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Abstract1

The Oort cloud is thought to be a reservoir of icy planetesimals and a source of long-period comets (LPCs)2

implanted from the outer Solar System during the time of giant planet formation. The presence of rocky3

ice-free bodies is much harder to explain. The rocky fraction in the Oort cloud is a key diagnostic of Solar4

System formation models as this ratio can distinguish between “massive” and “depleted” proto-asteroid belt5

scenarios and thus disentangle competing planet formation models. Objects of asteroidal appearance have6

been telescopically observed on LPC orbits, but from reflectance spectra alone it is uncertain whether they are7

asteroids or extinct comets. Here we report a first direct observation of a decimeter-sized rocky meteoroid8
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on a retrograde LPC orbit (e ≈ 1.0, i = 121◦). The ∼ 2 kg object entered the atmosphere at 62 km/s.9

The associated fireball terminated at 46.5 km, 40 km deeper than cometary objects of similar mass and10

speed. During its flight, it experienced dynamic pressures of several MPa, comparable to meteorite-dropping11

fireballs. In contrast, cometary material measured by Rosetta have compressive strengths of ∼ 1 kPa. The12

earliest fragmentation of this fireball occurred at > 100 kPa, indicating it had a minimum global strength well13

in excess of cometary. A numerical ablation model produces bulk density and ablation properties consistent14

with asteroidal meteoroids. We estimate the flux of rocky objects impacting Earth from the Oort cloud to15

be 0.7 × 106 km2 per year to a mass limit of 10 g. This is ∼ 6% of the total flux of fireballs on LPC-orbits16

to these masses. Our results suggests there is a high fraction of asteroidal material in the Oort cloud at small17

sizes and gives support to migration-based dynamical models of the formation of the Solar System which18

predict that significant rocky material is implanted in the Oort cloud, a result not explained by traditional19

Solar System formation models.20
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Introduction21

The sharp increase in the number of ground-based networks utilizing digital cameras for observing fireballs22

[1, 2, 3, 4, 5] in recent years has resulted in near continuous coverage of almost 2% of the Earth’s atmosphere23

for small impactors. Supplementing these ground-based instruments in fireball detection is the Geostationary24

Lightning Mapper (GLM) instrument on board the GOES-16 and 17 satellites. First deployed in 2016, GLM25

now observes a total of ∼ 1/3 of the Earth’s surface with a resolution of ∼ 10 km at 500 frames per second in26

a narrow 1.1 nm pass band centered around the O I oxygen triplet at 777.4 nm [6]. GLM is very efficient at27

detecting bright fireballs which usually saturate ground-based cameras [7]. As camera saturation prevents an28

accurate estimate of meteoroid properties during atmospheric entry, GLM extends the usable measurement29

size range of bolides compared to ground-based cameras. The larger ground-based camera coverage, which30

provides observations of fireball trajectories and orbits when fused with space-based light curves, records31

larger numbers of the decimeter-sized meteoroid population than previously possible and allows accurate32

estimates of their physical properties.33

Observations from earlier fireball networks [8, 9] have established that decimeter-sized chondritic-like34

meteoroids which penetrate deeper into the atmosphere predominantly come from asteroidal low-inclination35

orbits, as expected. Similarly, most friable meteoroids which disrupt high in the atmosphere were measured36

to be on Jupiter-family comet (JFC), Halley-type comet (HTC), or long-period comet (LPC) orbits. Mi-37

nor cross-contamination of material between asteroidal and JFC orbits is observed and can explained by38

their dynamical evolution [10], consistent with telescopic observations of comets and asteroids [11]. In-situ39

measurements have found rocky (refractory) materials in comets [12], but these are small, microscopic chon-40

drules and CAI fragments, presumed to be embedded during comet formation. However, the presence of41

macroscopic (dm-sized) rocky material on nearly-isotropic comet orbits (HTC and LPC, i.e. of Oort cloud42

origin) is much harder to explain. The abundance in the Oort cloud of larger, refractory material which43

likely formed in the inner Solar System would be a key diagnostic in distinguishing between early dynamical44

models of Solar System formation [13, 14, 15].45

Contemporary models predict that a significant number of rocky objects can only be implanted in the46

Oort cloud during a dynamical instability episode caused by the radial migration of the giant planets early47

in Solar System history. The dynamical instability causes removal of 50 − 90% of rocky material in what48

is now the asteroid belt in such a way as to reproduce the main-belt’s observed orbital and compositional49

distribution [16]. These migration models necessitate a “massive” proto-asteroid belt scenario and predict50

the ratio of icy to rocky planetesimals in the Oort cloud between 200:1 and 2000:1 [13, 17, 14, 15, 18].51

Following this early and fast migration, a slower dynamical diffusion process is postulated to further remove52

∼ 70% of the main-belt leaving the mass we see today [19, 20]. Recent studies show that to match the53

dynamical and geochemical evidence, the instability occurs as early as 30− 60 Myr after the dissipation of54
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gas in the protoplanetary disk [21, 22, 23].55

The competing model of early Solar System formation, the pebble-accretion model, eschews the migration56

scenario but allows for the rapid formation of the giant planets before the solar gas nebula dissipates [24].57

In the pebble-accretion model, filaments of mm to cm-sized pebbles gravitationally collapse quickly to form58

planetesimals [25]. The planetesimals in the terrestrial region grow more efficiently than those beyond 159

au, so there there is no requirement to scatter rocky material to explain the small masses of Mars and the60

asteroid belt [26]. As the initial mass of the proto-asteroid belt is assumed to be small, the pebble-accretion61

model predicts that virtually no scattered rocky objects are implanted into the Oort cloud. It predicts an62

icy/rocky ratio of at most 1:10,000 [15].63

Recently, it has been shown that the migration-induced dynamical instability is compatible with an en-64

hanced version of the pebble accretion model which uses realistic opacities [27]. In this model, the terrestrial65

planets form fast in only ∼ 10 Myr, and then planet migration is invoked as one of the possibilities to explain66

the hafnium-tungsten anomaly in the Earth’s mantle caused by the Theia impact [28]. Nevertheless, even67

though the 1.5 to 4 au region is assumed to be a divergence zone, protoplanets in the zone only slowly68

dissipate into neighbouring regions and are not scattered into highly excited orbits.69

