
rates, suggesting a wide range of depth origins, as expected from
catastrophic fragmentation and subsequent reaccretion of its parent body (Williams et al. 1985). The HC group as a whole does
not appear to conform to a single thermal evolution model, even
if additional parameters, such as regolith insulation (Harrison &
Grimm 2010), body size, and accretion time (Monnereau et al.
2013), are considered.
Based on the spectroscopic signature and on its location near
the powerful 3:1 and ν6 resonances, the large asteroid (6) Hebe
has been proposed as the parent body of HC (Gaﬀey & Gilbert
1998). This link was strengthened by the identification of six
HC meteorites with pre-atmospheric entry orbits originating in
the two resonances zones (Bottke et al. 2010).
Although not excluding it, Monnereau et al. (2013) raises
several arguments against this identification. Numerical models
of thermal evolution placed H6 chondrites at greater depths, unlikely to be sampled by impacts without a total disruption of the
parent body. Hebe’s high bulk density of 3.77 g cm−3 (Baer et al.
2011), implying a low porosity, is also incompatible with the
rubble-pile structure of HC material.
The discovery of a large, HC-like NEA with an outer Main
Belt source region could provide a framework for interpreting this conflicting data. Thus the large majority of HC verifying the onion-shell model could have indeed originated on (6)
Hebe where they accreted, cooled largely undisturbed, and were
sampled by subsequent impacts. The remaining few samples left
unexplained by this thermal model will then be derived from a
second parent body shattered and reassembled in a rubble-pile
structure immediately after a rapid accretion. The relative proportion of these two populations can be explained by a more favorable location of (6) Hebe for meteorites injection. The young
surface of 2007 PA8 may be the result of an impact that sent it
in the resonance or of close planetary encounters that followed
the delivery of the asteroid in NEA space (Binzel et al. 2010;
Nesvorný et al. 2010).

5. Conclusions
In this paper we report near-infrared spectroscopic observations
of one of the largest PHAs – (214869) 2007 PA8. Mineralogical
analysis reveals an object largely unaﬀected by space weathering with a spectrum directly matched by RELAB spectrum of
Cangas de Onis H5 chondrite. The upper limit of surface age
of 106 years is consistent with its rapid delivery from the outer
Main Belt in the NEA space via 5:2 resonance by eccentricity

pumping. Identification of its source region far from (6) Hebe
raise the possibility of existence of a second parent body of the
H chondrites that experienced a radically diﬀerent post-accretion
history. Future spectroscopic surveys in the 5:2 resonance region
will most likely discover other asteroids with an H chondrite
composition.
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Fig. 2. Evolution of the original population of 1275 clones for asteroid
2007 PA8 during a backward numerical integration.
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ABSTRACT
Context. The Taurid Complex is a massive stream of material in the inner part of the Solar System. It contains objects spanning the

range of 10−6 –103 m, considered by some authors to have a common cometary origin. The asteroids belonging to Taurid Complex are
on Apollo type orbit, with most of them being flagged as potentially hazardous asteroids. In this context, understanding the nature
and the origin of this asteroidal population is not only of scientific interest but also of practical importance.
Aims. We aim to investigate the surface mineralogy of the asteroids associated with Taurid Complex using visible and near-infrared
spectral data. Compositional linking between these asteroids and meteorites can be derived based on the obtained spectra.
Methods. We obtained spectra of six of the largest asteroids (2201, 4183, 4486, 5143, 6063, and 269690) associated with Taurid
complex. The observations were made with the IRTF telescope equipped with the spectro-imager SpeX. Their taxonomic classification is made using Bus-DeMeo taxonomy. The asteroid spectra are compared with the meteorite spectra from the Relab database.
Mineralogical models were applied to determine their surface composition. All the spectral analysis is made in the context of the
already published physical data.
Results. Five of the objects studied in this paper present spectral characteristics similar to the S taxonomic complex. The spectra of
ordinary chondrites (spanning H, L, and LL subtypes) are the best matches for these asteroid spectra. The asteroid (269690) 1996
RG3 presents a flat featureless spectrum which could be associated to a primitive C-type object. The increased reflectance above 2.1
microns constrains its geometrical albedo to a value around 0.03.
Conclusions. While there is an important dynamical grouping among the Taurid Complex asteroids, the spectral data of the largest
objects do not support a common cometary origin. Furthermore, there are significant variations between the spectra acquired until
now.
Key words. minor planets, asteroids; techniques: spectroscopic; methods: observations

1. Introduction

be regarded as the parent body and also as the source of most of
the present day zodiacal complex.

The Taurid Complex (hereafter TC) is a massive stream of material in the inner part of the Solar System. It contains objects
spanning the range 10−6 –103 m (Asher et al. 1993). The incoming dust and particles produce radar and visual meteors, known
as the Taurid meteor showers from which the complex derives its
name. Referring to large masses, detections, which were associated with Taurids include swarm of meteoroids incident on the
Moon in June 1975 (Oberst & Nakamura 1991), many ordinary
fireballs, and the Tunguska fireball on June 30, 1908 (e.g. Kresak 1978). However, Sekanina 1998 found important evidence in
favor of an asteroidal origin of the Tunguska object. This result
was supported by the model of Chyba et al. 1993, which shows
that the Tunguska explosion is characteristic for a stony asteroid
with a radius of ≈30 m entering the Earth’s atmosphere at hypersonic velocities. The Farmington meteorite is also associated
with TC. Asher et al. 1993 concludes that the objects associated
with TC are likely to have a common cometary origin, which can

This complex could be constrained by low-inclination (i <
12◦ , semi-major (a) axis having the range 1.8-2.6 a.u., eccentricities (e) in the range of 0.64–0.85, and longitudes of perihelion
(ω̄) in the range 100◦ – 200◦ (Steel & Asher 1996). The Taurid meteor shower has a low inclination (i < 5◦ ), and it is seen
from the Earth at the epoch of the nodal intersection of the torus
of meteoroids and the ecliptic (Babadzhanov et al. 2008). Thus,
meteoroids from TC interact with the atmosphere near both ascending and descending nodes. These annual periods of interaction revealed by radar and optical phenomena globally between
September and December for the pre-perihelion stage and April
to July for the post-perihelion stage.

Send offprint requests to: M. Popescu, e-mail: mpopescu@imcce.fr

The largest known body of TC is the comet P/Encke which
has been regarded as the major source of zodiacal dust (Whipple
& El-Din Hamid 1952; Wiegert et al. 2009). For a long time, the
association between meteor showers and asteroids was considered with caution. However, the discovery of new asteroid families (Nesvorný et al. 2002) in the Main-Belt, new cometary-like
asteroids, asteroid outbursts (Jewitt 2012), or weak cometary acArticle number, page 1 of 17
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Table 1: Log of observations: asteroid designation, date of observation given as Julian Day, the apparent magnitude (V), the phase
angle ( Φ), the heliocentric distance (r), the airmass at the mean UT of each observation, the total integration time for each spectrum
(ITime), and the corresponding solar analog (S.A.) are presented.
Asteroid
(2201) Oljato
(4183) Cuno
(4486) Mithra
(5143) Heracles
(6063) Jason
(6063) Jason
(269690) 1996 RG3
(269690) 1996 RG3

Julian Day
2455880.93621
2455880.90256
2455258.07778
2455880.88450
2456556.98773
2456587.02775
2456556.93400
2456586.86105

