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Abstract 

Comet 2P/Encke is a short period comet, being one of the largest object of the so-called 

Taurid complex. It has been proposed that its spectral behaviour makes it similar to pristine 

carbonaceous asteroids, but little is known about its real nature. During the last decades 

other near-Earth objects have been discovered with orbits that can be linked to 2P/Encke 

and to the Taurid complex. So far this group of bodies includes at least 19 of the brightest 

near-Earth asteroids and two meteoroid streams, i.e., Taurid North and Taurid South.  

We compared the spectral behaviour of 2P/Encke with laboratory spectra of 

carbonaceous chondrites. Different specimens of the common carbonaceous chondrite 

groups do not match the overall features and slope of comet 2P/Encke. Trying anomalous 

carbonaceous chondrites, we found two meteorites, Meteorite Hills 01017 and Grosvenor 

Mountains 95551, which could be good proxies for the dark materials forming this short-

period comet. We hypothesise that these two meteorites could be rare surviving samples, 

either from the Taurid complex or another compositionally similar bod. As a natural 

outcome, we think that identifying good proxies of 2P/Encke-forming materials might have 

interesting implications for future sample-return missions to evolved, potentially dormant 

or extinct, comets. To understand the compositional nature of evolved comets is particularly 

relevant in the context of the future mitigation of impact hazard from these dark and 

dangerous projectiles. 

 

Manuscript pages: 13, Figures 3, Tables: 2   
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1. Introduction 

 

Comet 2P/Encke, hereafter Encke, is a 4.8 km-sized active comet discovered in 1786. It has an 

unusual orbit with a period of 3.3 years, and is one of the largest known object in the Taurid 

complex (hereafter TC) [1,2]. Dynamically this was thought to have its origin within the main 

asteroid belt [3,4], but the discovery of tens of asteroids in similar orbits to the meteoroid complex 

suggest its origin in the disruption of a more eccentric and large comet. Such formation scenario 

of 2P/Encke as just one fragment of a much larger comet that broke apart about 20,000 years ago 

and left tons of debris that formed the Taurid meteoroid streams was previously invoked [1,5]. The 

importance of the study of the TC under an impact hazard perspective seems obvious, particularly 

with the recent discovery of challenging dormant comets in near-Earth space [6] that might be well 

exemplified by the Earth’s encounter with the challenging 2015 TB145 [7,8]. On the other hand, 

a potentially hazardous asteroid (PHA), 2008 XM1, was recently identified as one of the objects 

producing meteoroids dynamically associated with this complex [9]. Moreover, Earth’s encounter 

with the TC debris has been proposed to be the source of a catastrophic aerial blast that occurred 

around 12 900 BC, which promoted a return to ice age conditions for ∼1300 years [10]. On the 

other hand, recent meteor studies have suggested that bright Taurid fireballs exhibit finite ending 

masses, so that there is some chance that meteorite collections contain free-delivered samples of 

2P/Encke or some other members of the TC [9,11]. 

 

Due to gravitational interactions with the terrestrial planets, Encke’s orbit is far from Jupiter’s 

control and results in a very smooth orbital evolution (see e.g. [12]). The properties of Encke are 

quite distinct compared to other objects of the Solar System [13]. Compared to the available spectra 

of other cometary nuclei, 2P/Encke’s spectrum is rather typical, despite its very peculiar orbit. It 

is also important to remark that 2P/Encke exemplifies a most challenging hazardous body, because 

it has a very low albedo, reflecting only 4.6% of the light it receives in the visible range [14].  

 

It might be astonishing that most members of the TC are asteroidal in nature, but it is probably 

a natural outcome of the evolution of short period comets [6,15]. The volatile content for each one 

of these Taurid members was perhaps inhomogeneous, or possibly affected by other processes that 

extinguished their volatile content, like e.g. close approaches to the Sun or impact gardening [16]. 