The earliest evidence of macroscopic asteroidal material in the Oort cloud was the discovery of asteroid70

1996 PW [13]. Despite its highly eccentric orbit (e = 0.997, i = 29.8, and period p = 5900 yr), it showed no71

cometary-like activity. It had a D-type reflectance spectrum [29], similar to bare cometary nuclei observed72

at large solar distances and hence it’s origin as asteroid or an extinct cometary nucleus was uncertain. More73

such objects have since been discovered with some having S-type reflectance spectra and showing activity74

[15], further confusing the picture.75

Pan-STARRS1 observations of LPCs have found that there is a deficit of objects with diameters D . 176

km [30], assuming the physical processes of cometary activity are size-independent. These data show a77

significant change in the cumulative size-frequency distribution (SFD), where Ncum ∝ D−α, for D ∼ 2.8 km,78

with α = 0.72 for larger, and α = 0.1 for smaller objects, consistent with comet formation models [31]. Thus79

if small cometary objects existed, Pan-STARRS1 would be able to detect them. This either means that the80

small objects are devoid of volatiles or they do not exist. Further analysis [32] has shown that ∼ 1/3 of all81

objects on LPC orbits detected by Pan-STARRS1 do not show any activity (called tailless “Manx” objects),82

a surprising result considering the massive decrease in visibility of non-active bodies.83

As telescopic measurements of an object in an LPC orbit may be compromised by space weathering84

[33, 34], a more direct way to probe bulk physical properties of LPC material is desirable. One alternate85

method is to observe fireballs associated with an LPC-type meteoroid entering the atmosphere [35, 36].86

Nevertheless, such observations suffer from small atmospheric collection areas, so detection of decimeter-87

sized objects on long-period comet orbits is rare [37].88
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By using the observed light curves and dynamics of mm and cm-sized cometary meteoroids, their ab-89

lation behaviour is well explained if they are modelled as a collection of 10 − 300 µm sized silicate grains90

[38]. The grain size distribution derived from observations of cometary meteoroids matches well to in-91

situ measurements of the comet 67P/Churyumov–Gerasimenko [39, 40]. Similarly, observations of dm-sized92

meteorite-dropping fireballs can be well explained by modelling them as rocky objects which fragment deep93

in the atmosphere when aerodynamic loading exceeds their global mechanical strength [41]. In most cases,94

global strengths of meteorite-producing fireballs are found to be much lower than the compressive strengths95

of their associated meteorites, a finding ascribed to internal cracks [36].96

From decades of observations, it is now well established that there is a strong correlation between me-97

teoroid material type and bulk strength [42]. Cometary meteoroids are weak and disrupt under dynamic98

pressures of ∼ 1 kPa [43] upon entering the atmosphere, while asteroidal meteoroids can withstand pressures99

of 100 kPa prior to any fragmentation [36], with their strongest components withstanding pressures of up to100

1 − 10 MPa without catastrophic disruption [44]. These differing strengths explain why cometary fireballs101

break up at heights above 70 km [1], while meteorite dropping fireballs break up typically below 40 km [36].102

For cometary meteoroids, the strength of constituent 10 − 300 µm silicate grains is on the order of 10s of103

MPa [45], but high porosity significantly reduces the strength of larger grain aggregates [46].104

In-situ measurement of the nucleus of comet 67P by the Philae lander found a surface compressive105

strength of 1 − 3 kPa [47], a value consistent with in-atmosphere measurements of cometary meteoroid106

strength [48]. The probe stopped bouncing when it hit an area of crushing strength > 4 MPa, possibly107

a processed, tightly packed “sintered” surface layer [49]. Despite having a high compression strength, the108

surface layer was also found to have a high porosity of 30 to 65% [50], thus limiting the upper bulk density109

of the layer to 1600 − 2500 kg m−3 assuming an all-silicate surface. In reality the bulk density is likely110

even lower due to the presence of ices and organic material [51]. Static penetration resistances between 6.5111

and 10 MPa can be expected if the surface was exclusively composed of sintered CO2 or H2O granular ice112

at 220 K with porosities of 50 to 70% [52]. For all of the foregoing, macroscopic samples of the surface113

layer are expected to have smaller bulk densities than monolithic silicate material. Nevertheless, cometary114

material might have mm-sized inclusions of stronger material. For example, some mm-sized components of115

Taurid meteoroids (from 2P/Encke) were found to withstand pressures of up to 300 kPa [53, 54], and strong116

mm-sized inclusions have been found in Leonid meteoroids (from 55P/Tempel-Tuttle)[55].117

Categorizing meteoroid strength relies on a relative comparison of ablation behaviour. It has been shown118

that by normalizing to meteor speed, entry angle and initial mass, the final luminous height of a fireball can be119

used to robustly discriminate among meteoroid materials. The PE criterion [35] reduces the interdependence120

of these measured values for fireballs into one number (see section 0.8). Meteoroids can be sorted into several121

groups based on material properties. Type I fireballs having PE > −4.6 are chondritic, Type II with −5.25 ≤122
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PE ≤ −4.6 are related to carbonaceous chondrites, while Type III with PE < −5.25 are cometary.123

The first reported observation of a multi-cm sized rocky meteoroid on an HTC orbit was recorded in 1997124

over the Czech Republic, called Karľstejn [56, 57]. The ∼ 200 gram object was on a retrograde orbit (a = 3.5125

au, i = 138◦, e = 0.7, TJ = 0.62). It entered the atmosphere at 65 km s−1 and penetrated down to an end126

height of 65 km, about 25 km deeper than cometary objects of similar speed and mass. It was classified127

as a Type I fireball based on its PE value. Its spectrum was highly depleted in volatile elements, notably128

sodium, and distinct from cometary fireballs. It reached a maximum dynamic pressure (Pdyn = v2ρair) of129