V
16.5
16.3
14.6
13.4
17.7
14.9
17.8
17.6

Φ (◦ )
4.9
10.4
55.3
23.5
29.0
25.16
3.5
46

tivity on NEA (3200) Phaeton (Jewitt et al. 2013) changed this
opinion. In the case of Taurid meteor shower, the association
with asteroids having similar sub-Jovian near-ecliptic orbital elements becomes mandatory mainly because the inclination of
comet P/Encke (considered as the parent body) is slightly shifted
from the one of Taurid shower.
Several empirical metrics in orbital elements are defined for
finding Taurid parent bodies that cluster using asteroids and
comets (Asher et al. 1993; Valsecchi et al. 1999; Jopek et al.
2008). Based on different criteria, like ’D-criterion’, several authors have determined the asteroids belonging to TC (Asher et al.
1993; Babadzhanov 2001; Babadzhanov et al. 2008). The size
of these asteroids ranges from several kilometers in diameter like
(5143) Heracles, (6063) Jason, and (2201) Oljato, down to meter
size bodies.
Based on their metrics, Asher et al. 1993 clustered 25 asteroids with orbital elements (a, e, i) similar to TC meteoroids.
Backward integration based just on gravitational interaction does
not allow a convergence of orbits of these bodies toward a unique
orbit. The spread in longitude of perihelion for TC is thus interpreted as the chaoticity of orbits due to close encounters with
telluric planets and to the mean-motion resonance 7:2 to Jupiter
(Asher et al. 1993).
However, a statistical study of objects based only on orbital
elements and backward dynamical integration could not completely solve the TC problem. Indeed, this was expressed by
Steel & Asher 1996: It is regrettable that colors and hence compositional classification are not yet available for most of the TC
asteroids, meaning that there is a dearth of physical evidence to
support the dynamical analysis.
The article presents the results of a near-infrared spectroscopic survey of asteroid members of TC. Physical analysis together with investigation of their mineralogy bring new insights
into the TC cluster. More precisely, spectroscopic observations
look into finding similarities in spectral behavior and the derived mineralogical properties which allow quantification of the
amount of mineralogical composition of regoliths on the asteroid surface. Globally, this hot topic circumscribes the problem
of parent bodies (torus of meteoroids in the inner solar system)
associated with the meteor shower.
The article is organized as follows: Section 2 describes the
observing procedure and the data reduction performed to obtain
the spectra. Section 3 reviews the methods used to analyze the
asteroid spectra. A dedicated discussion is made about merging the visible and the infrared parts of the spectrum. Section 4
presents the spectral results obtained. Each spectrum is analyzed
in the framework of the already known physical properties of the
asteroid. The discussion of the results, and their implications is
Article number, page 2 of 17

r (UA)
1.797
1.905
1.103
1.326
1.632
1.269
1.428
1.153

Airmass
1.03
1.04
1.13
1.15
1.15
1.04
1.11
1.49

ITime(s)
1680
480
1680
480
1440
1920
1920
480

S.A.
HD 19061
HD 19061
HD 95868
HD 19061
HD 224817
HD 7983
HD 220764
HD 215393

made in Section 5. The conclusions end this article. Additional
information is given in two annexes in the online material.

2. The observing procedure and data reduction
The orbits and the small diameters of the majority of NEAs imply important constraint on the geometries of observations for
determining the reflective properties of their surfaces. These
conditions are usually satisfied in the case of close approach to
Earth, when the apparent magnitude decreases by several units.
The asteroids studied in this paper were observed with
NASA IRTF, a 3m telescope located on the top of Mauna Kea,
Hawaii. We used the SpeX instrument in the low resolution
Prism mode (R≈100) of the spectrograph, covering the 0.82 2.5 µm spectral region (Rayner et al. 2003). The observations
were performed in remote mode from Centre d’Observation à
Distance en Astronomie à Meudon (CODAM) in Paris (Birlan
et al. 2004), and from the Remote Observation Center in Planetary Sciences (ROC) in Bucharest. A 0.8×15 arcsec slit oriented
north-south was used. The spectra for the asteroids and the solar
analog stars were alternatively obtained on two separate locations on the slit denoted A and B (Popescu et al. 2012a).
Our observations were carried out in four sessions: March
2,2010, November 15,2011, September 21,2013, and October
21,2013. The asteroids (6063) Jason and (269690) 1996 RG3
were observed at different dates with the purpose of monitoring
spectral variations due to the heliocentric distance.
We tried to observe all objects as close to the zenith as possible at an airmass smaller than 1.151 , as presented in Table 1.
Solar analogs in the apparent vicinity of each asteroid were observed for calibration. Thus, HD 95868, HD 19061, HD 224817,
HD 220764, and HD 215393 photometric G2V C stars were selected from CDS portal (SIMBAD database)2 for spectral calibration.
Preprocessing of the CCD images included bias and flat-field
correction. These calibration images were obtained at the beginning or at the end of the observing session. For the wavelength
calibration, an Argon lamp spectrum was used.
The data reduction process consists of three steps: 1) obtaining the raw spectra for the object and the solar analog, 2) computation of a normalized reflectance spectrum by dividing the
asteroid spectrum by the solar analog spectrum, and 3) performing a correction for telluric lines. For the first step, the Image
Reduction and Analysis Facility - IRAF (Tody 1986) was used,
while some IDL routines for the second and third steps were
1
The observation for (269690) 1996 RG3 in October was at an airmass
of 1.49 due to weather and schedule constraints.
2
http://simbad.u-strasbg.fr/simbad/
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Table 2: Some characteristics of the NEAs studied in this article. The asteroid designations, semi-major axis, aphelion, perihelion,
eccentricity, inclination, D parameter, Tisserand Parameter, absolute magnitude, geometric albedo, and taxonomic classification
(left: previous classification, right: current work classification) are given. The data was extracted from NEODyS website (http:
//newton.dm.unipi.it/neodys/).
Asteroid
(2201) Oljato
(4183) Cuno
(4486) Mithra
(5143) Heracles
(6063) Jason
(269690) 1996 RG3

a [au]

Q [au]

q [au]

e

i(◦ )

D

TJ

H

pv

2.17248
1.98256
2.19961
1.83353
2.21267
2.00001

3.7201
3.2396
3.6577
3.2492
3.9086
3.2099

0.6249
0.7255
0.7415
0.4179
0.5167
0.7901

0.712357
0.634043
0.662906
0.772091
0.766475
0.604961

2.523
6.707
3.04
9.034
4.921
3.571

0.11
0.20
0.17
0.13
0.07
0.20

3.302
3.572
3.337
3.582
3.186
3.587

16.86
14.40
15.60
14.10
15.90
18.50

0.240
0.097
0.297
0.148
0.160
-

used to diminish the influence of the telluric lines (Vacca et al.
2003). For the computation of the normalized reflectance, we
took the similar dynamic regimes of the detector (Vacca et al.
2004; Rayner et al. 2003) into account.
The circumstances of observations are presented in Table 1.
Generally, the asteroid spectra were obtained by taking images
with an integration time of 120s in the nodding procedure for
several cycles. The total integration time is given in Table 1. A
visual selection of the images was made before introducing them
into the data reduction pipeline.
We note that the signal-to-noise ratio (SNR) of spectra is significantly influenced by the precipitable water. For instance, the
observations from September 21, 2013 for (269690) 1996 RG3
(at an apparent magnitude 17.8 and in the apparent vicinity of
the full Moon) are comparable in terms of the SNR with the
data obtained on November 15, 2011 for (4183) Cuno which had
the apparent magnitude of 16.3. The zenith opacity at 225 GHz
measured by Caltech Submillimeter Observatory3 at the summit
of Mauna Kea is related to the precipitable water vapor (Davis
et al. 1997). During the observation of 1996 FG3, the value of
the zenith opacity was around 0.07 as compared with the value
of 0.15 for the time of observations of Cuno.

3. Methods used to analyze data
The analysis of spectra was made in the context of previously
published physical and dynamical data on these objects. Table 2
summarizes some physical and dynamical parameters of the objects described in this paper.
We used two online tools to analyze our spectra: 1) M4AST
4
(Popescu et al. 2012b) for merging visible and near-infrared
(NIR) parts of the spectrum, for taxonomic classification, and for
comparison with meteorites spectra, and 2) SMASS-MIT website5 (further denoted MIT tool) for Bus-DeMeo taxonomy (DeMeo et al. 2009) and for searching similar spectra obtained by
the MIT group.
3.1. Merging with near-infrared and visible spectral data