Obviously, these new objects found suggest that the comet 2P/Encke could be part of a transitional 

and inhomogeneous progenitor, coming from a formation region in the asteroid/comet boundary 

[17,18]. In such sense, a recent study of the reflectance spectra of the largest asteroids dynamically 

associated with 2P/Encke, revealed that their spectral characteristics are linked with the S 

taxonomic complex [19]. Such a result points towards a heterogeneous comet progenitor that after 

disruption produced the known potentially hazardous asteroids (PHAs) on challenging Apollo type 

orbits, some of them exhibiting ordinary chondrite-like mineralogy. It could have deep 

implications for impact hazard, but given the degree of collisional processing, we cannot discard 
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that short-period comets suffered the implantation of foreign rocky projectiles that contribute to 

the modification of their surfaces and produce high-strength meteoroids when disrupted [20]. We 

should also mention in this context that the Tunguska airblast occurred on June 30, 1908 was 

initially associated with the TC [21]. Z. Sekanina later debated such a cometary nature with the 

argument that the fireball had a disruption behaviour characteristic of a stony asteroid [22]. If the 

bodies forming the TX are so heterogeneous in nature perhaps it could be room for being both 

scenarios correct, after all. In any case, it is accepted that a hydrated asteroid should progressively 

deplete their volatiles that are mostly bound in minerals more than forming ices [23,24]. In fact, 

most TC members behave like asteroids and do not exhibit any cometary activity at all. In this 

sense, we are interested in testing whether some carbonaceous chondrites (CC) could be good 

proxies of the reflectance properties of comet 2P/Encke. Current formation models predict that 

short-period comets can only stay active for a relatively short time (or number of perihelion 

passages), because their high internal lithostatic compression hardens the material so that activity 

stops when a thin surface layer has been emitted [25].   

  The reflectance spectrum of 2P/Encke typically exhibits a moderate red slope and is 

otherwise featureless [26]. To our knowledge, it has so far not been possible to find a meteorite 

proxy with a similar reflectance behaviour. Consequently, the main goal of our work is to identify 

samples in our meteorite collections with reflectance characteristics similar to comet 2P/Encke.  

2. Technical procedure, and sample selection. 

 

We obtained reflectance spectra of the meteorites described in Tables 1 and 2, using the 

procedure described in previous work [27]. Polished sections of the selected meteorites were 

measured at UPC, using a Shimadzu UV3600 Ultraviolet to Near-infrared (UV-Vis-NIR) 

spectrometer. The spectrometer diffraction illumination originates from one of two lamps and 

passes through a variable slit, then is filtered with a grating to select the desired wavelength and 

afterwards is split into two alternating but identical beams with a chopper. Next, the beam interacts 

with the sample and is routed to the detector. The reference beam interacts with the material and 

then goes to the same detector [28]. The standard stage for the spectrometer is an integrating sphere 

with a working range in the current study of 400 to 900 nm, and operated under laboratory 

conditions.  

The reflectance spectrum of 2P/Encke was taken from [14]. The spectrum was normalised to 

unity at 550 nm. It is important to remark that the 2P/Encke reflectance data was removed between 

570 nm to 620 nm and 720 nm to 780 nm, due to several issues related with the data reduction and 

some artefacts in the spectra as explained in [14]. The meteorite specimens studied in this work 

and compared with 2P/Encke are listed in Tables 1 and 2. 

 

Table 1 
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3. Results and discussion 

 

In order to gain insight into the nature of evolved comets, we compared the reflectance spectra 

of CCs with the reflectance spectrum obtained for comet 2P/Encke [14]. In our study, we included 

a significant number of NASA Antarctic CCs. Given the small terminal mass expected for 

meteorite-dropping bolides of the Taurid stream, we think that the Antarctic collection can provide 

the opportunity to identify the first meteorites associated with comets.  

 

Comparison of the reflectance spectrum of the comet with those obtained for specimens of CK, 

CM and CR chondrites have previously been done (see e.g. [27,29]) (Table. 1). We chose groups 

that exhibit significant evidence for parent body aqueous alteration, or oxidation [23,24]. No clear 

similarity with 2P/Encke’s spectrum was found as a result of such comparisons for any specimen 

belonging to these well-established CC groups. Then, we performed a similar one-by-one 

comparison with the spectra of some ungrouped CCs and found two quite reasonable matches that 

we describe in next section [30] (Table 2).  