660 kPa before ablating away gradually, indicating that the true mechanical strength of the body was not130

reached as there was no evidence of catastrophic disruption. The dynamics of the body were consistent with131

a chondritic density of 3700 kg m−3. Nevertheless, the semi-major axis was smaller than most long-period132

comets and the dynamic pressures lower than what decimeter-sized chondritic meteorite-dropping fireballs133

withstand due to the small mass of the body. The authors theorized it was a cm-sized rocky component134

originally embedded in a comet[56].135

Records from decades of meteor shower observations have not revealed any macroscopic (> cm-sized) lithic136

material mixed in with fragile HTC or LPC cometary meteoroids. Smaller inclusions have been documented,137

notably several mm−sized Type I fragments of Leonid fireballs were observed during the 1998 Leonid fireball138

storm [55, 58, 59] as have some gram-sized Type I Taurids [1]. However, the Taurids are an unusual stream;139

they are on the dynamical boundary between JFC and asteroidal orbits, are generally classified as Type140

II material, can be difficult to separate from the sporadic background and have an origin likely related to141

fragmentation rather than gas drag sublimation [54].142

Most recently, a survey [39] of mm-sized meteoroids which analyzed their spectral and fragmentation143

properties, identified two iron meteoroids on HTC orbits (out of a total of 64 HTC meteors). The authors144

suggested these were ejected during the formation of the Solar Solar due to the dynamical instability caused145

by Jupiter’s migration.146
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Table 1: Geocentric radiant and heliocentric orbit (J2000.0). For the orbial covariance matrix, see Table 7
in Methods.
Description Value 1σ error

Geocentric right ascension of radiant αg 271.922◦ ±0.038◦

Geocentric declination of radiant δg 4.40◦ ±0.14◦

Geocentric entry speed (km s−1) vg 60.97 ±0.03
Semimajor axis (au) a 104 ±53
Eccentricity e 0.9941 ±0.0027
Perihelion distance (au) q 0.6150 ±0.0015
Argument of perihelion ω 103.95◦ ±0.23◦

Longitude of ascending node Ω 333.857472◦

Inclination i 121.40◦ ±0.24◦

Aphelion distance (au) Q 207.2 ±105.4
Last perihelion date 2021-01-16.23 ±0.08 d
Tisserand parameter w.r.t. Jupiter TJ −0.46 ±0.02

Table 2: Fireball trajectory parameters.
Latitude (+N) Longitude (+E) Height (km, WGS84) Time (UTC)

Begin point 53.7732◦ ± 0.0009◦ −112.0861◦ ± 0.0005◦ 130.819± 0.094 2021-02-22 13:23:17.683
End point 54.6182◦ ± 0.0023◦ −113.2543◦ ± 0.0008◦ 46.498± 0.081 2021-02-22 13:23:20.101

Results147

Here we report the first direct observation of a decimeter-sized rocky meteoroid (PE = -4.49, Type I) on148

a long-period comet orbit (i = 121◦, e ≈ 1.0, TJ = −0.46, see Table 1). This meteoroid reached dynamic149

pressures similar to those of ordinary chondrites. The ∼ 2 kg body entered the atmosphere ∼ 100 km north150

of Edmonton, Alberta, Canada on February 22, 2021 at 13:23:17 UTC. Its full atmospheric luminous path151

was recorded by two Global Fireball Observatory (GFO) all-sky cameras [3] (see Figure 1) and over 200152

security and dash cameras. In addition, it was seen by both GLM systems, permitting measurement of its153

unsaturated light curve (see section 0.5 in Methods for GLM photometric calibration details). We used the154

most recent astrometric calibration methods [5] and computed the atmospheric trajectory (internal accuracy155

of 30 m) using the GFO data and using one additional security camera (accuracy 70 m) (see section 0.1). The156

fireball entered the atmosphere with a velocity of 62.1 km s−1 and penetrated down to a height of 46.5 km,157

about 20 km deeper than the Karľstejn event of similar velocity. Table 2 lists trajectory details. The parent158

body search did not return any hits.159

The dynamics, the light curve, and the fragmentation behaviour were modelled using a semi-empirical160

meteoroid ablation model [41] (see section 0.6) which has been successfully applied to multiple meteorite-161

producing fireballs. The comparison between observations and the model fit is shown in Figure 2, and the162

modelling details are given in the Methods section 0.7. A bulk density of ρm = 3300 kg m−3, as appropriate163

for chondritic meteorite-dropping fireballs [9], fits the observed dynamics well.164
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Figure 1: The fireball as seen from the two GFO stations (at the same scale). Top: Miquelon Lake. Bottom:
Vermilion (the Big Dipper can be seen at the left side of the inset). The fireball is moving left to right, and
the periodic breaks in the fireball are used to encode the absolute time.

As a demonstration of how improbable that this was a weak, cometary-like body, we modelled a non-165

fragmenting fireball using physical properties appropriate for cometary meteoroids (σ = 0.08 s2 km−2, ρm =166

1000 kg m−3, τ for Type III bodies [43, 60]), with a 10 times larger pre-atmospheric mass (20 kg), and the167

same trajectory parameters as for our fireball. The hypothetical cometary meteoroid only penetrated down168

to a height of ∼ 60 km.169

The simulation was repeated for a hypothetical carbonaceous chondrite meteoroid (σ = 0.042 s2 km−2,170

ρm = 2000 kg m−3, τ for Type II bodies [43, 60]) with the same 20 kg mass, and the meteoroid only171

penetrated down to 53 km while the simulated light curve was ∼ 2.5 magnitudes brighter than observed.172

We found no combination of model parameters for cometary or carbonaceous-chondrite-like material which173

could fit the observations.174

As shown in Figure 3, the meteoroid fragmented in a similar way as ordinary chondrites, with the earliest175

significant fragmentation occurring around 100 kPa, and the final one around 1 MPa [36]. However, the body176

never catastrophically disrupted into constituent grains, even after reaching a maximum dynamic pressure177

of 2 MPa, a further indication that it was very strong. There were also minor episodes of fragmentation178

around 400 kPa.179

It is possible to estimate the flux and the ratio of Type I (rocky) objects in comparison to weaker Type180

II/III from the Oort cloud at the limiting mass appropriate for fast fireballs. The only published data sets for181

which there are reliable mass and time-area product estimates are the Meteorite Observation and Recovery182