The mineralogical models derived from meteorite spectra and
the new taxonomies (such as Bus-DeMeo) require the visible and
near-infrared interval (typical 0.45 - 2.5 µm, denoted as VNIR).
Due to equipment constraints, the visible part and the NIR part of
the spectrum are acquired separately and, in general, at different
telescopes. Thus, merging the visible part with the NIR part
3
4
5

http://cso.caltech.edu/tau/
http://m4ast.imcce.fr/
http://smass.mit.edu/

Taxonomic Type
Previous This work
E, Sq
Q, Sq
Sq, Q
Q
S
Sq
O,Sk
Q
S
Sq
Cg, Cb

is an important step and was performed, whenever the visible
spectrum was available. This was the case for asteroids, (2201)
Oljato, (4183) Cuno, and (5143) Heracles, as presented in Fig. 1.
For each of them, the visible spectrum was merged with our NIR
data using a procedure of minimization of data in the common
spectral region 0.82-0.9 µm (i.e. finding a factor to normalize the
visible part to minimize the mean square error between the two
spectra in the common interval).
Joining the visible and NIR part leads to a more detailed
analysis of the spectra. Using 0.45-2.5 µm allows an accurate
taxonomic classification and a more accurate mineralogical solution. Moreover, olivine and orthopyroxene, compounds typical
on the asteroid surface, have a band minimum around 1 µm and
a maximum around 0.7 µm. Thus, a complete analysis of these
features could not be made without using the entire VNIR spectrum. Additionally, a VNIR spectrum allows a more consistent
curve matching with laboratory spectra.
However, there could be differences in the common interval
between the visible part and NIR part that come from different
factors, such as the object was observed at different epochs (several years or even more), a different observing geometry (phase
angle, airmass), different instruments (the visible detectors have
low efficiency around 0.85 µm, thus, typically, providing a low
SNR data), and different solar analogues used. A method to
quantify the differences is to measure the slope of the subtraction
between the two spectra. This is further referred to as the similarity slope. Ideally this slope should be zero and is independent
of the SNR of the spectra. A non-zero slope is a consequence
either of an inhomogeneous composition of asteroid surface or
the spectral changes in the time interval between the moments
when the two spectra were obtained. We exclude here the possibility of data acquisition/reduction issues, which could include
also artifacts in interpreting spectral data.
When multiple visible spectra were available for the same
asteroid, we selected the spectrum for which the absolute value
of similarity slope was minimal. The parameters of some of the
visible spectra available for our objects analyzed in this paper
are given in Table B.1 (online material).
Apart from the advantages, we note that merging the visible
and NIR parts could add an additional uncertainty, but one which
is taken into account in the evaluation of band center and band
area of the 1 µm band.
3.2. Normalization of spectra

All our spectra were normalized with the reflectance value at
1.25 µm, which is close to the middle of the interval between
the maximum around 0.7 µm and the maximum around 1.5 µm.
Article number, page 3 of 17

These features are characteristics of olivine-orthopyroxene mixtures.
3.3. Taxonomy

Taxonomy is the classification of asteroids into categories. The
main goal is to identify groups of asteroids that have similar surface compositions. An accurate taxonomic classification gives
important information on the specific mineralogy for each of the
defined classes.
To assign a taxonomic type for the spectra presented in this
paper we used Bus-DeMeo taxonomy. This taxonomy is based
on principal components analysis of VNIR spectra. We classified the spectra in this taxonomy using two methods: 1) by
performing curve matching with the 25 classes defined by the
taxonomy (using M4AST website) and 2) by basing on principal
components analysis using the MIT tool. Additionally, for obtaining complementary information when ambiguous types were
obtained in Bus-DeMeo taxonomy we used the G13 classification (Birlan et al. 1996).
Bus-DeMeo taxonomy can also be used with NIR data only,
but the solution may not be unique. A particular case is to differentiate between the spectra belonging to S complex. DeMeo
et al. 2014 defined some additional parameters to characterize
the band around 1 µm to differentiate between S, Sr, Sq and Q
types using only the NIR interval. Their accuracy of classification, using these parameters is between 30% and 75 %. We
consider that the curve matching methods can provide a better
approach in this case, because it takes the aspect of the whole
spectrum and not just a particular feature into account. Furthermore, if we consider the uncertainty bars for S, Sr, Sq, and Q
taxonomic types, they span almost the same range of relative reflectance in the NIR (when normalizing to 1.25 µm).

the band area ratio (BAR = BII
BI ), which is the ratio of the areas of
the second absorption band relative to the first absorption band.
These parameters were calculated as suggested by Cloutis et al.
1986.
The band center is the wavelength of maximum absorption.
If there is no overall continuous slope in the spectrum, the band
center and the band minimum are coincident. Cloutis et al. 1986
outlined that "if there is a continuum slope in the spectral region
of the absorption feature, the band center will be displaced in
the downslope direction by an amount related to the slope of the
continuum and the shape of the absorption feature".
Dunn et al. 2010 reviewed the formulas for determining the
mineral compositions and abundances based on VNIR spectra of
S- and Q- type asteroids. Using 48 ordinary chondrites spanning
the subtypes H, L, and LL and the petrologic types 4-6, they derived new calibrations for determining mineral abundances and
mafic silicate composite. The accuracy of their determination
was that they correctly classified H, L and LL chondrites based
on spectrally-derived mineralogical parameters in ≈ 80% cases.
The equation which describes the olivine (ol) to pyroxene
ratio (px) is given as a function of BAR:
ol
BII
= −0.242 ×
+ 0.728; (R2 = 0.73).
ol + px
BI

The correlation between fayalite (Fa) in olivine and Band I
center is described by a second order polynomial:
mol%Fa[ol] = −1284.9 × BIC 2 + 2656.5 × BIC − 1342.3;
(R2 = 0.92). (2)
They draw a similar conclusion for the ferrosilite:
mol%F s[px] = −879.1 × BIC 2 + 1824.9 × BIC − 921.7;
(R2 = 0.91),

3.4. Curve fitting with meteorites spectra

Confronting the spectral data derived from telescopic observations with laboratory measurements is an important step for
studying the asteroid physical properties (Britt et al. 1992;
Popescu et al. 2011). Among the laboratory samples, meteorites
can provide the most fruitful results for understanding asteroid
composition. This is due to the reason that meteorites, prior to
their arrival, are themselves small bodies of the solar system.
Thus, spectra comparison represents a direct link for our understanding of asteroid-meteorite relationships (Popescu et al.
2012b).
We compared our asteroid spectra with the laboratory spectra
from the Relab6 database using all the curve matching methods
available in M4AST (mean square error, chi-square, correlation
coefficient, and standard deviation of the error). We selected the
first three matches from the solutions found by all curve matching methods. The results are plotted in the online material, while
Table 3 summarizes the results.
3.5. Mineralogical models

Cloutis et al. 1986 introduced an analytical approach that permits the interpretation of visible and near-infrared spectral reflectance to determine the olivine-pyroxene composition. These
parameters are the wavelength position of the reflectance minima around 1 µm and 2 µm (BImin and BIImin ), the band centers
(around 1 µm - denoted as BIC, and 2 µm - denoted BIIC), and
6
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(1)

(3)

where R2 is the coefficient of determination (Dunn et al. 2010).
The application of mineralogical models requires the characterization of the band around 0.9 µm, which is not completely
characterized with only the NIR part of the spectrum available.
Thus, for the objects studied in this paper, only the composite
VNIR spectra of (2201) Oljato, (4183) Cuno, and (5143) Heracles allow the use of these mineralogical approaches of which
the results are summarized by Fig. 3. The computation of BIC,
BIIC and BAR is made using M4AST, which implements the
standard procedures as described by Cloutis et al. 1986. The
values resulting from Eq. 1, 2 and 3 are provided within the
accuracy given by R2 .

4. Results
This section describes the results obtained for the observed asteroids: (2201) Oljato, (4183) Cuno, (4486) Mithra, (5143) Heracles, (6063) Jason, and (269690) 1996 RG3. The spectra are
plotted in Fig. 1 with error bars and merged with the visible
range when available.
The discussion about taxonomic type of each object is made
with reference to Fig. 2. The results for taxonomic classification of spectra are compared with the physical properties and
previously taxonomic classifications (Table 2). The results of
comparison with meteorite spectra are shown in Tabel 3 and in
Appendix A.

M. Popescu et al.: Spectral properties of six near-Earth asteroids associated with Taurid Complex

1
0.9
0.8

0.5

1

1.5
Wavelength [um]

2

1
0.9

0.7

2.5

0.5

1

1.5
Wavelength [um]

2

1
0.9

5143 − V
5143 − NIR
0.5

1

1.5
Wavelength [um]

2

2.5

1.1
1
0.9

0.7

0.9

4486
1

1.5
2
Wavelength [um]

1

1.5
2
Wavelength [um]

2.5

1.2

0.8

0.8

1

0.7

2.5

Relative Reflectance

1.1

1.1

0.8
4183 − V
4183 − NIR

1.2
Relative Reflectance

Relative Reflectance

1.1

0.8

2201 − V
2201 − NIR

1.2

0.7

Relative Reflectance

1.1

0.7

1.2

1.2
Relative Reflectance

Relative Reflectance

1.2

1.1
1
0.9
0.8

6063 − 09/21/13
1

6063 − 10/21/13

0.7

1.5
2
Wavelength [um]

2.5

1.6
1.4
Relative Reflectance

Relative Reflectance

1.3
1.2
1.1
1
0.9
0.8

1.2
1
0.8
0.6

269690 − 09/21/13
1

0.4

1.5
2
Wavelength [um]

269690 − 10/21/13
0.8

1

1.2
1.4
Wavelength [um]