 

Table 2.  

 

3.1. Comparison with ungrouped carbonaceous chondrites 

 

The reflectance spectrum of 2P/Encke covers the full visible range from 400 nm to 900 nm on 

the detector. Concerning the comparison with other CC groups, the specimens belonging to most 

carbonaceous chondrite groups exhibited very different reflectance spectra. After many attempts 

among the meteorites studied, we found a likely reflectance similarity in one meteorite, named 

Meteorite Hills 01017 (MET 01017). This meteorite was initially characterised as a CV3 (possibly 

reduced) chondrite [31], but due to its anomalous properties was reclassified as a CV3-an 

(MetBull: 88, 2001). In fact, the section used in our work shows evidence of aqueous alteration 

with half of its exterior having a weathered fusion crust with oxidation haloes. The section also 

exhibits mm-sized chondrules quite well preserved and possesses a fractured and weathered 

interior. It also contains metal-rich chondrules and CAIs in a dark matrix of FeO-rich 

phyllosilicates [23]. CV chondrites usually contain a 45% volume of large chondrules with an 

average size of 1 mm, ~40% volume of dark matrix, and a large volume abundance of CAIs of 

~10% [32,33]. The matrices of CV3 chondrites are dominated by fine-grained olivine plus 

phyllosilicates and opaque materials such as metallic iron, sulphides and magnetite [34]. Metal 

grains typically range in size from 50 to 500 nm. Sulphides, up to ~200 µm in size, are usually 

associated with metal, and act as opaque material as well.  

 

Another sample with a spectral behaviour similar to 2P/Encke is Grosvenor Mountains 95551 

(GRO 95551). This meteorite is an ungrouped CC, an unusual metal-rich breccia formed by two 

main types of clasts, chondritic and achondritic. The chondritic clasts consist of a variety of 
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chondrules and chondrule fragments. The mean olivine composition of GRO 9551 is Fa1.3 (21 

analyses) with a range of Fa0.7-3.5 and pyroxene ranges Fs0.7-39.6, Wo0.7-1.6 [35]. The meteorite is 

anomalous with a high metal content and some petrographic peculiarities, like e.g. the presence of 

large silicate nodules, resembling Bencubbin [36,37]. The specimen is of interest, because it might 

be representative of the materials stemming from processed objects [23,32,38]. 

 

As we can see in Figure 1, the spectral slope of the two studied meteorites is compatible with 

that of 2P/Encke. The spectrum of the comet shows shallower slope above 800 nm. It is similar to 

the spectra of primitive asteroids, which are believed to be associated with CCs [14]. Figure 1 

shows that both CC samples and the comet exhibit a common absorption feature at 700 nm. From 

the spectral similarities, a tentative link between 2P/Encke, MET 01017 and GRO 95551 can be 

made. It is noticeable to know that ungrouped chondrites have highly variable spectral properties 

and that the surface of comet Encke was subjected to significant changes due to solar heating [14]. 

 

Figure 1.  

 

Weisberg et al. showed the similarities of Bencubbin and GRO 95551, but they are 

different in olivine compositions, oxygen isotope compositions and presence of interstitial sulfides, 

and also in the siderophile element compositions of the metal [35]. The siderophile element 

composition of GRO 95551 is closer to that of ALH 85085 than to that of Bencubbin [39]. There 

are many of the smaller non-spherical objects in GRO 95551 that show the texture of chondrules. 

The lack of matrix in GRO 95551 could be a sign of rapid accretion, with significant thermal 

processing [40]. Obviously some of these features could be also the consequence of shock 

processing and/or heating in close approaches to the Sun [41]. 

 

Concerning the reflectance spectra of MET 01017, a weaker absorption feature around 470-

520 nm can also be noticed and appears to be compatible with a weak feature also found in the 

2P/Encke reflectance spectrum (Fig. 2). It is important to consider that comet surfaces are probably 

extensively processed due to solar heating and collisional gardening [23]. In addition to the 

reflectance data, additional evidence has been recently obtained by fireball networks, suggesting 

that Taurid bolides associated with the largest 2P/Encke meteoroids could produce meteorites and 

even might contribute significantly to the impact hazard [9,10]. 