Project (MORP)[61], European Network (EN)[62, 63], and Prairie Network (PN)[35] data sets. There are183
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Figure 2: Left: Observed and simulated light curve. The solid black line is the nominal fit with the
parameters and fragmentation behaviour given in Tables 9 and 8. A no-fragmentation solution for Type I
(black), II (green), and III (red) objects is also shown. Note that the GLM lightcurve was calibrated using
three independent high speed fireballs where GLM lightcurves and ground-based records were available
(see Methods for details). Right: Observed and simulated deceleration profile (lag) for various simulation
scenarios. The lag is the distance a decelerating meteoroid falls behind a hypothetical non-decelerating
meteoroid moving at the initially observed velocity. The Cochrane security camera was not used for velocity
measurement due to lower accuracy.
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Figure 3: Observed fragmentations of the Alberta meteoroid (vertical dashed lines) overlaid on top of
previously observed fragmentation behaviour of meteorite-dropping fireballs. The dynamic pressure was
normalized to Γ = 1.0 to be consistent with values from ref. [36]. The gray bars show the sum of relative
mass loss at the given dynamic pressure for fireballs with recovered meteorites, and white bars are for
ordinary chondrite fireballs with currently unrecovered meteorites (data from ref. [36]).
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Table 3: Table of all TJ < 2 Type I objects found in literature satisfying our criteria. The mass is given in
the ref. [35] scale. Note that the modern photometric mass scale is an order of magnitude smaller [36].
Name PE TJ Mass a q e i ω Ω

(kg) (au) (au) (deg) (deg) (deg)

Alberta (this work) -4.49 -0.46 13.3 104 0.615 0.994 121.40 104.0 333.86
Karľstejn[56] -4.53 0.64 1.5 3.5 1.012 0.710 137.90 174.6 71.55
MORP #434[61] -4.54 0.77 0.005 5.5 0.236 0.957 107.6 303.7 256.4
MORP #441[61] -4.04 -0.78 0.020 24.7 0.765 0.969 159.7 56.7 103.8

a total of 41 fireballs with TJ < 2 and speed > 50 km s−1 in those data sets. The speed limit removes the184

speed-dependent mass sensitivity [43], so we can set a hard limiting mass for the flux. We set the mass limit185

to 10 g (ref. [35] mass scale), for which these data sets are complete, leaving a total of 32 fireballs. This186

mass is also significantly larger than any previously observed refractory inclusions in cometary material; the187

largest Type I Taurids are an order of magnitude smaller [1].188

Of those 32, two are Type I objects (MORP catalog #434 with m = 5 g and #441 with m = 20 g) which189

were also on retrograde orbits (e = 0.957, i = 107.6◦, and e = 0.969, i = 159.7◦). All Type I objects used190

for our flux estimate are an isolated group, have TJ < 1, retrograde orbits, and are quite far from the PE191

dividing line for Type II objects (see Figure 4 and Table 3). As these objects have a mass similar to the192

largest refractory inclusions in Taurids, they cannot be excluded as constituents of comets though they are193

observed on very different orbits from the Taurids. We only use these additional meteoroids to set an upper194

bound on the flux of Type I objects from the Oort cloud.195

The total time-area product for the PN survey is 1011 km2 h, and for MORP is 1.5 × 1010 km2 h[64].196

The EN data set used here is only complete up to 1996, at which time the time-area product of the survey197

was 2× 1011 km2 h. The network did not observe any other fireball similar to the Karľstejn event up until198

the present date (mid-2021) at which time the time-area product increased to 4×1011 km2 h (Pavel Spurný,199

private communication). The time-are product of the fireball network in Alberta (MORP2.0) which observed200

the featured event is not taken into account. The network was deployed only very recently (late 2019) with201

a small number of stations. We estimates its time-area product to be on the order of 109 km2 h, less than202

1% of the sum time-area product of the other networks.203

Thus the total time-area product for TJ < 2 Type I events is 5.15×1011km2 h, and for all TJ < 2 Type II204

and III objects in our data is 3.15×1011km2 h. From this we compute a total flux of Type I object on LPC-205

type orbits as 0.34-0.67 meteors/106km2/yr (the upper bound depending on if the smaller MORP objects206

are included), while the flux of Type II and III objects on LPC-type orbits is 11.25 meteors/106km2/yr207

to the limiting mass of 0.01 kg. We estimate from these data that the relative abundance of macroscopic208

(>0.01 kg) Type I objects on TJ < 2 orbits is therefore between 3% and 6% of all meteoroids impacting209

Earth on LPC-like orbits.210
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Figure 4: All published fireball data showing PE as a function of Tisserand’s parameter with respect to
Jupiter for TJ < 2 fireballs in the MORP, EN, and PN data sets. The Type I objects of interest above the
PE = -4.6 dividing line between Type I/II fireballs form a clearly separate grouping. Note that the Alberta
fireball is the largest mass fireball of any type recorded on an LPC orbit to date.
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Discussion211

The confirmation of the existence and a comparatively high abundance of macroscopic lithic objects in212

the Oort cloud supports the need for a mechanism of ejection of inner Solar System material into nearly213

hyperbolic orbits. Even in a scenario where most of the Oort cloud objects are captured from other star214

systems [65], an ejection mechanism still needs to be present to explain the radial mixing of material. Our215

findings support a massive proto-asteroid belt scenario as the source of these objects, although the exact216

mechanism of its depletion still remains elusive. The dynamical instability caused by Jupiter remains the217

most plausible candidate. These findings challenge Solar System formation models based on pebble accretion218

alone.219

Our estimated range in abundance of rocky objects with masses larger than 0.01 kg of 3% to 6% is higher220

than model-predicted values. This may indicate either an order of magnitude more massive proto-asteroid221

belt than traditionally assumed, a higher Oort cloud capture efficiency of scattered inner Solar System222

material, or a mass distribution in the proto-asteroid belt heavily favouring smaller objects.223
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Table 4: Geographical coordinates of the optical cameras used in this work.
Name Field of view Latitude (+N) Longitude (+E) Elevation (mean sea level)

GFO Miquelon Lake all-sky 53.239340◦ -112.889855◦ 785 m
GFO Vermilion all-sky 53.338975◦ -110.884085◦ 624 m
Cochrane 134◦ × 105◦ 51.224138◦ -114.706921◦ 1213 m
GoPro (photometry) 140◦ × 90◦ 50.910076◦ -114.038749◦ 1040 m