1.6

1.8

Fig. 1: Spectra of (2201) Oljato, (4183) Cuno, (4486) Mithra, (5143) Heracles, (6063) Jason, and (269690) 1996 RG3 with errorbars. All spectra are normalized to 1.25 µm. The NIR spectra (red) were merged with the visible counterpart (blue) when this was
available in the literature. The visible spectra shown in this figure were obtained by Bus & Binzel 2002 for Oljato and by Binzel
et al. 2004 for Cuno and Heracles.
4.1. (2201) Oljato

Since its discovery, (2201) Oljato has been considered a good
candidate to be an extinct cometary nucleus (Weissman et al.
1989). Over time, it was analyzed using photometric and spectroscopic observations in visible, near-infrared, and radio regions (e.g.McFadden 1983, Lazzarin et al. 1996, Binzel et al.
2004). The first observations show a puzzling object, in the sense
that the high radiometric ratio 7 does not fit with some spectral
features (McFadden 1983) that are characteristic for dark primitive objects.
Harris & Lagerros 2002 determined the geometrical albedo
pV = 0.24, using the NEA thermal model (NEATM). Other models, like STM (standard thermal model) and FRM (fast rotating model) give a higher albedo (0.63 and 0.49, respectively).
7
Infrared flux, given as ratio to a stellar standard, with the purpose
of estimating the albedo and the temperature of asteroids based on
the equilibrium between absorbed Sun light and emitted energy, as in
Hansen 1977

Having the absolute magnitude H = 16.86 and considering
pV = 0.24 the effective diameter of this object is 2.1 km. The
high value of the albedo, typical for S-type asteroids, makes it
unlikely that (2201) Oljato is an extinct comet nucleus, as suggested by its highly eccentric orbit and the first spectral observations.
According to Ondrejov NEO Photometric Program webpage8 , the rotation period of (2201) Oljato is ≈ 26 h, while the
lightcurve amplitude is around 0.1 magnitudes .
Pioneer Venus Orbiter observed many interplanetary field
enhancements (rare, but very distinct interplanetary magnetic
field structures) in the longitude sector where the orbit of Oljato
lies inside the Venus orbit (Russell 1987; Lai et al. 2013). Lai
et al. 2013 attributed these observed phenomena to interactions
between the material co-orbiting Oljato and the solar wind. They
concluded that this co-orbiting material was most probably produced by an earlier collision with Oljato or due to its internal ac8
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Fig. 2: Classification in Bus-DeMeo taxonomic system for (2201) Oljato, (4183) Cuno, and (5143) Heracles. The data are normalized at 1.25 µm. The asteroid spectra are plotted against the curves for the resulting classes obtained by DeMeo et al. 2009.
tivity. The last data from Venus Express (between 2006 - 2012)
show that the rate of interplanetary field enhancements was reduced substantially during the recent Oljato return, suggesting
that the co-orbiting material has drifted out, or was destroyed by
collisions (Lai et al. 2013).
Data in the 0.3 - 0.9 µm region were first obtained by McFadden et al. 1984 in December 1979, using intermediate band
spectroscopy. The spectrum shows a high reflectance in the spectral region between 0.33-0.4 µm and a feature (a local maxima)
around 0.6 µm. The spectrum obtained by McFadden et al. 1993
on July 6, 1983 did not confirm the ultraviolet dominant feature
found in 1979.
The visible spectrum of Oljato obtained by Lazzarin et al.
1996 in October 11, 1994 shows an absorption feature centered
around 0.9 µm, which is attributable to the presence of aqueous alteration products. This spectrum also shows an absorption band for λ < 0.5µm, and any evidence of emission around
0.388 µm due to the radical CN, which is an important feature
on cometary spectra (Lazzarin et al. 1996).
Different authors have classified (2201) Oljato as an S, C, or
E taxonomic type depending on the spectral interval they considered (McFadden et al. 1993; Hicks et al. 1998; Bus & Binzel
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2002). Appendix B (online material) shows some of these visible spectra as found in the literature. There is an important difference, which can be illustrated by the position of maximum
around 0.7 µm between the spectrum of Lazzarin et al. 1996
(max. position at 0.659 µm) obtained on October 1994 and the
one obtained one year later (December 1995) by Binzel et al.
2004 (max. position at 0.724 µm).
We merged our NIR part of the spectrum with the one obtained by Bus & Binzel 2002. This choice was made by considering the similarity in the common spectral interval (Fig. 1) with
the similarity factor being 0.013. The obtained VNIR is characterized by a high reflectance around 0.7 µm as compared with
the rest of the spectrum, which has a large and deep band around
0.9 µm and a wide absorption band around 2 µm. The first band
minimum is BImin = 0.926 ± 0.003µm while the second band
minimum is BIImin = 2.015 ± 0.041µm. The slope in the spectral
interval 0.82 - 2.45 µm is 0.01 µm−1 , while the composite VNIR
spectrum has a slope of -0.018 (when normalizing to 1.25 µm).
These slopes are atypical for S-complex. By inspecting the NIR
spectra obtained by MIT-UH-IRTF Joint Campaign9 , we found
9
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Table 3: Summary of the results obtained by matching the asteroids spectra with spectra from Relab database. The comparison was
made using M4AST. The first three matches are presented by taking the results of all curve matching methods into account.
Spectrum
(2201) Oljato
(4183) Cuno
(4486) Mithra
(5143) Heracles
(6063) Jason
(09/21/13)
(6063) Jason
(10/21/13)
(269690) 1996 RG3

Sample ID
TB-TJM-073
TB-TJM-141
MB-CMP-003-D
TB-TJM-067
TB-TJM-077
TB-TJM-144
TB-TJM-139
MR-MJG-057
MH-FPF-053-D
TB-TJM-067
MR-MJG-057
MR-MJG-072
MB-CMP-002-L
TB-TJM-107
MH-JFB-022
MR-MJG-057
MB-TXH-086-A
MH-CMP-003
MB-CMP-019-1
MB-TXH-064-F
MC-RPB-002

Meteorite
Dwaleni
L’Aigle
Dwaleni
Bandong
Karatu
Wethersfield (1971)
Kunashak
Colby (Wisconsin)
Nuevo Mercurio
Bandong
Colby (Wisconsin)
Jelica
Paragould
Mabwe-Khoywa
Gifu
Colby (Wisconsin)
Y74442
Farmington
Y-82162,79
Murchison heated
LEW90500,45

Fell
12-10-1970
26-04-1803
12-10-1970
10-12-1871
11-09-1963
08-04-1971
11-06-1949
04-07-1917
15-12-1978
10-12-1871
04-07-1917
01-12-1889
17-02-1930
17-09-1937
24-07-1909
04-07-1917
25-06-1980
28-09-1969
-

Type
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
OC
CC
CC
CC

SubType
H6
L6
H6
LL6
LL6
L6
L6
L6
H5
LL6
L6
LL6
LL5
L5
L6
L6
LL4
L5
CI Unusual
CM2
CM2

Texture
Particulate
Particulate
Particulate
Particulate
Particulate
Particulate
Particulate
Particulate
Particulate
Particulate
Particulate
Slab
Particulate
Particulate
Particulate
Particulate
Particulate

Size [ µm]
0-150
0-150
25-250
0-150
0-75
0-150
0-150
0 - 350
0-150
25-250
0-150
0-25
20-250
0-125
0-63
0-500
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Ol
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Fig. 3: (Left) Wavelength position of the centers of the two absorption bands computed using Cloutis et al. 1986. The enclosed
regions correspond to the band centers computed for the H, L, and LL chondrites, respectively (de León et al. 2010). (Right) Band
area ratio (BAR) versus band I centers. The regions enclosed by continuous lines correspond to the values computed for basaltic
achondrites, ordinary chondrites (OC), and olivine-rich meteorites (Ol) (Gaffey et al. 1993).
less than 2% of the total spectra belonging to S-complex with a
slope lower than 0.01 in the NIR spectral region.
The spectrum is classified in Bus-DeMeo taxonomy as Sqtype (Fig. 2) by the SMASS-MIT tool. The first two principal
components PC1 = -0.3994 and PC2 = 0.1326 place the spectrum at the border between Sq and Q type. According to DeMeo
et al. 2009 the Sq-type is characterized by a wide 1-micron absorption band with evidence of a feature near 1.3 µm like the Qtype, except the 1-micron feature is more shallow for the Sq. The
BImin is in the range of S-Sr types(DeMeo et al. 2014). However,
the spectrum is fitted by the Q type in the visible region. The
G13 taxonomy place the object in group 1 with a spectrum similar with (5) Astraea and (6) Hebe, thus belonging to S-complex.

