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Introduction: Linear least squares unmixing of in-

frared spectra is a fast and effective way to spectrally 

estimate the modal mineral abundances of laboratory 

samples and remotely-sensed surfaces to within 5% on 

average [e.g., 1]. This technique has been applied to 

spectra of whole rocks, coarse particulates, meteorites, 

and the Martian surface to successfully determine modal 

abundances [e.g., 1-3]. With the recent arrival of 

NASA’s OSIRIS-REx spacecraft to asteroid 101955 

Bennu, the OSIRIS-REx Thermal Emission Spectrome-

ter (OTES) has been providing a wealth of data to inter-

pret using spectral unmixing techniques [e.g., 4]. 

The assumption of linear spectral unmixing allows 

for the deconvolution of a mixed spectrum if the indi-

vidual spectra and particle sizes of the pure end mem-

bers are present within a spectral library. By implement-

ing a weighted linear least squares (WLS) unmixing al-

gorithm, one is able to deconvolve these mixed spectra 

into areal percentages of each endmember with the un-

derlying assumption that this then corresponds to the 

volume percentages [e.g., 1-3]. At thermal infrared 

(TIR) wavelengths, end member spectra of coarse par-

ticulates combine linearly due to high absorption coef-

ficients and relatively small mean optical paths, which 

limits most of the volumetric scattering [e.g., 1-3]. Lin-

earity in the TIR region continues as particle size de-

creases until the wavelength of light approaches the par-

ticle size, at this point particles become optically thin 

and non-linear behavior (e.g., volumetric scattering) is 

observed. However, Ramsey and Christensen [1] 

demonstrated that when unmixing fine particulates (10 

– 20 m) with a spectral library of end members at the 

same particle size linear unmixing can still be used to 

estimate modal mineral abundances.  

In this study we investigate the effectiveness of a lin-

ear least squares unmixing approach to estimate mineral 

abundances for samples dominated by fine particulates 

(< 38 m). We use a WLS algorithm and a spectral li-

brary of fine particulate pure minerals to unmix spectra 

of a suite of fine particulate, primitive asteroid analogs. 

Results from this investigation have implications for the 

interpretation of spectral observations of primitive as-

teroids that have a layer of fine particulate regolith. 

Data and Methods: Here we used TIR spectra of a 

suite of physical mixtures and meteorites obtained un-

der ambient (Earth-like) and simulated asteroid environ-

ment (SAE) conditions collected as a part of the 

OSIRIS-REx blind test [5]. The fine particulate mix-

tures include minerals, metals, and organics in abun-

dances that are representative of those in chondritic me-

teorites [5]. Mineral phases that went into the mixtures 

contained 85% by weight fine particles (< 38 m) and 

15% by weight coarse particles (38-105 m). The mete-

orite samples were crushed to three particle sizes (105-

150 m, 38-100 m, and < 38 m) and then combined 

in proportions expected for impact gardened regolith 

[5]. Our spectral library includes spectra of fine partic-

ulate end members San Carlos olivine, Kakanui augite, 

Johnstown enstatite, calcite, saponite, magnetite, 

troilite, spinel, pyrrhotite, cronstedtite, and albite [5]. 

We also added a blackbody end member to the spectral 

library [6]. 

We unmixed blind test spectra using a WLS algo-

rithm to determine end member abundances. This algo-

rithm is based on previous linear least squares algo-

rithms [e.g., 1-3]. In the WLS algorithm the residuals 

are weighted by the square of the known uncertainty in 

the measurement at each wavelength corresponding to 

 
Figure 1. The model fits (WLS = Weighted Least Squares 

(top panel), STO = Sum-to-One Constraint (middle panel), 

PKA = Prior Knowledge of Abundances Constraint (bottom 

panel)) to the anhydrous ambient Bruce spectrum from [5].  
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the diagonal entries of the covariance matrix. Thus, 