Figure 2. 

For the characteristics of the TC, we expect a quite heterogeneous progenitor, and as 

consequence of its short orbital period as an evolved comet, we could also propose a brecciated 

nature as a consequence of collisional gardening [23]. Therefore, a big diversity of anomalous 

meteorites could be expected from a disrupted and brecciated object. Just as an example of the 

outcome of a body subjected to strong collisional processing, we could cite the heterogeneity found 

in Almahatta Sitta ureilite body, containing materials from many different rocky projectiles [42]. 
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3.2. Comparison with grouped carbonaceous chondrites 

Tubiana et al. found that the 2P/Encke reflectance spectrum is similar to the characteristics 

of primitive asteroids [14], which are supposed to be correlated with CCs [23]. For that reason, we 

decided to establish a comparison with the rest of the CC spectra belonging to the chondrite groups 

of CK, CR and CM. All the spectra we have obtained in the laboratory cover the spectrum in the 

400-900 nm range and are included in Figure 3. 

 

CM chondrites probably originated from a hydrated C-rich asteroid [24,43]. Aqueous 

alteration of metal and silicate phases in that volatile-rich body have formed phyllosilicates and 

iron alteration minerals [44]. Absorption band features around 700 nm in Fig. 3a are associated 

with hydrated minerals, so they could disappear after heating the material by, for example, 

collisional processing [45]. As [14] mentioned, by looking at meteorite samples, we think that the 

surface spectra of comets and primitive asteroids could be not representative of their interiors. 

Despite the low overall reflectance, the other absorption features in the 380 to 450 nm region 

indicate insoluble organic matter, while the absorption features in the 450 to 520 nm range exhibit 

the presence of magnetite. The CM carbonaceous chondrites we studied here, Murchison and QUE 

99355, are CM2 chondrites. According to the taxonomic classification scheme [46], there is a 

relation between the CM2 chondrites and asteroids, corresponding to an absorption band in the 

700-750 nm region and an absorption feature near 900 nm (another absorption feature is in 1100 

nm region, although the spectral coverage of this wavelength region is not available).  

 

Figure 3.  

 

 

The CR chondrites belong to one of the major CC groups, with abundant free metal and 

magnetite that are a consequence of aqueous alteration [47,48]. Olivine is the dominant silicate in 

the CR2 and CR3 chondrites [32]. The spectral reflectance of the CR2 chondrite Renazzo shows 

that aqueous processes produce the alteration of olivine and pyroxene to phyllosilicates [46]. 

Concerning the asteroid parent body of the CR chondrites, previous authors have not found any 

good match among the C, G, B, and F asteroids [48,50,51]. It is expected that the typical spectral 

features of the CR2 parent bodies are Fe2+ phyllosilicate, low-Fe olivine absorption features, a 

moderate overall reflectance (⁓8–12%), the presence of weak silicate absorption bands around 900 

and 1100 nm, a weak olivine absorption band at 900 nm, and absent or quite weak Fe3+- Fe2+ 

phyllosilicate absorption bands in the 650-750 nm wavelength range [48]. The CR2 carbonaceous 

chondrites selected here to compare with the spectral properties of comet Encke are EET 92159, 

LAP 02342 and Renazzo. Fig. 3b clearly shows a very different spectral behaviour for the CR 

chondrites compared with 2P/Encke. 
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Concerning the spectral reflectance data for the CK group, we chose three specimens: LAR 

12265 CK5, PCA 82500 CK4/5 and ALH 85002 CK5. This group is of interest here, because a 

previous comparison between CCs and the Eos asteroid family members provided a good match 

[52]. Fig. 3c exemplifies that there is probably not a compositional similitude between comet 

Encke and the CK group. In all figures, the spectra of the meteorites do not show a shallow slope 

beyond 800 nm in contrast to Encke’s spectrum, which is relatively flat beyond the 800 nm region.  

