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aBstract

Ilmenite (Fe2+TiO3) and geikielite (MgTiO3) are important terrestrial minerals relevant to the 
geology of the Earth, the Moon, Mars, and meteorite samples. Raman spectroscopy is a powerful 
technique that allows for mineral cation determination for the ilmenite–geikielite solid solution. We 
report on a suite of nine samples within the ilmenite–geikielite solid solution and provide context for 
their quantitative interpretation. We compare a univariate Raman peak position model for predicting 
ilmenite composition with a multivariate machine learning model. The univariate model is currently 
recommended, though the multivariate model may become superior if the data set size is increased. 
This study lays the groundwork for quantifying Fe (ilmenite) and Mg (geikielite) within oxide minerals 
using a cheap, portable, and efficient technology like Raman spectroscopy.
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introduction

Ilmenite is an important mineral group on planetary surfaces, 
especially for the Earth, the Moon (e.g., Papike et al. 1976; 
Papike et al. 1991; Lemelin et al. 2013; Surkov et al. 2020), and 
Mars (e.g., Morris et al. 2006). This group of minerals is also 
found in various meteorite samples (e.g., Snetsinger and Keil 
1969; Bunch and Keil 1971). Ilmenite group minerals occur in all 
rock types, making their study broadly relevant. They are mined 
on Earth as an important resource material. Most terrestrial occur-
rences are Fe-rich, with the exception of kimberlites, where Mg 
substitutions exist, acting as a kimberlite indicator (e.g., Wyatt 
et al. 2004). Lunar ilmenite can have Mg substitutions along the 
ilmenite–geikielite solid solution (e.g., Papike et al. 1991; Tokle 
and Robertson 2019; Robertson et al. 2022). Raman spectroscopy 
may act as an important tool in the upcoming decades for lunar 
exploration (e.g., Cloutis et al. 2022) for mineral identification 
and quantification. Notably, ilmenite group minerals provide 
information about lunar magmatic evolution (e.g., Sato et al. 
2017) that affect interpretations of the Moon’s interior. The 
presence of ilmenite in shergottite, nakhlite, and chassignite 
(SNC) meteorites is of note in regard to Mars (McSween 1994; 
Rull et al. 2004; Wang et al. 2004). Ilmenite group minerals 
contain valuable compositional information relevant to oxygen 
fugacity and mineral stability (e.g., see Szymanski et al. 2010 
for applicability to Mars). Overall, characterizing the composi-
tion of ilmenite on Earth and remote planetary bodies informs 
geologic interpretations and resource identification (e.g., Heiken 
sand Vaniman 1990).

There is a solid solution between ilmenite (Fe2+TiO3) and 
geikielite (MgTiO3), as well as with other minerals like pyroph-
anite (MnTiO3) at high temperatures. Here, Raman spectroscopy 
is used to measure the composition of synthetic samples covering 
the solid solution between ilmenite and geikielite. The cation 
ratio of Fe to Mg [%ilmenite = (100 × Fe)/(Mg + Fe)] affects the 
positions of the Raman peaks, allowing for the prediction of the 
mineral compositions. This investigation lays the groundwork 
for quantifying the cation ratio for the ilmenite–geikielite solid 
solution using Raman spectroscopy.

Background

Ilmenite and geikielite have three acoustic modes and 27 
optical modes. Of these, 10 major Raman spectroscopy bands for 
ilmenite group minerals occur in the common measurement range 
from 200 to 800 cm–1. These Raman features are caused by the 
combination of 5Ag and 5Eg modes (Tibshirani 1996; Okada et 
al. 2008). One of the Ag bands, located between ~681–715 cm–1, 
is primarily utilized here.

This work builds on previous studies focused on X-ray 
diffraction and visible and near-infrared calibrations for the 
ilmenite–geikielite solid solution using many of the same samples 
(Tokle et al. 2018; Tokle and Robertson 2019). Electron micro-
probe and X-ray diffraction are important tools for distinguishing 
the mineralogy of the ilmenite–geikielite solid solution. Our 
well-characterized synthetic mineral samples provide a unique 
opportunity to evaluate compositional differences within the 
ilmenite mineral group using Raman spectroscopy, a more ac-
cessible and less expensive tool.

Over the last 50 years, a wide variety of studies have investi-
gated ilmenite minerals using Raman spectroscopy. Early work 
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