However the matching with this type is only in the NIR part.
Classifying this spectrum using curve matching methods gives
ambiguous results because there is a large difference in the NIR
part compared to S-complex typical spectrum. Thus, we cannot
assert a certain type between Q and Sq to this spectrum.
The meteorite spectra similar with this spectrum are those of
ordinary chondrites (OC) with petrologic classes 5 and 6. Most
of the matches are with OC-H meteorite spectra. The spectra that
fit most are those of two samples from the Dwaleni meteorite, an
OC H6 which fell on October 12, 1970, and a spectrum of a sample from L’Aigle meteorite, an OC L6 (Fig. A.1). The spectrum
of an olivine basalt ilmenite mixture also shows similarities with
this asteroid spectrum.
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On the composite spectrum we can apply the mineralogical
ol
model, thus obtaining the ol+px
= 0.520 ratio. The position of
the first band center corresponds to a molar percentage of Fa
of 14.4% and to a molar percentage of Fs of 13.3%. Considering the plots BIC versus BAR and BIIC versus BIC (Fig. 3),
we found this spectrum in the OC H region (relatively close to
the limit of OC L region), which agrees with spectral matching
results.
The slope of the VNIR spectrum corresponds to a very fresh
surface. This can be correlated with a mass loss from Oljato,
as suggested by Jewitt 2012 as a possible cause for the observed
repetitive magnetic disturbances. The spectrum similar with OCH meteorites also supports this hypothesis. Jewitt 2012 considered that this object is not inert but did not find sufficient evidence to identify a mechanism for explaining the mass loss.
The differences in the visible spectra obtained by several authors support the hypothesis of material loss or inhomogeneous
surface composition. A good opportunity to re-observe this object will arise in July 2015, when it will reach an apparent magnitude of 16.5.
4.2. (4183) Cuno

With an estimated diameter D = 5.38 km, (4183) Cuno is one
of the largest potentially hazardous asteroids (PHA). According
to the Warm Spitzer data (Harris et al. 2011) it has a relatively
low albedo, pV = 0.10. Radar images reveal an elongated object
with a prominent feature that may indicate the presence of one
or more concavities (Benner et al. 2001).
According to the Ondrejov webpage, this object rotates with
a period of 3.55 h, which is the shortest period among the objects
studied in this paper.
Based on orbital similarity, this asteroid was associated with
the December Aurigids meteoroid stream (Porubčan et al. 2004).
Terentjeva & Barabanov 2004 associated this object with the
Tagish Lake meteorite and with the µ Orionid fireball stream.
This dynamical association may suggest a cometary origin, but
the spectra obtained in the visible by Binzel et al. 2004 and Fevig
& Fink 2007 show a spectrum similar with ordinary chondrites.
Based on the NIR part of the spectrum obtained with SpeX instrument on the IRTF on October 24, 2011, DeMeo et al. 2014
classified this object as a Q type with a fresh surface.
We obtained NIR data on November 15, 2011. To perform
the analysis on a larger spectral interval, we merged our NIR
with the visible part obtained by Binzel et al. 2004. The similarity slope on the common interval (defined in Section 3) is
0.085µm−1 , as compared with 0.918µm−1 for the spectral data
obtained by Fevig & Fink 2007.
The VNIR spectrum has the BImin located at 0.998±0.007µm,
while the BIImin is located at 2.124±0.061µm. The amplitude of
the first maximum (at ∼0.7 µm) is equal (within the error bars)
with the amplitude of the second maximum (at ∼ 1.5 µm). The
slope of the VNIR spectrum is 0.05 µm−1 , which corresponds to
a fresh surface. Both MIT and M4AST tools classify this object
as Q type (Fig. 2), a result that agrees with the one found by
DeMeo et al. 2014.
The comparison with meteorite spectra gives a good fit with
the Bandong meteorite (Table 3). This fit is obtained by using all
curve matching methods available in M4AST. Overall, the fitting
shows good agreement with OC LL6 meteorites.
Applying the mineralogical model on the composite VNIR
ol
spectrum, the ol+px
= 0.64 is obtained. The position of the BIC
indicates a molar percentage of Fa of 29.0% and a molar percentArticle number, page 8 of 17

age of Fs of 23.9%. The plot (Fig. 3 - Right) of BAR versus BIC
reveals an object in the OC region with high olivine content. On
the plot of BIC versus BIIC (Fig. 3 - Left), this object is placed
in the LL region.
Similar results are obtained using the spectrum from MITUH-IRTF spectrum. The main difference between the two spectra is the position of the second band center: 1.98 ± 0.02 µm for
MIT spectrum compared with 2.12±0.061 µm for our data.
4.3. (4486) Mithra

(4486) Mithra satisfies the D criterion for the similarity with the
TC (D = 0.17), but its orbital longitude of perihelia ( ω̄ = 250o )
places this object in a separate group, for which the orbital longitude of perihelia lie in the range 220o < ω̄ < 260o . Another five objects were identified with similar orbital parameters.
The largest asteroid of this group is (2212) Hephaistos (Asher
et al. 1993; Babadzhanov 2001). A possible association between
(4486) Mithra and β Taurids daytime fireballs is suggested by
Hasegawa 1996.
Using radar images, Brozovic et al. 2010 found that (4486)
Mithra has one of the most bifurcated and irregular shapes seen
in the NEA population. They reveal a double-lobed object with a
valley between the lobes ≈380 m with the maximum dimensions
being X = 2.35±0.15 km, Y=1.65±0.10 km, Z = 1.44±0.10 km.
Thus, for an absolute magnitude H = 15.6 and the equivalent diameter D = 1.69 km, the geometrical albedo is pv = 0.36 (Brozovic et al. 2010). With an estimation of 67.5 h rotation period,
(4486) Mithra is a slow rotator (Brozovic et al. 2010).
The broadband colors (B-R=1.242±0.010 mag; VR=0.428±0.010 mag; R-I=0.271±0.013 mag), published
by Hicks et al. 2010, are consistent with Sk and Sq taxonomic
types.
We obtained the NIR spectrum of (4486) Mithra on March
2, 2010 (Table 2). This spectrum can be classified between Q
and Sq type. The difference between the two classes is mostly
given by the visible part (Fig. 2). If we consider the algorithm
suggested by DeMeo et al. 2014, the BImin = 0.946±0.002µm
may suggest an S-type. However, the curve matching methods
show a spectrum similar with the Q and Sq type (e.g. mean
square error less than half as compared with S type). Thus, by
considering also the result of Hicks et al. 2010, we can conclude
to an Sq type for this object.
The comparison with the spectra from the Relab database
shows a match with OC LL6 meteorites spectra. Among the
best fits, there are those with the spectra of a particulate samples
from Kunashak and Colby (Wisconsin) meteorites. An intruder
among the matching solutions is a spectrum of a particulate sample of the OC H5 Nuevo Mercurio meteorite, which can be explained by the degeneracy of the mineralogical solutions.
4.4. (5143) Heracles

