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Pro
eedings of the IMC, La Palma, 2012 1Bidire
tional re�e
tan
e measurements of meteoritesa
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ost opportunity for probing the 
osmi
 matter that rea
hes theEarth's surfa
e, and for revealing the origin of our Solar System. In addition, they 
omplement resultsof sample-return missions that bring ba
k pristine samples of this material. The main di�
ulty,however, with interpreting meteorite re
ords is that, apart from a few ex
eptional 
ases, we do notknow their exa
t origin, i.e., the parent body a parti
ular sample is 
oming from. In the presentstudy, we provide results of multi-angular bidire
tional re�e
tan
e measurements of relatively bigmeteorite samples, from the Finnish Museum of Natural History, using the �eld goniospe
trometerFigifigo. We dis
uss possible mat
hes between our measured re�e
tan
e spe
tra of meteorites withthe re�e
tan
e spe
tra of asteroids. We dis
uss the features in the spe
tra and their relationship tothe physi
al properties of the sample/asteroid.1 Introdu
tionUnderstanding the nature and origin of meteoroids thatpass by the Earth and o

asionally hit our planet helpsus to predi
t and be prepared for possible future NearEarth Obje
ts (NEO) impa
t threats. In terms of or-bital elements, NEOs are asteroids and 
omets withperihelion distan
e q less than 1.3 AU1. Near-EarthComets (NECs) are further restri
ted to in
lude onlyshort-period 
omets with orbital period P less than 200years. The majority of NEOs are asteroids, referred toas Near-Earth Asteroids (NEAs). Thus, a number ofre
ent studies are addressing the problem of mat
hingmeteorites to their asteroid origin based on evaluatedorbits, or, when there are no good observations avail-able to derive orbital parameters, on the basis of theirmineral 
omposition (Vernazza et al., 2008; Bland et al.,2009; Binzel et al., 2010). It is problemati
 to 
omparethe meteorite and asteroid groups dire
tly, as the me-teorite 
olle
tion is subje
t to strong sele
tion e�e
ts.First, the strength of meteorites 
ontrols those that sur-vive entry into the atmosphere (Ceple
ha et al., 1993).Se
ond, it is thought that there is also a sele
tion e�e
tdue to size. Smaller meteorites are more easily trans-ported out of the main belt due to the Yarkovsky e�e
t(Vernazza et al., 2008) than the large NEAs. These in1http://neo.jpl.nasa.gov/neo.html.

turn are from a few lo
ations near resonant orbits withJupiter. Finally, it is also thought that meteorites sam-ple the inner main belt (Bottke et al., 2002), although itis possible that meteorites 
an travel from further out(Nesvorný et al., 2009). The metamorphi
 evolutionof asteroids is preserved within the meteorite 
olle
tionand 
an give us information on di�erentiated asteroidssu
h as in the 
ase of Vesta with the HED group ofmeteorites (M
Cord et al., 1970).Some good mat
hes have been made between individualmeteorite spe
tra and NEAs (M
Fadden et al., 1985) aswell as between meteorite spe
tra and large main beltasteroids (Binzel and Xu, 1993). The prin
iple proper-ties of the spe
tra used to identify possible mat
hes be-tween meteorites and asteroids are the band minimumlo
ation and Band Area Ratio (BAR). The band mini-mum is the wavelength lo
ation of an absorption bandin the spe
tra. The BAR is the ratio between the areaof the bands in the spe
tra. These properties are diag-nosti
 of the obje
t's mineralogy and, to lesser extend,of other physi
al properties su
h as surfa
e roughnessand grain size (e.g., Paton et al., 2011). The spe
traof meteorites and asteroids are also dependent on ob-servational 
onditions su
h as the phase angle betweenthe line 
onne
ting the light sour
e (e.g., the Sun) withthe target and the line 
onne
ting the target with theobserver. This is a key e�e
t that needs to be under-
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2 Pro
eedings of the IMC, La Palma, 2012stood to help improve mat
hes between meteorites andasteroids, as this phase angle, when observing aster-oids, varies due to the ever 
hanging orbital positions ofviewer and target. Variations in the band depths, bandminimum lo
ations, the band area ratio, and spe
tralslope have been noted to vary with phase angle and havebeen 
hara
terized (San
hez et al., 2012). Although thise�e
t does not seem to a�e
t the mineralogi
al analysisvery mu
h, it is important for understanding opti
al ef-fe
ts and their relationship to physi
al properties su
has surfa
e roughness and grain size.2 What is BRF?The surfa
e re�e
tan
e is des
ribed by its bidire
tionalre�e
tan
e fa
tor (BRF). BRF is de�ned as a ratio ofthe re�e
ted light intensity of a given target to an idealLambertian re�e
tor with a spheri
al albedo of 1.0 un-der the same in
ident irradian
e:
R(µ, µ0, φ, φ0) =

