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Introduction: D-type asteroids are one of the  

most unique, complex, and compelling mysteries in the 

Solar System. Very little is known about their for-

mation location, formation conditions, dynamic evolu-

tion, or surface mineral chemistry. These low albedo 

objects are extremely to detect and observe from Earth, 

and those which have been observed revealed no min-

eral absorption features to aid in constraining surface 

mineralogy.  

Although no spacecraft has ever visited one and 

there are no confirmed samples of D-types in the ter-

restrial meteorite collection, there may be analogs 

found in interplanetary dust particles (IDP) [1]. D-

types may or may not be related to comets [2, 3], outer 

planet satellites [4-6], Trans Neptunian Objects (TNO) 

[5, 7, 8], Kuiper Belt Objects (KBO) [9, 10], or the 

recently discovered interstellar visitor 1I/2017 U1, 

“Oumuamua” [11-13]. The presence of dark, spectrally 

red material in multiple classes of outer Solar System 

bodies implies the existence of a presently unknown 

cosmo-chemical connection between them.  

This focus of this project was to determine if a 

plausible D-type surface mineralogy model could be 

constructed using radiative transfer theory. Shkuratov 

theory, an empirical method, calculates modeled sur-

face reflectance from four inputs: an actual spectrum; 

the wavelength range; specified minerals and abun-

dances; and refractive indices for the specified miner-

als [14]. This method has been used successfully over 

the years for multiple asteroids [15-19], including 

(10199) Chariklo a D-type Centaur [20]. 

Methodology:  

A model using a combination of Interactive Data 

Language (IDL) and Python based code was developed 

based on a high-level specification written specifically 

for this project. A key assumption was the use of min-

eralogy of the ungrouped chondrites Tagish Lake  

(TLM), WIS 91600, and MET 00432 as the basis for 

surface chemistry due to established belief a D-type 

asteroid is the possible parent body of these meteorites 

[21-26]. Mineralogically well-constrained samples of 

TLM provided the base set of mineral inputs for the 

model [24, 27, 28]. These include magnesium-

saponite, serpentine, siderite, calcite, magnetite, gyp-

sum, dolomite, and several others. A group of spectral 

darkening, brightening, or reddening agents used in 

compositional modeling studies of featureless bodies 

such as tholin, enstatite, H2O ice, CO2 ice, iron pow-

der, or metallic iron were included. Finally, common 

meteoritic minerals such as olivine and pyroxene com-

plete the list.  

Model testing, using varying mole fractions of oli-

vine and TLM samples from Izawa et al, [27, 28] pro-

duced model spectra with excellent fits to the actual 

materials tested. Twenty-three D-type asteroid spectra 

covering the VNIR wavelength range (0.7-2.5 μm) 

were newly acquired from the NASA Infrared Tele-

scope Facility (IRTF) using the SpeX instrument be-

tween 2016-2019. Another fifty-eight VNIR D-type 

spectra, also obtained using IRTF and SpeX, were pro-

vided though the literature [29-31]. Of the 81 D-types, 

54 are Jupiter Trojans, with the balance distributed 

between Inner and Outer Belt, save for a single near-

Earth asteroid and a single Centaur. The asteroid spec-

tra were run through the Shkuratov model using a 

specified set of minerals and opaques to produce a 

model spectrum with a goodness of fit measurement 

and an uncertainty. Iterations were performed on each 

asteroid spectrum until the best fit model was found.  

Results & Discussion:   

Model Output. The general best-fit results from the 

subject D-types suggest a surface of abundant phyllo-

silicates and opaques coupled with low-iron (either 

Fayalite10 or Fayalite17) olivine (Table 1). Approxi-

mately half of the asteroids achieved best-fit model 

results with small amounts (<~3%) of water-ice. These 

results are generally consistent with prior discussion 

from the literature [20, 32, 33]. Two Outer Belt D-

types with albedo >0.1 achieved best fit using ~1% 

enstatite in addition to the previously specified miner-

als, again consistent with previous work [34].  

Statistical analysis of model results found a nega-

tive correlation between pyrrhotite abundance and 

semi-major axis (α) (r(79) = -.337, P = <.01) and a 

positive correlation between tholin abundance and (α) 

(r(79) = .223, P = <.05). This may account for spectral 

variations observed in the VNIR range for D-types 

based on Solar System location.  

Model Performance. The model performance was 

generally good with best performance occurring at 

wavelengths <~2.0 μm. Root mean squared error 

(RMS) was calculated for each asteroid’s best fit mod-

el and ranged from ± 0.0089 – 0.0839 with a mean 

RMS of ± 0.0357.  

Areas of potential improvement to the model in-

clude, automation of the fitting process, expansion of 
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the dataset to include the full complement of D-type 

spectra, additional minerals, more flexibility with grain 

size (fixed at 50 μm) as well as porosity, and most im-

portantly, more refined refractive indices. 

 

Table 1: Model abundance ranges for surface compo-

sition of 81 D-type asteroids. Note: Best fit models for 

individual asteroids contain either Fay10 (N=72) or 

Fay17 (N=9). 

Mineral Low High Mean 

Std. 