To explain in which way such extremely different objects as meteorites and comets may 

belong to the same TC is of utmost importance. It is well known that meteorites possess typical 

cohesive (tensile) strengths of several MPa (see, e.g., [53] for a compilation), whereas comets are 

extremely weak bodies. The latest estimate of the tensile strength of comets is only ~1 Pa [54, 55, 

56, 57] for length scales above ~1 cm and ~1 kPa for length scales below that [28]. The latter can 

be measured in meteor streams [58, 59], whereas the former is a requirement for the comet to 

become active [60]. Besides this vast difference in cohesion, meteorites and comets also differ in 

porosity. While meteorites exhibit very low porosities of ≤ 20% [61], comets must be highly 

porous, with porosities of ∼ 60 − 80% [53,62,63,64,65].  

All primitive bodies in the Solar System date back to the formation era in which 

protoplanetary dust evolved into planetesimals. In the past years, evidence was gathered that 

comets in general [54,55], comet 67P/Churyumov-Gerasimenko [57, 64] in particular and Kuiper-

Belt object (486958) Arrokoth [63] were formed through the gentle gravitational collapse of a 

cloud of cm-sized “pebbles” (dust agglomerates). If we also apply such a formation mechanism 

for the progenitor of the members of the TC, we can state that its maximum size is constrained by 

several processes: (i) Collisional destruction of the pebbles during the gravitational collapse. 

Experimental and numerical work has shown that a maximum radius of the final object of ∼ 50 km 

is possible, before the pebbles would become collisionally fragmented, which would, thus, lead to 

a cohesive strength so high that dust activity would be impossible. (ii) Lithostatic destruction or 

deformation of the pebbles inside the planetesimal. Given the cohesive strength of the pebbles of 

∼ 1 − 10 kPa [53] and the volume-average lithostatic stress inside a body of radius 𝑅 of 
4

15
𝜋𝜌2𝐺 𝑅2, with 𝜌 ≈ 500 kg m−3 [63] and 𝐺 being the mass density of the body and the 

gravitational constant, we get stresses of 4 (
𝑅

1 km
)

2

 Pa. Thus, the maximum radius before the 

internal stresses destroy the pebbles is 𝑅 ≈ 16 − 50 km. (iii) However, even before the lithostatic 

stress can destroy the pebbles, the tensile strength may rise to values that would render activity 

impossible. It was shown experimentally that about 2.5-3% of the compressive stress remains in 

the body as tensile strength, even after the source for the stress has disappeared [55]. Setting an 

upper limit of 1 Pa for the tensile strength of an active comet, we get an upper limit for the 

progenitor body of 𝑅 ≈ 3 km. We conclude here that the progenitor body of the Taurid complex 

and, thus, comet 2P/Encke and the source of the meteorites, was a rather small body. As it is the 

fate for small bodies in the asteroid belt to eventually get collisionally destroyed, the progenitor 

planetesimal must have originated in a heavily underpopulated region of the young Solar System.  
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Although the modelling of the dynamical evolution from planetesimal to comet and meteorites 

is beyond the scope of this paper, we will try to sketch one possible scenario: during the 

evolutionary process of the Solar System, a high-velocity collision of the planetesimal with a much 

smaller impactor must have locally compacted its near-surface regions [16,68]. To achieve 

porosities ≤ 20% (measured for meteorites [61]), impact speeds of typically 1 km s−1 or above 

are required. If the impactor was sufficiently small, the collision was sub-catastrophic and the 

comet nucleus remained the largest intact post-collisional residue that suffered neither substantial 

compaction nor heating [68], whereas sufficient compaction occurred at the impact site to create 

the low-porosity meteoritic matter [16]. Such evolutionary scenario could be consistent with a 

significant number of ungrouped CCs available in meteorite collections (about a 3% of all CCs 

according to the Meteoritical Bulletin Database: https://www.lpi.usra.edu/meteor/metbull.php). 

These ungrouped CCs are difficult to assign to CC groups because they have experienced 

significant amorphization (graphitization) of their matrices, as we could expect to result from the 

heat and compaction produced by impact shock that in addition could explain their peculiar bulk 

elemental chemistry, with depletion of moderately volatile elements [66]. Whether such a scenario 

is plausible, or even likely, remains the task of future studies.    

