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Introduction: Characterization of martian 
regolith mineralogy is vital to elucidating igneous 
processes, weathering, and conditions for 
habitability of Mars. Rover and lander mission 
data have provided insight into localized regolith 
minerology [1,2], however the global variability 
of the regolith unit has yet to be fully constrained. 
We have developed a map of global martian 
regolith mineralogy by applying a modified 
Cross, Iddings, Pearson, and Washington (CIPW) 
normative approach [3] to orbital datasets. 
Methods: The modified CIPW methodology 
advanced in [2] relies on Miniature Thermal 
Emission Spectroscopy (Mini-TES) and Alpha 
Particle X-Ray Spectroscopy (APXS) data from 
the Spirit and Opportunity rovers to arrive at a 
comprehensive mineralogy for the landing sites 
of Gusev Crater and Meridiani Planum 
respectively. We adapt this methodology to 
orbital datasets: Gamma Ray Spectroscopy 
(GRS) derived mapped chemistry and Thermal 
Emission Spectroscopy (TES) data. We resolved 
TES data to the 5ºx5º gridded pixel size of GRS 
data and corresponding to regions with a Dust 
Cover Index (DCI) value of >0.95, considered to 
be the threshold of sufficiently dust-free [4]. Used 
in combination, chemical data derived from GRS 
observations and mineralogical data derived from 
TES become powerful tools for comprehensive 
derivation of martian soil minerology. 

GRS data provide abundances for most major 
mineral-forming oxides [5] but does not constrain 
the key oxides P2O5, TiO2, Na2O, MnO, and 
MgO. Thus, prior to developing and running the 
modified CIPW approach, these concentrations 
must be modeled for global Mars. Here we rely 
on mass ratios derived from igneous rocks that 
have been “ratted” (i.e., brushed) by the Spirit and 
Opportunity rovers to reveal the pristine surface. 
We do this for all missing oxides save MgO. 

Once oxide values save MgO have been 
derived, MgO concentrations across Mars are 
determined in two ways:  by mass balance as 
developed in [6] and by regression as developed 
in [7]. Each approach yields different abundances 
for MgO. The mass balance approach relies on 

determining concentrations of all other major 
oxides and solving for MgO wt.%. Regression 
relies on Ca/Si and Mg/Si wt. ratios in meteoritic 
data.  

 
Figure 1. Mg/Si and Ca/Si wt. ratios from 
meteorites used to determine MgO wt.% values 
for global Mars. The green crosses are GRS pixel 
values with Mg determined from the mass-
balance approach, demonstrating the 
methodological deviation. 
 The methods appear separately robust based 
on error calculations; therefore, we use the 
resulting chemical abundance maps to bracket the 
results from the modified CIPW approach, noting 
that the errors for MgO are higher than all other 
oxide abundances. 

Our modified CIPW approach necessitates 
first removing the wt.% of elements present in 
alteration minerals. As in [2], volatiles are 
assumed to be present in the form of alteration 
minerals (i.e. chlorides and sulfates). Equivalent 
values for clay minerals are generated based on 
TES data for illite, montmorillonite, and Ca-
montmorillonite. The equivalent oxide wt.% of 
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these minerals are removed for these and for salts. 
The remaining oxide values are modeled as 
primary igneous minerals; these mineral 
abundances are calculated using a CIPW norm 
[8]. Secondary phases from TES are reintegrated 
to complete the mineralogy for a gridded 5x5º 
pixel. 
Results: The results from this study include full 
mineralogical characterizations of the martian 
regolith at 5ºx5º pixel scales. 

 
Figure 2. Global olivine abundances using mass-
balance derived MgO wt.%. 
 Mineralogical mapping reveals regional 
variations, particularly in modeled olivine 
abundance. Using either mass-balance- or 
regression-derived MgO abundances for the 
modified CIPW norm leads to substantial 
differences in olivine abundances across Mars. 
Olivine appears very enriched in the Tharsis 
region with mass-balance derived MgO (Fig. 2), 
consistent with observations of olivine in this 
region using spectral data [9]. Olivine modeled 
from regression-derived MgO is slightly but not 
substantially enriched in this region. The actual 
composition of the Tharsis region likely falls 
within the bounds set by the two CIPW derived 
values. Discounting olivine, there is substantial 
agreement between the CIPW norms based on the 
two MgO derivation methods. 
Discussion: Derived mineralogy for the Tharsis 
region indicates enrichment in olivine, favoring a 
primitive magma origin for the regional igneous 
materials [10]. Olivine distribution on Mars 
provides insight into 1) heterogeneity of the 
martian basaltic unit and 2) sources of Mg2+ for 
alteration minerals. Primitive flows from Tharsis 
volcanic activity may be responsible for regional 
olivine enrichment, later eroded and distributed 

into a regional regolith unit. Olivine’s higher 
metastability may allow it to be present in local 
sedimentary structures. Enrichment in MgSO4 
supports regional alteration processes, with Mg2+ 
perhaps derived from regionally available olivine 
and S derived from volcanic gases. The 
enrichment in regional Mg sulfates may 
corroborate interpretations of sulfates as a 
cementing agent responsible for regional 
sedimentary structures [11]. 
 
Table 1. Results from modeled mineralogy for the 
Tharsis reion. 
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