Error 

(±) 

Ol Fay10 1.00% 12.00% 6.97% 0.03 

OL Fay17 3.00% 8.51% 5.90% 0.03 

Saponitemg 44.00% 56.95% 50.26% 0.02 

Serpentine 0.00% 3.00% 1.07% 0.01 

Magnetite 6.50% 12.55% 9.04% 0.01 

Siderite 6.00% 13.10% 10.48% 0.01 

Calcite 0.00% 10.93% 2.61% 0.03 

Pyrrhotite 7.00% 24.53% 15.26% 0.03 

Ice 0.00% 3.80% 0.71% 0.01 

Dolomite 0.00% 3.27% 0.34% 0.01 

Tholin 0.00% 12.45% 3.36% 0.03 

Other 0.00% 2.23% 0.04% 0.00 

 

Conclusions & Implications: The work conducted 

in this study determined the mineralogy of TLM is 

appropriate as a foundation for modeling the surface of 

D-type asteroids using VNIR asteroid spectra. That 

TLM samples represent a demonstrably close analog to 

D-type spectra has been observed and confirmed by 

multiple workers for close to two decades. The miner-

als used in the models for this work are representative 

of what would be found in the proposed formation 

location for these targets. While there are other miner-

alogic combinations which can approximate the ob-

served spectra of the 81 targets, they would likely con-

tain metallic iron, enstatite, or darkening agents in 

abundances that are unrealistic based on observed 

characteristics.  

NASA’s Lucy mission, scheduled for a 2021 

launch, will be the first spacecraft to visit the Jupiter 

Trojans, including two D-types. The surface models in 

this work represent first approximations of D-type sur-

face composition and will provide positive guidance to 

aid completion of the mission’s science objectives. 

Acknowledgements: The authors would like to 

thank Brian Burt and Szilard Galay for developing the 

code nuclei on which our model code is based. We  

express our deep gratitude to Francesca DeMeo and 

Joshua Emery who generously provided their IRTF D-

type spectra and invaluable guidance to improve our 

understanding of D-types and Jovian Trojans. We 

would also like to thank Paul Abell, Wayne Bar-

khouse, and Michael Gaffey for their insightfully hon-

est critical feedback. We are also immensely grateful 

to James Casler, at the University of North Dakota, for 

his creative leadership, sincere support, and executive 

oversight.  

 

References:   

[1] P. Vernazza, et al., The Astrophysical Journal, 806 

(2015) 204. [2] P.A. Abell, et al., Icarus, 179 (2005) 

174-194. [3] R.P. Binzel, et al., in: P. Michel, et al. 

(Eds.) Asteroids IV, The University of Arizona Press, 

Tucson, AZ, 2015, pp. 243-256. [4] B.J. Buratti, J.A. 

Mosher, Icarus, 115 (1995) 219-227. [5] T. Grav, et 

al., Icarus, 166 (2003) 33-45. [6] F. Vilas, et al., Icarus, 

180 (2006) 453-463. [7] B.J. Buratti, et al., Icarus, 175 

(2005) 490-495. [8] H.F. Levison, et al., Nature, 460 

(2009) 364-366. [9] C. Defouilloy, et al., Earth and 

Planetary Science Letters, 465 (2017) 145-154. [10] 

M. Yamanobe, et al.,  47th Lunar and Planetary Science 

Conference, The Woodlands, TX, 2016. [11] A. 

Fitzsimmons, et al., Nature Astronomy, 2 (2018) 133-

137. [12] K.J. Meech, et al., Nature, 552 (2017) 378. 

[13] D.E. Trilling, et al., The Astronomical Journal, 

156 (2018) 261. [14] Y. Shkuratov, et al., Icarus, 137 

(1999) 235-246. [15] B.J. Burt, et al.,  American 

Astronomical Society, Boston, MA, 2014. [16] R.P. 

Binzel, et al., Icarus, 200 (2009) 480-485. [17] J.-P. 

Combe, et al., Icarus, 259 (2015) 21-38. [18] F. Poulet, 

et al., Icarus, 253 (2015) 364-377. [19] A.S. Rivkin, et 

al., Icarus, 216 (2011) 62-68. [20] A. Guilbert-

Lepoutre, et al., Astronomy & Astrophysics, 501 

(2009) 777-784. [21] M.A. Barucci, et al., Monthly 

Notices of the Royal Astronomical Society, 476 (2018) 

4481-4487. [22] J.P. Emery, S.S. Lindsay,  American 

Geophysical Union, Fall Meeting 2013, San Francisco, 

CA, 2013. [23] T. Hiroi, et al., Science, 293 (2001) 

2234-2236. [24] M.R.M. Izawa, et al., Icarus, 254 

(2015) 324-332. [25] T. Nakamura, et al., Meteoritics 

& Planetary Science, 48 (2013) A258. [26] T. Hiroi, et 

al.,  36th Lunar and Planetary Science Conference, 

League City, TX, 2005. [27] M.R.M. Izawa, et al., 

Meteoritics & Planetary Science, 45 (2010) 675-698. 

[28] M.R.M. Izawa, et al., Planetary and Space 

Science, 58 (2010) 1347-1364. [29] F.E. DeMeo, et al., 

Icarus, 202 (2009) 160-180. [30] J.P. Emery, R.H. 

Brown, Icarus, 164 (2003) 104-121. [31] J.P. Emery, et 

al., Astronomical Journal, 141 (2011) 1-18. Article ID: 

25. [32] J.P. Emery, et al., Icarus, 182 (2006) 496-512. 

[33] A. Guilbert-Lepoutre, Icarus, 231 (2014) 232-238. 

[34] M.S. Kelley, M.J. Gaffey, Meteoritics & Planetary 

Science, 37 (2002) 1815-1827.  

1881.pdf51st Lunar and Planetary Science Conference (2020)