 

4. Conclusions 

 

In our search for good meteorite proxies of short period comets, we compared the reflectance 

spectrum of comet 2P/Encke with the spectral characteristics of several CCs. The absence of a 

clear spectral match between 2P/Encke and the previously cited CC groups might be not so 

surprising, given the diversity of rock-forming materials that we expect form C-rich bodies in the 

Solar System. In that sense, the new results achieved by the OSIRIS-REx mission to asteroid 

(101955) Bennu clearly demonstrate that some asteroids are active sources of particles, probably 

evolving not very differently to the apparently inactive members of the TC [70]. These so-called 

“transitional asteroids” produce meteoroid ejections and could possess evolved surfaces exhibiting 

further processing influenced by localized ice sublimation, phyllosilicate dehydration, thermal 

stress fracturing, and secondary impacts by their own ejected debris [70]. Searching for ungrouped 

CCs that have experienced thermal processing makes sense as the reflectance spectra of evolved 

comets, like 2P/Encke, is modelled by the presence of thermally modified minerals, like e.g. 

amorphous carbon, and mixtures of amorphous and crystalline silicates [71]. We found that the 

most common and well established aqueously altered CC groups do not match the spectrum of 

comet 2P/Encke, but two anomalous meteorites might be good candidates to be associated with 

evolved comets. Consequently, we have reached the following conclusions: 

 

- We identified for the first time a type of meteorites that could be associated with evolved 

comets, particularly to comet 2P/Encke and the Taurid complex. We found a good spectral 

match between 2P/Encke and two anomalous CCs. Despite of being featureless CC spectra, 
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some spectral similitudes, together with the spectral slope, are reasonably matching the 

2P/Encke reflectance spectrum. 

- Such a spectral match is not obvious for other CC groups. Comparison with CM, CR and 

CK chondrites exhibits no evidence of compositional similarities with comet 2P/Encke. 

- Further search of the reflectance spectra of other CCs could provide additional insight into 

the real nature, composition and physical properties of periodic comets. Given the low 

albedo and overall dark nature of the surfaces of these objects, the characterisation of their 

rock-forming materials, like is being currently achieved by sample-return missions, is of 

seminal importance to mitigate future Earth encounters with these dangerous projectiles. 

- Finally, we think that a space mission to study comet 2P/Encke, particularly including 

sample return, could be useful to understand the materials forming not only this object, but 

also those, probably active, asteroids associated with the TC.  
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Table 1. List of CR, CM and CK carbonaceous chondrites that were compared to the spectrum 

of comet 2P/Encke in this work.  

 

Meteorites Group Weight (g) 

QUE 90355 CM2 32.4 

Murchison CM2 100 

EET 92159 CR2 67.6 

LAP 02342 CR2 42.4 

Renazzo CR2 1000 

PCA 82500 CK4/5 90.9 

LAR 12265 thin CK5 14.3 

ALH 85200 CK5 438 

 

Table 2. Ungrouped carbonaceous chondrites found in this work to have a reasonable similarity 

with the spectrum of comet 2P/Encke. 

 

             Meteorite Group Weight (g) 

   

MET 01017 

   

CV3-an 

 

238 

 

GRO 95551 
 

 

C-ung 

 

213.3 
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Figure 1. Reflectance spectra from 400 to 900 nm of the two ungrouped chondrites compared with 

the spectrum of comet 2P/Encke (blue line) (from [14]). MET 01017 belongs to the CV3-an 

chondrite group and GRO 95551 is an ungrouped carbonaceous chondrite. All spectra were scaled 

and normalised to 1 at 550 nm. 

 

 
Figure 2.  Reflectance spectra from 400 to 600 nm of the two ungrouped chondrites compared with 

the spectrum of comet 2P/Encke (from [14]). 
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Figure 3. Comparison of reflectance properties of comet 2P/Encke with selected specimens of the 

CC groups. Two CM2 chondrites are compared in (a), three CR2 chondrites in (b) and three CKs 

in (c). All data were normalized to 1 at 550 nm.  