πI(µ, φ)

µ0F0(µ0, φ0)
, (1)with F0 the in
ident 
ollimated �ux (I0(Ω) = F0δ(Ω −

Ω0)) and I the re�e
ted radian
e. The de�nitions of theangles are visualized in Figure 1: ι and φ0 are the zenithand azimuth angles of in
iden
e, ε and φ are the zenithand azimuth angles of emergen
e, α is the s
atteringphase angle (cosα = cos ι cos ε + sin ι sin ε cos(φ − φ0)),a 
omplement of the s
attering angle. One 
an furtherde�ne the spe
ular dire
tion, (ι,−φ0), and the anglefrom that dire
tion, γ.

Figure 1 � De�nition of the angles used in surfa
e re�e
tan
ework: ε and ι are the zenith angles of the emergent (ob-server) and in
ident (solar) radiation, respe
tively (short-hands µ = cos ε and µ0 = cos ι are also used). The angles φand φ0 are the 
orresponding azimuths. The phase or ba
ks
attering angle α is the angle between the observer and theSun. The prin
ipal plane is �xed by the solar dire
tion andthe surfa
e normal, while the 
ross plane is a verti
al planeperpendi
ular to the prin
ipal plane.From its de�nition (1), it follows that BRF is a fun
tionof four angles, but, if the target is su�
iently horizon-tally/azimuthally isotropi
, the fun
tional dependen
eis redu
ed to three variables, as the only azimuthal vari-able is the di�eren
e (|φ − φ0|).Albedo, or re�e
tion 
oe�
ient, is de�ned as a ratio ofall re�e
ted (s
attered) radian
e to all in
ident irradi-

an
e. Being a dimensionless fra
tion, albedo may alsobe expressed as a per
entage, and it is measured ona s
ale from zero for no re�e
ting power of a perfe
tlybla
k body, to 1 for perfe
t re�e
tion of a white surfa
e.Depending on the appli
ation, there are many varia-tions of the de�nition of the albedo, and thus one needsto be 
areful applying formulae from another �eld. Thealbedo is related to BRF as
A =

∫
dλ

∫
dφdµ

∫
dφ0dµ0 R(µ, φ, µ0, φ0, λ)I0(µ0, φ0, λ)
∫
dλ

∫
dφ0dµ0 I0(µ0, φ0, λ)

.(2)Albedo is thus a fun
tion of the in
ident light distri-bution. Often, one de�nes dire
tionally and spe
trallyresolved albedo
Ar(µ0, φ0, λ) =

∫
dφdµ R(µ, φ, µ0, φ0, λ)

