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    Introduction: Thermal infrared (TIR, ~5-50 µm, or 
2000-200 cm-1) emission spectroscopy is a powerful 
technique in planetary surface composition studies and 
has been widely used for remotely material abundance 
estimations relied upon the assumption of linear mix-
ing of endmembers. The linear deconvolution method 
in the TIR emission spectra was developed by [1] with 
laboratory particulate mixture data and improved by 
[2] using a non-negative least square fitting routine 
rather than an iterative approach. This linear spectral 
model has not only been applied to natural igneous and 
metamorphic rock samples [3-5] as well as sedimen-
tary rocks [6] to evaluate the mineral abundance 
estimation accuracy, but also been broadly used in the 
Mars remote sensing community for analysis of 
Thermal Emission Spectrometer (TES) and mini-TES 
data to quantify the Martian surface mineralogy. 

Although the linear spectral deconvolution has been 
considered as a viable method to acquire quantitative 
mineralogy for remote sensing datasets, the 
application of this method has only been constrained 
to samples with grain size larger than ~60 µm. This 
grain size threshold was suggested by [1] from 
laboratory particulate samples and corroborated by 
natural rocks with acceptable accuracy for samples 
composed of coarse grains [3-5] while larger errors for 
fine grained sedimentary rocks [6]. In order to tackle 
the nonlinear spectral mixing problem for fine 
particulates in the thermal infrared because of multiple 
scattering, several works have attempted to capture the 
particle size effects on the emission spectra depending 
on light scattering models (e.g., [7, 8]). While different 
extent of success has been achieved by these works, a 
variety of challenges still present, such as simplifying 
model and parameter assumptions [7], high 
computational cost [8], and difficulties on optical 
constants acquisition for low symmetry minerals in the 
thermal infra-red wavelengths [9].  

While it’s suggested that the linear spectral mixing 
fails when particle size below ~60 µm, previous 
studies also showed that the linearity remains to 10-20 
µm size fractions when appropriate endmember spec-
tra for corresponding mixtures are used [1]. In addi-
tion, the limited number of natural rock samples 
provided valuable assessment for this linear algorithm 
[3-5], however, they are not representative enough to 
support the wide application of this method on Mars 
remote sensing datasets because the Martian surface is 
not only composed of rocks and coarse particulates but 

also has a significant faction of areas covered by 
inhomogeneous sized particulates, dust layers, thin 
alteration coatings, and cements. To date, the potential 
suitability to what degree of the linear mixing method 
for fine particulates and complicated mixtures has not 
been well explored. Furthermore, it is not practical to 
fully characterize the spectra of all kinds of 
geologically complicated surfaces purely in the lab. 
Therefore, an alternative modeling approach for 
simulating emission spectra from complex mixtures 
and determining component abundances is warranted. 

This work presents a Radiative Transfer Monte 
Carlo Emission (RT-MCE) model that can simulate 
TIR emission spectra for a single mineral of various 
particle sizes with and without the use of optical 
constants. With the availability of spectra for each 
endmember, this model is able to simulate spectra of 
mixtures in designed sample configurations. The 
results from this model are then compared with 
laboratory measurements and linear simulations to 
assess the capability of this Monte Carlo emission 
model and evaluate the limits and uncertainties of the 
traditional linear spectral mixing model. 

Methodology: Laboratory Measurements: To build 
a broad and robust dataset that can be used for the 
validation of the RT-MCE model and for direct eva-
luation of the uncertainties of the linear deconvolution 
model, we acquired emissivity spectra of several min-
eral phases common to terrestrial and Martian surfaces 
with a variety of size fractions, and a series of mineral 
mixtures composed of these pure endmembers. All 
spectra were acquired with an FTIR spectrometer in 
Planetary Instrumentation eXperimentation and 
Exploration Laboratory (PIXEL) at Northern Arizona 
University following the methods of [10]. 