Methods224

0.1 Astrometric calibration225

The most critical measurement leading to the core result in this work (the unusually low end height for such226

a high velocity fireball) is directly derived from the optical observations of the event. Thus, the quality of227

the astrometric calibration and measurements are of paramount importance. In this section we present the228

calibration details for each of the three optical instruments used to derive the trajectory. These include two229

Global Fireball Observatory (GFO) high resolution dedicated fireball cameras (one at Miquelon Lake the230

other near Vermilion, Alberta) and one security camera (located in Cochrane, Alberta outside of Calgary).231

The camera locations are given in Table 4 and shown in relation to the fireball in Figure 5.232

0.1.1 Global Fireball Observatory data233

The GFO all-sky cameras operated by the MORP2.0 project produce 7340× 4930 px color images with an234

exposure time of 27 s and 16 bits of depth. Electronic liquid crystal shutters are toggled to encode the timing235

information into the image. The shutters produce 20 segments per second, and the segments are encoded236

as a Debrujin sequence of ones and zeros [66] so that the absolute time of every segment can be derived. In237

combination with the Samyang 8 mm f/3.5 fish-eye lens, the images have a plate scale of 2 arcmin px−1.238

The astrometric fit was performed with a radial distortion model [5] using odd polynomial coefficients up239

to the 7th order, asymmetry correction, and a fixed aspect ratio. Including the pointing direction (reference240

right ascension, declination, position angle, and the plate scale), the fit uses a total of 11 free parameters.241

Figure 6 shows the fit residuals for the Miquelon Lake camera. The mean angular forward mapping242

(image to sky) error was 0.49 arcmin, with a fit showing no trends in residuals with radius from the centre243

of the image but a slight systematic trend in the azimuth. We believe that the main cause of the trend is a244

higher order component of asymmetry in the optics not captured by the distortion model, as the point-spread245

function was significantly variable across the field of view. Nevertheless, this offset is only on the order of246

0.5 arcmin, i.e. 20 m at the range of the fireball from the station and does not significantly influence the247

final result. The fireball covered azimuths from 30◦ to 350◦ (counter-clockwise) and elevations from 54◦ to248

15.7◦, ranges well covered by available calibration stars.249

The astrometric fit for the Vermilion GFO station was not as good, having root mean square fit residuals250
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Figure 5: Map showing the location of the fireball trajectory (red line), cameras, and major population
centers in Calgary and Edmonton. The GoPro camera was located in Calgary.

Figure 6: Astrometric calibration fit using a 7th order polynomial (odd-terms only) radial distortion model
for the Miquelon Lake camera. Forward mapping (image to sky) errors.
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Figure 7: Astrometric calibration fit for the Vermillion camera. Forward mapping (image to sky) errors.

of 1.37 arcmin, as shown in Figure 7. This decrease in accuracy was caused by a more non-Gaussian point-251

spread function than for the Miquelon Lake camera. However, the absolute accuracy remained high − the252

corresponding linear error was only 65 m at the range of the fireball. The fireball had a nearly constant253

azimuth of 310◦ and covered elevations from 43◦ to 11◦, ranges for which there were many stars in the254

calibration.255

0.2 Security camera calibration256

Despite the good geometry and high accuracy of GFO measurements (convergence angle of 46.5◦ and spatial257

trajectory fit residuals of ∼ 30 m), a two-station trajectory solution can suffer from systematic biases due258

to meteor-station geometry [67, 68]. As a further constraint, we included additional measurements from a259

Google Nest doorbell camera in Cochrane, Alberta, 50 km west of Calgary.260

The radial distortion model with odd terms up to the fifth order was used for calibration [5]. The model261

has a total of eight parameters and eight stars were used in the fit (Figure 8). The average fit error was262

4 arcmin. Only the first half of the fireball was used in the trajectory solution as the camera saturated263

and skipped frames during the brightest phase. The difference in the geocentric radiant with and without264

the security camera measurements was only 0.03◦, and 0.14 km s−1 in geocentric speed, indicating that the265

GFO-only solution had no major systematic errors.266

0.3 Trajectory details267

Figure 9 shows the trajectory fit residuals and the observed deceleration. The trajectory fit is tight and268

within the expected astrometric accuracy. The fireball did not show much deceleration before a height of269

60 km. The initial velocity was computed as the average velocity above the height of 70 km.270

The reference time for the trajectory is 2021-02-22 13:23:17.683 UTC (Julian date 2459268.057843548711).271

The state vector in the Earth-centered inertial (ECI) coordinates in the epoch of date are given in Table272

16



Figure 8: Composite of frames from the Cochrane security camera video showing the fireball and the cali-
bration stars (marked with a white letter C), four of which were in Cassiopeia. An equatorial grid is laid
over the video with catalog stars shown as red crosshairs.

Figure 9: Left: Spatial trajectory fit residuals versus height. Right: The observed lag (“the distance that the
meteoroid falls behind an object with a constant velocity that is equal to the initial meteoroid velocity”[69].)
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Table 5: ECI trajectory state vector.
X = -1844963 ± 44 m
Y = -3384728 ± 193 m
Z = 5227379 ± 153 m

VX = 2161 ± 41 m/s
VY = -61705 ± 15 m/s
VZ = 5244 ± 155 m/s

Table 6: ECI state vector covariance matrix.
X (m) Y (m) Z (m) VX (m/s) VY (m/s) VZ (m/s)

X +1.778e+03 +4.430e+02 +4.577e+03 +1.499e+03 +8.165e+02 +4.720e+03
Y +4.430e+02 +3.851e+04 −7.591e+02 +1.377e+03 +4.232e+03 +2.417e+03
Z +4.577e+03 −7.591e+02 +2.168e+04 +4.334e+03 +2.671e+03 +2.039e+04
VX +1.499e+03 +1.377e+03 +4.334e+03 +1.491e+03 +9.583e+02 +4.765e+03
VY +8.165e+02 +4.232e+03 +2.671e+03 +9.583e+02 +1.448e+03 +3.880e+03
VZ +4.720e+03 +2.417e+03 +2.039e+04 +4.765e+03 +3.880e+03 +2.163e+04