π
(3)that is a property of the surfa
e. In prin
iple, the inte-grations in (2) run over full hemispheres and wavelengthranges, but, in many pra
ti
al appli
ations, the obser-vational range may be limited to smaller wavelengthranges, e.g., only opti
al or visual bands, and the �eldof view of the instrument is also often limited (typi
alalbedometers see zenith angle ranges of 70◦ to 80◦).BRFs of typi
al remote sensing targets vary by a larges
ale. Some targets are forward s
atterers, some areba
ks
atterers, some have a strong spe
ular re�e
tion,and some re�e
t highly to low zenith angles (Peltoniemi,2007; Peltoniemi et al., 2009; 2005a; 2005b). Ea
h tar-get has its unique BRF that depends on all of its geo-metri
al and physi
al properties. Thus, exploitation ofBRF information is a valuable tool in target 
lassi�
a-tion and quanti�
ation.3 InstrumentationThe meteorite BRF measurements have been taken us-ing the Finnish Geodeti
 Institute �eld foniospe
trom-eter Figifigo, an automated portable instrument formulti-angular re�e
tan
e measurements (see Figures 2and 3). The Figifigo system 
onsists of a motor-drivenmoving arm that tilts up to about 90◦ from the verti
al,for opti
s in the high end of the arm, and an ASD Field-Spe
 Pro FR 350�2500 nm spe
troradiometer. A

uratezenith angles are read with an in
linometer, and an all-sky 
amera is used to orient the system azimuth angleto the Sun. The detailed des
ription of the instrumentis provided by Hakala (2009).Typi
ally, the footprint diameter is about 10 
m, elon-gating at larger sensor zenith angles as 1/ cos θ, andwandering around a few 
entimeters by bending andwith azimuthal movements. A motorized �ne-tune mir-ror is installed to 
orre
t paraxial and bending errorsand to keep the measurement point stable to an a

u-ra
y of 2 
m.All the measurements were taken from 0◦ relative az-imuth (prin
ipal plane). Due to the small target size,the zenith angles were restri
ted to approximately 60◦.
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Figure 2 � Examples of measured albedo: Bruderheim meteorite, 
ut (a) and rough surfa
e (b).

Figure 3 � Figifigo measuring the BRF of a sele
ted sam-ple. Figifigo 
onsists of 
asing, measurement arm, andrugged 
omputer. The 
asing 
ontains the main sensor ASDFieldSpe
 Pro FR opti
al �bre spe
troradiometer (350�2500nm), most of the ele
troni
s, and batteries. The teles
opi
measurement arm is adjustable from 1.55 to 2.65 m, andhouses an in
linometer to provide the 
ontrol 
omputer withthe measurement of the zenith angle. At the top of themeasurement arm, there is the a
tive opti
s system. Theopti
s views the sample through a servo-driven mirror. Theturnable mirror allows the 
ontrol 
omputer to stabilize thespe
trometer �eld-of-view at the sample within a

ura
y of2 
m from all zenith dire
tions, even if the sample is notpositioned exa
tly at the 
enter of rotation.The measurement arm was �rst driven to maximum an-gle, and then slowly to minimum angle, while 
ontinu-ously 
olle
ting spe
tra. The instrument was 
alibratedby taking a nadir measurement from a Labsphere Spe
-tralon white referen
e panel before and after ea
h se-quen
e. The Spe
tralon has been 
arefully leveled athorizontal with a bubble level with an a

ura
y of 1◦.The a

ura
y of the spe
tral BRF measurements usingFigifigo is estimated to be 2�3% in the visible bandand good 
onditions. Angle registration a

ura
y is 2◦.In data pro
essing the measured unnormalized radian
espe
tra S are normalized by the measured nadir spe
-trum from a referen
e target (SSTD) as
R(µ, µ0, φ, φ0) =

S

SSTD

RSTD, (4)where RSTD is the re�e
tan
e of the referen
e target.

4 Sele
ted meteorite samplesThe summary of the meteorite samples sele
ted for mea-surements from the Finnish Museum of Natural History(Geologi
al Museum) is presented in Table 1. The mete-orite exhibition belongs to the Geologi
al Museum andis on display at the Mineral Cabinet in asso
iation withthe Helsinki University Museum2.5 Features in the spe
tra and samplerelationship to asteroidsThe results of our measurements are partly summarizedin Figure 4 for the Bruderheim L6 
hondrite. The spe
-tra are obtained at di�erent zenith angles. These showa general reddening of the spe
tra as the absolute zenithangle in
reases.