Model Description: The TIR RT-MCE model used 
in this work is inherited from [11], which was 
originally developed for the in visible-near infrared 
wavelength region. The developing RT-MCE model 
simulates the interaction of emission photon with 
individual grain in a 3D grid environment. The 
medium is composed of a large number of grains with 
a given grain size distribution, and each grain is 
characterized by the position coordinate in the grid, 
diameter, and corresponding scattering properties. The 
scattering properties of each grain can be calculated 
from optical constants or derived from emissivity 
spectra of the bulk sample. The source photons are 
directly emitted by individual grain, and the photons 
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are then scattered or absorbed with next grain, 
depending on the scattering properties of the grain, 
until some of these photons reach the “detector”. With 
enough number of simulations, a statistically stable 
result will be achieved. 

Results and Discussions: The RT-MCE model was 
first tested on a single mineral, calcite, with different 
particle sizes using emissivity spectra from ASU 
spectral library as inputs. Figure 1 shows that the 
model can perfectly reproduce the laboratory spectra 
and well simulate the grain size effects on spectra. 
Although it’s an efficient way to simulate spectra with 
great accuracy, it requires the availability of emissivity 
spectra for the individual phase. 

 

 
Figure 1. Modeling emissivity spectra of calcite with three 
size fractions along with laboratory spectra from ASU 
spectral library. 
 

Then the RT-MCE model was tested on two sets of 
binary mixtures (labradorite and diopside, hematite 
and quartz) with grain sizes larger than 500 µm. 
Laboratory spectra of these two sets of mixtures, linear 
spectral adding of endmembers, and RT-MCE 
modeling results are shown in Figure 2. Same as the 
simulation for a single mineral presented above, the 
emissivity spectra of these endmembers were used as 
inputs for RT-MCE model. Based on these results, 
although there is no significant difference between 
RT-MCE model and linear mixing method for 
labradorite-diopside mixtures, the RT-MCE model 
produces closer results to laboratory spectra than the 
linear mixing method for hematite-quartz mixtures. 

Finally, to investigate the current state of the art 
spectral deconvolution model, which is widely used 
for analysis of Martian TIR remote sensing data, the 
two sets of mixtures were analyzed using the above 
model. The deconvolution results are shown in Table 
1. From these laboratory measurements and modeling 
results, it is evident that the linear mixing can produce 
consistent results for mixtures with endmembers 
having similar spectral features (labradorite and 
diopside share overlapping silicate vibration band 
between 1200-800 cm-1). However, when the mixtures 
are composed of endmembers with distinct spectral 
features, such as hematite and quartz, linear mixing 

causes large errors on the mineral abundance 
estimations. Therefore, the application of linear 
unmixing needs to be fully explored and reevaluated. 
Alternatively, RT-MCE model shows promising 
potential to retrieve the mineral abundances. 
 

 
Figure 2. Emissivity spectra of labradorite-diopside 
mixtures (left) and hematite-quartz mixtures (right) 
measured in the lab and modeled with linear mixing and RT-
MCE model, respectively.  
 

Table1. Linear deconvolution results for the two sets of 
mixtures. 

Labradorite % Diopside % Hematite % Quartz % 
Lab Modeled Lab Modeled Lab Modeled Lab Modeled 
90 89.98 10 10.02 90 94.27 10 5.73 
70 59.97 30 40.03 70 80.14 30 19.86 
50 52.48 50 47.52 50 59.28 50 40.72 
30 20.5 70 79.5 30 50.69 70 49.31 
10 2.47 90 97.53 10 28.78 90 71.22 

 

Future works: With the initial success of the RT-
MCE model simulating emissivity spectra for single 
mineral of various size fractions and binary mineral 
mixtures with distinct spectral features, future studies 
will consist of 1) continuing to validate this model to 
simulate emissivity spectra with optical constants; 2) 
simulating spectra of various mixtures with a range of 
endmembers and a variety of grain sizes; 3) expanding 
the application of this model to more complicated 
mixtures such as layers, coatings, and cements; and 4) 
reversing the model to unmix the remote sensing 
datasets. 
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