5, and the state vector covariance matrix is given in Table 6, and the orbital covariance matrix is given in273

Table 7.274

0.4 Orbital integration275

To investigate the influence of planetary interactions with the meteoroid’s orbit, we backtracked 100 clones276

within the measured uncertainty. Because of its high inclination, the only appreciable approaches to the277

planets are at its other (ascending) node, which is near Mars’ orbit. However, no clone passed closer than278

1.1 AU from this planet. Figure 10 shows the variation in the heliocentric elements as a function of distance279

from Mars. The simulations start 60 days prior to impact and run for 365 days further back. A slight jump280

in each of the elements can be seen at the minimum distance from Mars, but it is small: it will not affect a281

potential parent body search and does not affect the proposed origin of the object.282

Note that the orbital elements do not become completely constant even well after the Mars encounter.283

This is because they are heliocentric elements, and for such a large semi-major axis orbit, Jupiter’s tug both284

on the Sun and the object create ongoing small changes. Even if the orbital elements were considered in the285

barycentric frame, the effect of ongoing planetary perturbations on such loosely bound orbits means that286

Table 7: Orbital covarience matrix. Tp is the Julian date of last perihelion (nominal Tp = 2459230.729594).
e q (au) Tp (day) Ω (deg) ω (deg) i (deg)

e +8.321e−06 +4.075e−06 +2.410e−04 +1.762e−08 +6.764e−04 −5.763e−04
q +4.075e−06 +2.367e−06 +1.240e−04 +1.009e−08 +3.757e−04 −3.302e−04
Tp +2.410e−04 +1.240e−04 +7.079e−03 +5.341e−07 +2.031e−02 −1.746e−02
Ω +1.762e−08 +1.009e−08 +5.341e−07 +5.399e−11 +1.607e−06 −1.767e−06
ω +6.764e−04 +3.757e−04 +2.031e−02 +1.607e−06 +6.030e−02 −5.258e−02
i −5.763e−04 −3.302e−04 −1.746e−02 −1.767e−06 −5.258e−02 +5.786e−02
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Figure 10: Change in orbital elements over time, between -60 and -365 days before impact. Time is not
shown on any axis, but the clones that start at t - 60 days are clustered at zero and spread out as we go
further back in time, as the distance from Mars decreases and then increases again.
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the orbital elements will have trends over time regardless of the reference frame.287

0.5 Photometric calibration288

To fully model the fragmentation behaviour of a meteoroid, it is necessary to have a well-calibrated light289

curve. The Alberta event was observed by both space-based GLM instruments and one fixed GoPro HERO5290

action camera in Calgary (∼ 400 km from the fireball). The resulting calibrated light curves are given in291

Figure 2. Note that the GFO cameras used for astrometry were partially saturated over the height range292

of interest and therefore not used in the photometric calibration. However, as the Nikon D810 used by the293

GFO have CMOS (and not CCD) chips for imaging, even in saturation the astrometry is reliable [5].294

The GoPro camera had a low sensitivity and in conjunction with the large range to the fireball it was able295

to capture the whole fireball without saturating despite only having 8 bits of depth. As the camera did not296

observe any stars, the absolute calibration was done indirectly using seven distant streetlights visible in the297

video. A separate DSLR photo of stars and the streetlights was taken − the magnitudes of the streetlights298

were measured on the DSLR photo and used as a basis for the GoPro calibration. The mean photometric299

error was 0.27 magnitudes and the vignetting coefficient was estimated to be 0.001 rad px−1 (see ref. [5]).300

An attempt was made to measure the photometry from scattered light on the Cochrane security camera301

video (method of ref. [70]), but the camera had a wide dynamic range (WDR) feature. This produces image302

levels that are not linear responses to light and was thus not able to be used. Such image enhancement303

features may prevent using modern security cameras for scattered light fireball photometry in the future.304

Converting the energy observed by the GLM into magnitudes is challenging due to its narrow 1.1 nm305

pass band around 777.4 nm, making it necessary to assume a spectral energy distribution to compute a306

bolometric magnitude. For slower meteoroids such as meteorite-dropping fireballs, it is possible to assume a307

blackbody spectrum and derive a conversion [7], but at high speeds elemental and atmospheric lines are more308

pronounced making the blackbody assumption invalid. Furthermore, the intensity of the oxygen triplet line309

that the GLM is observing was found to significantly increase with meteoroid speed [71]. For these reasons,310

we performed a manual calibration between the GLM group energy and magnitude using three fast and bright311

(around −11M ) fireballs observed by NASA MEO all-sky cameras [72] and AMOS systems [2]. Among many312

fireballs observed by these systems, only two fireballs observed with NASA systems had GLM light curves313

and were observed sufficiently far away not to saturate the cameras. Some saturated frames in the AMOS314

recording (2020/10/19 12:42:55 UTC) were corrected using a calibration curve for saturated pixels, based315

on calibrated measurements of bright planets and Moon in different phases. The in-atmosphere speeds of316

the fireballs were 58, 66, and 69 km s−1. We used the classical equation to compute the magnitude:317

M = −2.5 logEG + p0 (1)
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where EG is the GLM group energy in femtojoules and the p0 is the photometric offset in magnitudes. For318

all three fireballs, the GLM light curves matched best for p0 = −9.2, with an error of ±0.1 mag. The319

comparison between the optical and GLM light curves is shown in Figure 11.320

0.6 Ablation and fragmentation model321

The dynamics and light curve of the fireball were simulated using an established semi-empirical model [41]322

which was successfully applied to reconstruct the fragmentation behaviour and physical properties of many323

meteorite dropping fireballs [73, 74, 75, 36] and fainter meteors [38, 39]. In this model, the meteoroid324

is initially treated as a single body, but increases in brightness and sudden deceleration are explained by325

fragmentation. Previous works established several main modes of fragmentation: splitting into several single-326

body fragments, steady erosion of 10 µm − 1 mm sized refractory constituent grains from the meteoroid’s327

surface, ejection of an eroding fragment, and a sudden release of dust (i.e. a large number of constituent328

grains)[41].329

All fragments and grains are modelled using the classical equations of single-body ablation [43]:330

dv

dt
= −Km−1/3ρairv

2 , (2)

dma

dt
= −Kσm2/3ρairv

3 , (3)

where K is the shape density coefficient, m the meteoroid mass (ma is the ablated mass), v the velocity, ρair331

the atmosphere bulk density (NRLMSISE-00 model [76]), and σ is the ablation coefficient. The parameter332