In late 2011, (5143) Heracles made its closest approach to Earth,
since its discovery. According to the radar observations performed from Arecibo Observatory on December 10-13, 2011
(Taylor et al. 2012) this asteroid is a binary system. The primary
component has a diameter of 3.6 ± 1.2 km, while the secondary
component has a diameter of 0.6 ± 0.3 km. The orbital period of
the satellite is between 14 and 17 hours, which implies a separation of at least 4 km.
A total of 41 lightcurves (Pilcher et al. 2012) were obtained
by different observers in the interval October 21 - December 11,
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2011. Based on these data a synodic period of 2.706 ± 0.001 hrs
with three maxima and minima per cycle was found. The amplitude of the lightcurves varied between 0.08 and 0.18 magnitudes,
depending on phase angle.
The absolute magnitude reported by Pravec et al. 2012 is H
= 14.270, which is close to the value derived from the lightcurve
observations, H = 14.10. Very different values are reported for
the albedo: based on the WISE thermal observations, Pravec
et al. 2012 revised the geometric albedo and found pV = 0.1481,
while based on the data from Warm Spitzer (Thomas et al. 2011)
found a value of pV ≈ 0.40. The effective diameters computed
based on these albedo values are De f f ≈ 4.83 for pV = 0.1481
and De f f ≈ 2.94 for pV = 0.40. Both values are in the limit of
error bars obtained via radar observations.
There are several spectra available for this object. Table B.1
summarizes the parameters of some of the available spectra in
the visible region. The main difference between these spectra is
the slope.
Based on these spectral data, the taxonomic classifications
V, Sk, O, and Q were proposed. Considering a visible spectrum,
Bus & Binzel 2002 noted that it is similar with spectra of two
other NEAs, (4341) Poseidon and 1997 RT, concluding an O
taxonomic type, though the 1 µm band is not as deep as it is for
Božněmcová. However, considering the composite VNIR spectrum, DeMeo et al. 2009 reclassified this asteroid as a Q type,
because its spectrum does not show the distinct "bowl" shape of
the 1 µm absorption band.
We merged the visible spectrum from Binzel et al. 2004 with
our NIR data (Fig. 1). Our choice of the visible spectrum was
based on the similarity slope in the common spectral interval 0.135 µm−1 as compared with 0.301µm−1 for the other two spectra obtained by Xu et al. 1995 and Lazzarin et al. 2004. Furthermore, the visible spectrum was observed at similar phase angle
(Φ = 13◦ compared to 23.5◦ ) and has the best SNR.
The obtained VNIR spectrum is classified as a Q-type using both M4AST and MIT tools, which agree with DeMeo et al.
2009. The spectrum is characterized by a large and deep 1 µm
absorption band and has also a small feature around 1.3 µm
(Fig. 2). While the match in the NIR part is almost perfect with
the Q-type, there are several differences in the visible part where
it is closer to the O-type.
The comparison with the spectra from the Relab database
shows that the closest spectral fit is obtained with LL6 and L6
OC meteorites. All the curve matching methods give the first ten
matchings as OC LL6 and L6. Most of the spectra that fit (5143)
Heracles are those of the meteorites Bandong, Colby (Wisconsin) and Jelica (Table 3). The best-fit solution was obtained with
a spectrum of a particulate sample (0-150 µm) from the Bandong meteorite (Sample ID: MH-FPF-050-B). Bandong10 is an
LL6 ordinary chondrite fallen on December 10, 1871 in Java,
Indonesia. All three of these meteorites with spectra similar to
Heracles spectrum fell at the end of the Taurid meteor shower
period.
Applying the mineralogical analysis on the composite VNIR
ol
spectrum, a ol+px
= 0.68 is obtained. The position of the first
band center, which is located at BIC = 0.998 ±0.005µm, allows
the computation of a molar Fa of 29.1% and a molar Fs of 24%.
These data fully agree with the results found by Dunn et al. 2013.
The plot of BIC versus BIIC place the object in the OC LL region, while it is placed in the OC region with high olivine content
in the plot BAR versus BIC (Fig. 3).
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The VNIR spectrum has a small slope (0.07/µm), which
suggests an unweathered surface. Binzel et al. 2010 explained
the unweathered spectra by close encounter with major planets (closer than the Earth - Moon distance) within the past 0.5
Myears.
4.5. (6063) Jason

(6063) Jason is a large Apollo type asteroid that most fit the Dcriterion with the TC, D = 0.07. This value is comparable to D =
0.04 for the comet P/Encke, which is considered as the primary
source of the Taurid meteor shower.
Observations in the NIR spectral region for this asteroid were
carried out by Bell et al. 1988 on June 2, 1984 using the IRTF
Telescope. They performed photometry in 52 passbands from
0.8 to 2.5 µm. Their spectrophotometric results correspond to an
S type object.
Applying the standard thermal model, Bell et al. 1988 suggested an albedo around 0.16, as derived from observation using
broad band N (10.1 µm). This value is close to the average value
for S-type asteroids.
According to the NEODyS website, the absolute magnitude
H derived from astrometric observation via orbit determination
is 15.9 (comparable with H = 16.7 ± 0.2 found by Bell et al.
1988). Thus, the effective diameter can be estimated to De f f ≈
2.2 km.
We observed this object at two different heliocentric distances:
– on September 21, 2013 when the object was at heliocentric
distance 1.632 AU and Φ = 29.0◦ (the obtained spectrum
will be later denoted as SpecJ1). Because it was observed at
an apparent magnitude of 17.7, this spectrum has a low SNR;
– on October 21, 2013 when the object was at heliocentric distance of 1.269 AU and Φ = 25.2◦ ) (hereafter denoted as
SpecJ2).
Both spectra exhibit features characteristic of the S-type
complex with two bands around 1 µm and 2 µm and a small
feature around 1.3 µm. However, there are some distinguishable
differences between the two spectra:
– the slope (computed in the 0.82-2.5 µm) of the SpecJ1 is
0.038 µm−1 as compared with 0.205 µm−1 for SpecJ2, which
is redder than SpecJ1;
– the first band minimum for SpecJ1 is at 0.968 ± 0.009 µm,
while it is at 0.939 ± 0.003 µm for SpecJ2;
– different band depths.
Classifying these two spectra in Bus-DeMeo taxonomy, several choices can be assigned within the S complex. Thus, SpecJ1
can be classified between the S and Sq subtype (Fig. 2). The Stype is the best ranked by the MIT tool and is also among the first
solutions obtained using curve matching methods. However, the
position of the first BImin , which is larger than 0.96 µm suggests
the Sq type (which has the second rank after using MIT tool but
is not found by curve matching). The spectrum SpecJ2 is classified in Bus-DeMeo taxonomy between Sq and Q types using
both M4AST and MIT tools. While according to MIT tool, the Q
type has average residuals less than the Sq type (0.027 compared
with 0.031), the Sq type better fits this spectrum. Also, most of
the parameters (except BImin which is typical for S type), which
characterize first band (DeMeo et al. 2014), are in the range of
Sq type (DeMeo et al. 2014).
The comparison with spectra from the Relab database with
SpecJ1 shows very good similarities with some experimental
Article number, page 9 of 17

4.6. (269690) 1996 RG3

Few data are known about (269690) 1996 RG3, a PHA discovered in September 1996 by the Spacewatch survey at Kitt Peak.
It has an absolute magnitude H = 18.5, which suggests an object with the diameter around 1 km. The delta-V required for a
spacecraft rendezvous with this object is 6.859 km/s, making it
accessible for a space mission.
To investigate the influence of the object temperature and
phase angle (Φ) on spectral data, we observed this object
twice(Table 1). The object was observed when it was at the heliocentric distances r = 1.428 AU (Φ = 3.5◦ ) on September 21
and r = 1.153 AU (Φ = 46◦ ) on October 21. Both spectra are
plotted in Fig. 1.
The spectrum from September 21 was obtained in better atmospheric conditions than the one from October 21. The zenith
opacity measured by the Caltech Submillimeter Observatory in
September was three times smaller than the one in October. Both
nights were bright (Full Moon), and the target was in the apparent vicinity of the Moon. The spectrum taken in October was cut
at 1.75 µm because no reliable data were obtained in the 1.75 2.5 µm spectral region due to precipitable water from the atmosphere.
Both spectra are featureless with increasing reflectance at the
end of spectrum, which can be interpreted as thermal flux and
is typical for a primitive object. The taxonomic classification
also supports the hypothesis of a primitive object. According
to the MIT online tool, the spectrum obtained in September can
be classified as Cb with an average residual 0.033, or C with
an average residual 0.042 (other possible solutions could be B,
L, and X). Using M4AST curve matching methods to determine
the taxonomic type, Cg, Cb and C classes are suggested. Since
Article number, page 10 of 17