Figure 4 � Spe
tra from the Bruderheim meteorite for avariety of zenith angles in the prin
ipal plane.One 
ould plot the slope gradients, as de�ned in Fig-ure 4, for a variety of meteorites whi
h may have ei-ther a rough surfa
e, a non-rough surfa
e, or a smooth2http://www.luomus.fi/english/exhibitions/mineral
abinet/index.htm/.
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4 Pro
eedings of the IMC, La Palma, 2012Table 1 � Summary of meteorite samples sele
ted for measurements from the Finnish Museum of Natural History (Geo-logi
al Museum).Name Observed fall? Year found Country Classi�
ation Total mass foundBruderheim Mar
h 4, 1960 1960 Canada L6 303 kgCanyon Diablo No 1891 United States Iron, IAB-MG 30 × 103 kgCape York No 1818 Greenland Iron, IIIAB 58.2 × 103 kgChar
as No 1804 Mexi
o Iron, IIIAB 1.4 × 103 kgGibeon No 1836 Namibia Iron, IVA 26 × 103 kgMarjalahti June 1, 1902 1902 Russia Pallasite, PMG 45 kgsurfa
e. Here, a �rough surfa
e� refers to large-s
aleroughness of the original surfa
e of the meteorite, whi
hmay 
ontain pits due to ablation e�e
ts, or has a gen-erally ro
ky appearan
e. A �non-rough surfa
e� is thena �at sawn surfa
e. This may 
ontain small pits and
ra
ks in its surfa
e. A �smooth surfa
e� is a �at pol-ished surfa
e. Based on our measurements, the slopegradients for a given zenith angle are 
learly higher fornon-rough surfa
es than for rough surfa
es. This is 
on-sistent with previous work that observed overall redu
-tion in re�e
ted light and the �attening of the spe
trum(more blue) due to de
reasing re�e
tan
e with in
reas-ing wavelength, for rough diele
tri
 surfa
es (e.g., Yonand Pieters, 1988).For the non-rough surfa
e of the Bruderheim L6 
hon-drite, the gradient of the spe
tral slope in
reases withde
reasing (i.e., more negative) zenith angle. The abso-lute value of the zenith angle in the prin
ipal plane maybe thought of as analogous to a phase angle. This thenfollows a similar trend found previously (San
hez et al.,2007) where the spe
tral slope gradient, for various 
hon-drites (in
luding L6) was found to in
rease signi�
antlywith in
reasing phase angle. The spe
tral slope gra-dient is known to in
rease for S-type asteroids (e.g.,Natheus, 2010) whi
h are linked to ordinary 
hondritemeteorites. Similar trends of in
reasing slope gradient,in
reasing with de
reasing zenith angles, are observedfor the measured iron meteorites in Table 1, ex
eptfor the Marjalahti, Cape York, and Gibeon meteorites,whi
h have �at spe
tra and appear to remain more orless �at with de
reasing zenith angle.6 Con
lusionsExploitation of BRF information is proved to be a valu-able tool when applied to meteorite studies and theirrelationship to the physi
al properties of asteroids. Inparti
ular, we have observed the spurious variations inthe spe
tra for the Bruderheim meteorite, espe
iallyaround 0.9 and 1.8 µm. Absorption bands have to beexpe
ted in these regions for L6 meteorite types. L
hondrites are a sub 
ategory of ordinary 
hondrites,whi
h are linked to S-type asteroids. For L 
hondrites,the spe
tral slope, as de�ned here, in
reases its gradi-ent with in
reasing absolute zenith angle, and follows asimilar trend as the spe
tral slopes of S-type asteroids,whose gradient in
reases with in
reasing phase angle.

The spe
tral slopes of the iron meteorites generally havean opposite trend than those of our 
hondrite measure-ments.7 A
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