K is used because the meteoroid density and shape cannot be measured separately:333

K = ΓAρ−2/3
m , (4)

where Γ is the drag coefficient, A is the shape coefficient (1.21 for spheres which we adopt), and ρm is the334

meteoroid (or grain) bulk density. The equations were numerically integrated using a 4th order Runge-Kutta335

method and a time step of 2 ms. The integration of individual fragments is stopped if their mass falls below336

10−14 kg or the speed below 3 km s−1, which is the ablation limit [43].337

The luminosity produced by ablation is computed as:338

I = −τ
v2

2

dma

dt
, (5)

where τ is the luminous efficiency. We ignore the deceleration term as it is not significant at high speeds339

[43]. In this work we use the modern luminous efficiency function of ref. [36] to model the observed event.340
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Figure 11: Comparison between optical light curves and GLM-derived light curves of calibration fireballs
using Equation 1.
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If the meteoroid or an ejected fragment is set to erode at a given time in the model, the total mass341

lost in erosion is regulated by the erosion coefficient η which is applied in the same manner as the ablation342

coefficient in equation 3:343

dme

dt
= −Kηm2/3ρairv

3 . (6)

For grain bulk density, we use 3500 kg m−3, appropriate for refractory silicate grains. The total mass loss344

at a given time is then the sum of the ablation and erosion mass loss:345

dm

dt
=

dma

dt
+

dme

dt
. (7)

Inspired by in-situ observations of the mass distribution of cometary dust [40], the masses of eroded346

grains are distributed according to a power-law n(m) ∼ m−s (ref. [77]) where n(m) is the number of grains347

of a given mass m, and s is the differential mass distribution index. An upper (mu) and a lower (ml) grain348

mass limit is set during modelling to reproduce higher frequency components of the lightcurve. To speed up349

computation, the mass range is binned into z bins per order of magnitude, thus the integration of ablation350

equations is done only once for every mass bin instead for every fragment. A mass sorting parameter can351

be defined as p = 101/z and it follows that the total number of grain mass bins within a range of masses is352

k = ⌈log(ml/mu)/ log p⌉. The total number of grains having a mass equal to the upper mass limit is then:353

nu =







me

kmu

, for s = 2

me

mu

1−p(2−s)

1−pk(2−s) , for s 6= 2 ,
(8)

where me is the total eroded mass at the given time step. The mass of every bin i is then mi = mup
i for354

i = 0, 1, ..., k − 1. The number of discrete grains Ni in every bin can be computed as:355

ni = nu(mu/mi)
(s−1) +

∆mi−1

mi
, (9)

Ni = ⌊ni⌋ , (10)

where ∆mi = mi(ni − Ni) is the leftover mass in the mass bin after making the number of grains discrete356

(∆m0 = 0). The leftover masses from the larger mass bins is distributed into smaller mass bins to ensure357

that there is no ”virtual” mass loss due to numerical rounding. The grains are then ablated as single bodies358

until exhaustion following equations 2 and 3. A separate luminosity Ii is computed for every mass bin, and359

the total luminosity produced by all grains at a given time is simply
∑k−1

i=0 NiIi.360

Finally, after all fragments and grains have been fully integrated and their masses depleted, the magnitude361
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Table 8: Fragmentation behaviour. The total mass of all ejected fragments is 1.04 kg. The fragment mass
percentage in the table is reference to the mass of the main fragment at the moment. The mass distribution
index for all grains was s = 2.0. The values of the dynamic pressure are computed using the drag coefficient
Γ used in the modelling for the appropriate height, as described in Table 9.
Timea Height Velocity Dyn pres Main m Fragment m m Erosion coeff Grain m
(s) (km) (km s−1) (MPa) (kg) (%) (kg) (s2 km−2) range (kg)

1.49 76.0 62.03 0.09 1.73 EF 8 0.139 0.030 10−7 - 10−6

1.52 75.0 62.02 0.10 1.59 EF 20 0.317 0.035 10−6 - 10−4

1.57 73.0 62.00 0.10 1.25 EM - - 0.030 10−6 - 10−5

1.72 67.5 61.88 0.21 0.93 EM - - OFF -
1.79 65.0 61.78 0.30 0.87 EF 35 0.310 0.020 10−5 - 10−3

1.84 63.0 61.66 0.38 0.54 EF 15 0.081 0.020 10−7 - 10−6

1.90 61.0 61.49 0.48 0.42 EF 18 0.075 0.080 10−7 - 10−6

2.12 52.7 59.84 1.28 0.17 EF 50 0.084 0.005 10−4 - 10−3

2.17 51.2 59.07 1.52 0.06 EF 50 0.030 0.050 10−6 - 10−5

a Seconds after 13:23:17.683 UTC.
EM = Main fragment erosion; EF = New eroding fragment.

M of the fireball as it would be see at a distance of 100 km is computed as:362

M = −2.5 log
I

P0m
, (11)

where P0m is the power that a meteor needs to radiate in the camera’s spectral band-pass so that it has an363

apparent magnitude of 0M at a range of 100 km. In this work, we use a value of 1300 W, as appropriate for364

a high-speed meteor in the spectral band-pass of CMOS/CCD sensors [78].365

0.7 Modelling results366

We model the fragmentation behaviour of the fireball in two ways. (1) by direct erosion of the main body367

(EM), and (2) by ejecting larger fragments which erode independently (EF). Figure 12 shows the details of368

the fragmentation on the simulated light curve which are also listed in Table 8, and Figure 13 shows the369

mass loss with increasing dynamic pressure. The modelled physical properties of the fireball are given in370

Table 9.371

Because this fireball is much different from other modelled fireballs (large, high speed rocky meteoroid372

reaching low altitude), there were several differences and uncertainties in chosen parameters as compared to373

low-velocity Type I objects:374

1. The luminous efficiency for Type I objects at high speeds is unknown, as this is the first object of this375

kind to be observed. We used the model of ref. [36] which suggest a value of ∼ 14% for 1 kg objects376

and ∼ 10% for grains. If the luminous efficiency is akin to low-speed meteorite dropping fireballs377

(∼ 5%), the initial mass is ∼ 3× larger (6 kg), but the identification of the meteoroid as a Type I378
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Figure 12: Details of the modelled individual fragmentations of the meteoroid marked on the simulated light
curve. Solid black line is the total light production, the dashed black line is the magnitude of the main body
from which fragments are released, green dashed lines are magnitudes of the eroding fragments, and purple
lines are magnitudes of the grains ejected either from the main body or the eroding fragments.