more precise measurements are weighted more heavily 

in the unmixing. We also applied modified versions of 

the WLS algorithm, including a sum-to-one constraint 

based on a model by Heinz and Chang [7], and a prior 

knowledge of abundances algorithm based on the work 

by Rodgers [8], to the spectral data. The prior 

knowledge of abundances information was obtained 

from Table 1 of the OSIRIS-REx blind study data [5] 

and the uncertainty was set to 10−8 to avoid a singular 

matrix. In general the RMS error increases by an order 

of magnitude of 10−2 for the WLS and sum-to-one con-

straint algorithms compared to 10−1 with the inclusion 

of prior information. We chose to run multiple algo-

rithms on the same spectral data set to explore the effec-

tiveness of the various models.     

Results: Linear unmixing results for the ambient 

measurements of the anhydrous physical mixtures (mix-

tures compositionally dominated by olivine) are shown 

in Figures 1 and 2. In general, the WLS and sum-to-one 

WLS algorithms provided good model fits with an av-

erage RMS error of ~0.0167 across the TIR spectral 

range. However, the abundance of olivine was underes-

timated by 10-30% on average, the pyroxene and albite 

phases were commonly not included in the fits, and 

troilite, spinel, pyrrhotite, and cronstedtite were com-

monly modeled even though they are not present in the 

mixtures. Similar results were found for the SAE meas-

urements of the anhydrous physical mixtures with oli-

vine being underestimated by even larger amounts 

(~40% on average). 

Linear unmixing results for the ambient hydrated 

mixtures (mixtures compositionally dominated by phyl-

losilicates) show good model fits with an average RMS 

error of ~0.0139 across the TIR spectral range. Again 

the main mineral phase, in this case saponite, is under-

estimated by 30-50% on average whereas minor mixture 

phases (e.g., troilite and magnetite) were not modeled 

and phases not present in the mixtures (e.g., enstatite, 

spinel, and cronstedtite) were modeled. Results for the 

SAE measurements showed poorer fits overall to the 

spectra with an average RMS error of ~0.0146, and sim-

ilar underestimates of saponite. 

Linear model fits to ambient and SAE measurements 

of the chondritic meteorites showed an average RMS er-

ror of ~0.0276 for ambient and ~0.0262 for SAE mete-

orites and poorer fits especially when compared to the 

model fits for the anhydrous mixtures. This is likely due 

to the fact that the terrestrial and extraterrestrial mineral 

end members included in the spectral library are not 

truly representative of the mineral phases present in the 

chondritic meteorites investigated here [e.g., 5]. This is 

particularly true for the terrestrial phyllosilicate end 

members in the spectral library. Additionally, only one 

composition is provided for each of the dominant min-

eral phases even though it is known that these composi-

tions can vary between meteorite types. 

Conclusion: The WLS algorithm we used in this in-

vestigation underestimated the modal abundances of the 

dominant mineral phases in all of the physical mixture 

and meteorite spectra. Minor phases in the mixtures and 

meteorites (abundances ≤ 5%) were typically not mod-

eled, which is not surprising given the uncertainties in 

the technique shown previously [1-3]. Additionally, 

phases not present in the mixtures were commonly se-

lected to account for spectral slopes and small spectral 

features, and to reduce the albedo and the spectral con-

trast of features of the mineral phases in order to get the 

best mathematical fit. Spectral unmixing of fine partic-

ulate (e.g., samples dominated by non-linear behavior) 

spectra continues to be an area of research in need of 

more investigation. In the future, we will focus on mod-

eling only portions of the TIR spectral region (e.g., re-

gions dominated by surface scattering) to investigate if 

this improves the modal abundance estimates. In the ad-

dition, we plan to explore the effectiveness of non-linear 

mixing models such as the Mie/Hapke hybrid model 

[e.g., 9,10]. 
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Figure 2.  The RMS error for each spectral unmixing algo-

rithm applied to the ambient spectra of the anhydrous mix-

tures [5].  
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