1.25
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Relative Reflectance

samples such as 481/652-C3 Ilm, which are particulate shocked
ilmenite with a size less than 250 µm. Another spectrum that also
fits this asteroid spectrum is of a particulate lunar sample "2014
Luna 20 soil 250-1000 µm". Among the meteorite spectra, the
majority of matchings are with OC L and LL, petrologic types 46. The meteorite spectra with the best matching coefficients is of
a particulate sample from the OC LL5 Paragould (sizes between
25-250 µm).
The spectra from Relab that fit SpecJ2 are those of OCs with
low iron content (most of them L5 or L6 subtypes). The best fit
of SpecJ2 is the spectrum of a sample from the OC L6 Colby
(Wisconsin) meteorite. The spectrum SpecJ2 is also matched
by the Farmington meteorite, which is already associated to the
Taurid shower (Asher et al. 1993).
The taxonomy and comparison with meteorite spectra shows
a surface composition similar with the general type of OC meteorites. However, the small differences seen in spectra could not
be explained just by the observing geometry, since the phase angles are almost identical, and the asteroid temperature has varied
between 214 K to 242 K (Dunn et al. 2013). Thus, we speculate
on an inhomogeneous composition of the surface. The different
positions of the BImin imply different Fa and Fs ratios (which
cannot be accurately computed without the visible part).
The spectrum of (6063) Jason obtained in November 12,
2013 when the asteroid was at 0.98 AU is available in the MITUH-IRTF database. While the positions of the two band minima
(BImin and BIImin ) are the same (within the error bars) as for
SpecJ2, the band around 2 µm (BII) of SpecJ2 is more shallow
than that of the spectrum from the MIT-UH-IRTF. This could be
an argument to speculate on the heterogeneity of the asteroid’s
surface.
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Fig. 4: Estimation of thermal flux in the spectrum (SpecJ1) of
(269690) 1996 RG3. The black line indicates where a linearly
extrapolated continuum would fall, and the red lines are different
polynomial fittings (illustrating the interval for the extrapolated
reflectance at 2.5 µm) showing the presence of thermal flux.
no feature can be observed in the 1 - 1.3 µm interval (which
is characteristic to C type) and a small positive slope begins
around 1.3 µm, Cg is the most plausible taxonomy for this object (Fig. 2). The class Cg contains spectra similar with (175)
Andromache. We applied G13 classification on the spectrum
obtained on September 21 and found that it belongs to the group
3, which contains objects, such as (1) Ceres, (10) Hygiea, and
(106) Dione.
We used M4AST to assign a taxonomic type for the spectrum obtained in October, since we have only the 0.82 - 1.75 µm
spectral interval. Within a reliability factor of 46.3% (given that
the computation is performed only on half of the NIR spectral
interval), the types that match this spectrum are C, Cg, and Cb.
This confirms the classification already presented.
Even if the level of noise is significant, it can be assumed
that the tail, which starts at 2.1 µm is caused by asteroid thermal emission, which characterizes primitive NEAs when near
perihelion (Rivkin et al. 2005). Thus, to estimate the albedo of
this object, we computed the "thermal excess" (γ) as defined by
Rivkin et al. 2005 (see Fig. 4). The γ-value (eq. 4) is computed
by fitting polynomial curves (degree between 2 and 4) on different spectral intervals.
γ=

R2.5 + T 2.5
− 1 = 0.123 ± 0.053,
R2.5

(4)

where R2.5 is the reflected flux at 2.5 µm and T 2.5 correspond
to thermal flux at 2.5 µm (eq. 4).
Considering the Figs. 2 and 3 of Rivkin et al. 2005, a very
low value of the albedo less than 0.04 results, which suggests a
diameter around 1.5 km (using pV = 0.03 and H = 18.5).
A NIR spectrum of this object was obtained on November
12, 2013 in the MIT-UH-IRTF survey, when the object was at
≈ 0.84 AU and Φ = 109.7◦ . It also shows a thermal excess tail
but is not as high as expected based on our estimation. This can
be explained by the high phase angle that is outside the range
described in Fig. 4 of Rivkin et al. 2005, which reduces significantly the value of thermal excess.
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A comparison with the meteorite spectra from the Relab
database (even though it is limited to a noisy and featureless
spectrum) gives spectra similar to those of carbonaceous chondrites CM2 and CI. In Fig. A.7, we plotted three of the meteorite
spectra, which best fit the spectrum of (269690) 1996 RG3.

5. Discussions
Recently, the topic of meteors and superbolids and their relation
to parent bodies was reviewed after the explosion of a massive
body over Chelyabinsk, Russia in February 15, 2013. This airburst estimated at 500±100 kilotons of TNT (Brown et al. 2013)
could be associated with (86039) 1999 NC4311 in terms of dynamical parameters (Borovička et al. 2013). The most probable
origin of the bolide is from the inner belt ν6 region. The ejection
velocity of the Chelyabinsk bolide from its parent body is estimated between 0.7 and 2 km/s and is consistent with a collision
with another asteroid.
1
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Fig. 5: The grouping of TC asteroids in a representation (a, e) of
all asteroids, where a is the semi-major axis and e the eccentricity.
All the asteroids belonging to TC have Apollo type orbits
(Fig. 5). Moreover, (2201) Oljato, (4183) Cuno, (4486) Mithra,
(16960) 1998 QS52, and (269690) 1996 RG3 are some of the
largest PHAs. Thus, the probability that some meteoroids and
meteorites originate in these objects is not negligible. This hypothesis is supported by the low values of minimum orbital intersection (MOID), see Table 4. Furthermore, based on the data
shown by Grady 2000, we found that there is a certain peak in the
number of falls of OC meteorites corresponding to May, June,
and July, which can be correlated with the dates of closest Earth,
these include asteroid orbits (2201, 4183, 5143, 6063, 16960),
as shown in Table 4.
For our discussion, we also consider the spectral properties
of (16960) 1998 QS52, which also belongs to TC, having a D
factor of 0.24 (Babadzhanov et al. 2008). Its spectrum was already published by Popescu et al. 2011. Based on the VNIR
it was classified as a Sr type asteroid. This asteroid has spectral
properties similar to L4, LL4, and L5 subtypes of OC meteorites.
This spectrum is unreddened, corresponding to a fresh surface.
The values of BIC = 0.97, BIIC = 2.03, and BAR = 0.232 correol
= 0.63, to molar percentage of Fa of 25.5% and to
spond to ol+px

molar percentage of Fs of 21.3%, respectively recomputed using
the Dunn et al. 2010 model.
A unique generator at the origin of TC was sustained and argued by introducing non-gravitational forces into the backward
integration approach (Steel & Asher 1996). Thus, if the objects
of TC cluster are indeed of common origin (same progenitor),
this could be explained only if non-gravitational forces are used
for the efficient dispersion of fragments over the longitude of
perihelion corresponding to observational evidences of Taurid
showers12 . Besides the enlargement of the number of objects inside TC, justifying the evolution of objects using gravitational
and observed non-gravitational forces could correlate the common origin of both TC and Hephaistos group of asteroids (Steel
& Asher 1996). Thus, Steel & Asher 1996 conclude that TC are
debris produced by the disintegration of a large comet, which
occurred 20,000-30,000 years ago.
In the hypothesis of the cometary progenitor, P/Encke and
TC could have similarities in terms of mineralogy and chemical structure. Thus, a chondritic porous matrix impregnated with
carbonaceous volatiles is the most probable structure of TC objects. This implies that the original source was large enough to
sustain an internal/local differentiation (Asher & Clube 1993).
The development of an insulating crust of TC will not be enough
for maintaining a fragment nucleus of a comet for a long time
(Whipple 1992). Sooner or later, these dormant comets are reactivated either by internal factors, radionuclides heating, cracking, and dehydration at extreme perihelion temperatures, or by
impacts with other debris/meteoroids.
Among this sample of seven objects, representing the largest
asteroids from the TC, only (269690) 1996 RG3 has a flat featureless spectrum, which can be associated with a primitive Ctype object. The other six asteroids present spectra similar to
OC meteorites with high petrologic classes (typically 6), which
suggest an evolved surface. By looking to the comparison with
meteorite spectra, we can observe that there is a certain spread
among the solutions found: (2201) Oljato has a "blue" spectrum,
which is similar with OC H; (4183) Cuno and (5143) Heracles
are similar with OC LL, while (4486) Mithra, (6063) Jason, and
(16960) 1998 QS52 have spectra similar with OC L type. Even if
spectral comparison has its limitations (Gaffey 2010), it provides
clues about the surface compositional variation among these objects.
The asteroids belonging to TC are on very eccentric orbit, with Tisserand parameter close to the limit of three, which
marginally indicates an association with Jupiter family comets.
From our sample, (2201) Oljato, (5143) Heracles, (6063) Jason
and (16960) 1998 QS52 cross the orbits of Venus, Earth, and
Mars, while (4183) Cuno, (4486) Mithra, and (269690) 1996
RG3 cross the orbit of Earth and Mars and approach the orbit of
Venus. The close encounters to telluric planets in the recent past
can explain their fresh surface (Binzel et al. 2010; DeMeo et al.
2014), as described by the small spectral slope values of (2201)
Oljato, (4183) Cuno, (5143) Heracles and (16960) 1998 QS52.
These slopes are not frequent among NEAs belonging to the Scomplex, being typical for OC meteorites (e.g. Fig. 7 from (de
León et al. 2010)). They noted that the small spectral slope is
frequent among small NEAs, explaining that they may have lost
their regoliths during the collision that most likely created them
and were unable to develop and retain new regolith, preserving
preferentially larger grains on their surface. Experiments in the
laboratory with meteorite samples found that reflectance spec12

11

(86039) 1999 NC43 is a 2 km-size NEA

D-criterion used by Steel & Asher 1996 and Asher et al. 1993, as
defined in the space (a,e,i).
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Table 4: The intervals of the orbital intersection distances computed for each close approach between Earth and asteroid orbit for the
period 1850-2010. The table shows two intervals of dates for the year when the two orbital close approaches occur. These intervals
are computed for the same period (1850-2010).
Asteroid
(2201) Oljato
(4183) Cuno
(4486) Mithra
(5143) Heracles
(6063) Jason
(16960) 1998QS52
(269690) 1996RG3