Table 9: Modelled physical properties. The mass was computed using a modern luminous efficiency model
of [54] which results in an order of magnitude smaller mass estimates than the ref. [35] model used for PE
computation.
Description Value

Initial mass (kg) m0 1.8
Initial speed at 180 km (km s−1) v0 62.10
Zenith angle Zc 54.885◦

Bulk density (kg m−3) ρ 3300
Grain density (kg m−3) ρ 3500
Ablation coefficient (s2 km−2) σ 0.009
(below 60 km) σ 0.007
Shape factor (sphere) A 1.21
Drag coefficient Γ 0.8
(below 75 km) Γ 0.6
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Figure 13: Modelled mass loss as a function of increasing dynamic pressure. Model fragmentation points
and masses of major fragments are marked with red circles. η marks the change in the erosion coefficient,
and σ the change in the ablation coefficient of the main body.
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fireball is unchanged.379

380

2. A higher intrinsic ablation coefficient of 0.009 s2 km−2 (and 0.007 s2 km−2 below 60 km) was used,381

compared to 0.005 s2 km−2 for low-velocity deeply penetrating fireballs [43].382

383

3. The model matches the light curve well even at the beginning of luminous flight at fainter magnitudes.384

This is not usually the case for slower meteorite-dropping fireballs as they undergo a period of pre-385

heating, and the classical equations do not capture that complexity in those cases.386

387

0.8 Computing PE388

The PE criterion was derived as an empirical tool to help easily differentiate between different material389

types [35] without the complexity of full numerical ablation modelling. It was based on well understood390

relationships between physical properties of meteoroids and their observed behaviour as they enter the391

atmosphere.392

It is defined as:393

PE = log ρE − 0.42 logm0 + 1.49 log v0 − 1.29 log cosZC (12)

where ρE is the atmosphere mass density at the end height of the fireball in g cm−3, m0 is the initial mass394

in grams, v0 the initial velocity in km s−1, and ZC is the zenith angle.395

Note that for the PE criterion to be properly computed, the correct mass scale (as outlined in refs. [35]396

and [8]) needs to be used (e.g. as given in Table 3.). PE was originally derived using the following luminous397

efficiency which should always be used for PE computation:398

τ =











































1.5× 10−2.75, for v0 ≤ 9.3km s−1

1.5× 10−5.60+2.92 log v0 , for 9.3 < v0 ≤ 12.5 km s−1

1.5× 10−3.24+0.77 log v0 , for 12.5 < v0 ≤ 17.0 km s−1

1.5× 10−2.50+0.17 log v0 , for 17.0 < v0 ≤ 27.0 km s−1

1.5× 10−3.69+1.00 log v0 , otherwise

(13)

where τ is the dimensionless luminous efficiency as a fraction (not percentage), and v0 the initial velocity in399

km s−1.400

These values of luminous efficiency are considered to be underestimated compared to contemporary401

models. For example, for the Alberta fireball with v0 = 62.1km s−1 the luminous efficiency according to402
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equation 13 is τ = 1.9%, while in the modelling we used values between 10% and 14% (depending on the403

mass).404

0.9 Meteoroid strength and dynamic pressure405

Meteoroid fragmentation is commonly assumed to occur when the dynamic pressure Pdyn = Γρairv
2 exceeds406

the mechanical strength of the body [77]. In most cases, meteorite-dropping fireballs of asteroidal origin407

fragment in two phases: the first from 0.04–0.12 MPa and the second from 0.9–5 MPa [36]. These are408

significantly lower than the tensile strengths of ordinary chondrites which survive atmospheric flight and409

are recovered, which are measured to be between 20 − 40 MPa [9]. Rarely, meteoroids act like monoliths410

and show no evidence of fragmentation [79], possibly due to a lack of internal cracking which is commonly411

invoked as the mechanism which causes fragmentation at lower strengths [42]. As we model fragmentation412

directly and use both the light curve and the dynamics as a constraint, the derived values should be accurate413

to within ±25%, which is the short-term variation in the atmosphere mass density that is not captured by414

current atmosphere models [48].415

0.10 Mass distribution of LPC objects416

Figure 14 shows the mass distribution of observed events in the ref. [35] mass scale (about 10× more than417

estimates using a contemporary value of the luminous efficiency, but appropriate for PE calculations). Due418

to small-number statistics, it is not possible to determine which theoretical value of the cumulative mass419

index fits to the data set and thus extend the estimates to other mass ranges. Both s = 1.67 (ref. [80]) and420

s = 1.83 (collisional equilibrium, ref. [81]) are plausible.421

Code availability422

The optical data were calibrated using the open source SkyFit2 software available in the RMS library at URL423

https://github.com/CroatianMeteorNetwork/RMS.424

The WesternMeteorPyLib (wmpl) library was used to compute the trajectory and fit the meteoroid abla-425

tion model to the observations. It is available at URL https://github.com/wmpg/WesternMeteorPyLib/.426

Data availability427

The trajectory data are included in this article as Supplementary Data files. The raw images are available428

upon request.429
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Figure 14: Comparison between the mass distribution of TJ < 2 objects used in this work.
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[42] Borovička, J. Physical and chemical properties of meteoroids as deduced from observations. Proceedings513

of the International Astronomical Union 1, 249–271 (2005).514

[43] Ceplecha, Z. et al. Meteor phenomena and bodies. Space Science Reviews 84, 327–471 (1998).515
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[73] Borovička, J. et al. The instrumentally recorded fall of the križevci meteorite, croatia, february 4, 2011.581
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