1st min. (A.U.)
0.000250 - 0.006931
0.028469 - 0.045370
0.043581 - 0.046179
0.058617 - 0.082383
0.055263 - 0.074456
0.000191 - 0.062847
0.000033 - 0.004146

Date
Jun 5 - 10
Dec 29 - Jan 1
Aug 9 - 14
Jul 7 - 11
Nov 12 - 14
Jun 12 - 15
Feb 25 - Mar 2

tra are darker and bluer for coarser grain sizes, supporting their
hypothesis.
ol
Vernazza et al. 2008 made a histogram of the ol+px
ratios of
57 ordinary chondrites. This histogram has a peak around 0.65
which corresponds to OC-L meteorites that are in contrast with
a similar histogram of 38 NEAs belonging to the S-complex,
which has a peak around 0.8. Compared with our results, we
observe that the spectra of Cuno, Heracles, and 1998 QS52 have
ol
ol+px ratios of 0.64, 0.68, and 0.63, respectively, which are close
to the peak computed by Vernazza et al. 2008.
Radar observations of Cuno, Mithra, and Heracles were
made. While Heracles is a binary object, Cuno and Mithra have
a very elongated shape with concavities, which may suggest a
violent history and are most likely a rubble pile structure.
The asteroids studied in this paper did not show the spectral
characteristics similar with other asteroids associated with meteor showers like (3200) Phaeton. Licandro et al. 2007 noted
that the asteroids associated with meteor showers are B-type asteroids with a featureless spectrum in the NIR, a slightly blue
gradient, and are curved over the whole 0.43 - 2.5 µm spectral
region.
While the cluster of dynamical parameters could be an indicator of a common origin, the spectral data of the largest asteroids from the TC do not support the hypothesis of a common
cometary origin. Furthermore, there are significant variations
between the spectra acquired until now. With the exception of
(269690) 1996 RG3, which has the characteristics of a primitive object, the other six objects have spectra similar with OC.
These asteroid spectra are also different, spanning all subtypes
of ordinary chondrites.

6. Conclusions
Six asteroids of TC were spectroscopically investigated using
NIR low resolution spectra, as obtained using SpeX/IRTF. Our
observed asteroids span diameters larger than 1 km. Our spectra were extended with visible spectra from the literature, when
available.
Several conclusion are derived from our observational data
and analysis:
– Five of our objects, (2201) Oljato,(4183) Cuno, (4486)
Mithra, (5143) Heracles, and (6063) Jason, present spectral characteristics similar to the S taxonomic complex with
spectral bands around 1 and 2 µm. Their spectra are similar with OC meteorites. For each of these five asteroids, we
found good fits with some meteoritic samples associated to
Taurid shower falls;
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2nd min. (A.U.)
0.000296 - 0.011437
0.089301 - 0.103171
0.051784 - 0.052446
0.134340 - 0.155174
0.063650 - 0.083464
0.242405 - 0.305853
0.047266 - 0.052012

Date
Dec 17 - 22
May 25 - 29
Mar 20 - 24
Nov 30 - Dec 2
May 20 - 25
Oct 21 - 23
Oct 27 - 29

– (269690) 1996 RG3 presents a flat featureless spectrum with
an increasing reflectance after 2.1 µm; this thermal excess
constrains the geometrical albedo to values around 3%;
– The asteroid (269690) 1996 RG3 is the only target of our
sample which could be associated to a primitive C-type object. Its spectral characteristics could be associated to one of
cometary material. Thus, we can speculate on the common
origin of this asteroid and the comet P/Encke, also a member
of TC;
– The spectral observations are obtained only for objects larger
than 1 km. However, the number of primitive asteroids belonging to TC could be size dependent. Thus, mineralogical resemblance between comet P/Encke and TC asteroids
should continue to be investigated.
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Appendix A: Asteroid spectra vs meteorites spectra
The closest spectral matches between the reflectance spectra of the asteroids analyzed in our article and the laboratory spectra of
different meteorites. Additional details related to meteorite samples are given in Table 3.
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Fig. A.1: Reflectance spectrum of (2201) Oljato and the closest three matches resulting from meteorite comparison: (a) H6 ordinary
chondrite Dwaleni (Sample ID: TB-TJM-073); (b) L6 ordinary chondrite L’Aigle (Sample ID: TB-TJM-141); (c) H6 ordinary
chondrite Dwaleni (Sample ID: MB-CMP-003-D).
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Fig. A.2: Reflectance spectrum of (4183) Cuno and the closest three matches resulting from meteorite comparison: (a) LL6 ordinary
chondrite Bandong (Sample ID: TB-TJM-067); (b) LL6 ordinary chondrite Karatu (Sample ID: TB-TJM-077); (c) L6 ordinary
chondrite Wethersfield/1971 (Sample ID: TB-TJM-144).
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Fig. A.3: Reflectance spectrum of (4486) Mithra and the closest three matches resulting from meteorite comparison: (a) L6 ordinary
chondrite Kunashak (Sample ID: TB-TJM-139); (b) L6 ordinary chondrite Colby (Wisconsin) (Sample ID: MR-MJG-057); (c) H5
ordinary chondrite Nuevo Mercurio (Sample ID: MH-FPF-053-D).
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Fig. A.4: Reflectance spectrum of (5143) Heracles and the closest three matches resulting from meteorite comparison: (a) LL6
ordinary chondrite Bandong (Sample ID: TB-TJM-067); (b) L6 ordinary chondrite Colby (Wisconsin) (Sample ID: MR-MJG-057);
(c) LL6 ordinary chondrite Jelica(Sample ID: MR-MJG-072).
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Fig. A.5: Reflectance spectrum of (6063) Jason (spectrum obtained on September 21, 2013) and the closest three matches resulting
from meteorite comparison: (a) LL5 ordinary chondrite Paragould(Sample ID: MB-CMP-002-L); (b) L5 ordinary chondrite MabweKhoywa (Sample ID: TB-TJM-107); (c) L6 ordinary chondrite Gifu(Sample ID: MH-JFB-022).
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Fig. A.6: Reflectance spectrum of (6063) Jason (spectrum obtained on October 21, 2013) and the closest three matches resulting
from meteorite comparison: (a) L6 ordinary chondrite Colby (Wisconsin) (Sample ID: MR-MJG-057); (b) LL4 ordinary chondrite
Y74442 (Sample ID: MB-TXH-086-A); (c) L5 ordinary chondrite Farmington (Sample ID: MH-CMP-003).
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Fig. A.7: Reflectance spectrum of (269690) 1996 RG3 (spectrum obtained on September 21, 2013) and the closest three matches
resulting from meteorite comparison: (a) CI Unusual carbonaceous chondrite Y-82162,79 <125 um (Sample ID: MB-CMP-0191); (b) CM2 carbonaceous chondrite Murchison heated at 900C (Sample ID: MB-TXH-064-F); (c) CM2 carbonaceous chondrite
LEW90500,45 (Sample ID: MC-RPB-002).
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Appendix B: The parameters of some of the spectra available in the literature
Table B.1: Comparison between several visible spectra available in the literature for the NEAs studied in this paper. The asteroid
number, the article reference, the observation date, the wavelength interval (λmin and λmax ), the maximum position, the slope
(computed in the spectral interval 0.55 - 0.9 µm), the taxonomic classification, and the similarity factor in the common interval with
our NIR spectrum are shown.
Object
(2201)
(4183)
(5143)

Reference
Lazzarin et al. 1996
Hicks et al. 1998
Binzel et al. 2004
Binzel et al. 2004
Fevig & Fink 2007
Binzel et al. 2004
Xu et al. 1995
Lazzarin et al. 2004

Obs. date
Oct. 1994
Nov. 1995
Dec. 1995
multiple
multiple
Apr. 1997
Dec. 1991
-

Φ[◦ ]
7
16
27
17,38
5;22;44
13
37
-

λmin
0.369
0.524
0.435
0.435
0.456
0.435
0.494
0.400

λmax
0.972
0.947
0.925
0.925
0.966
0.917
0.994
0.955

Max. position.
0.659
0.715
0.724
0.710
0.682
0.698
0.721
0.723

Slope
-0.364
-0.143
-0.307
-0.327
-0.372
-0.485
-0.023
-0.253

Tax.
E
Sq
Sq
O
V
Sk

Similarity
0.371
0.124
0.013
0.084
0.918
0.135
-0.301
0.301

