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Abstract For many regions on Mars, the surface composition and its geological history have been
debated in the literature. Because of the limited surface coverage of in situ measurements, either new data
or new processing methodologies are required to get a better understanding of the Martian geology. This
paper presents the results of a multivariate, unsupervised, analysis on underutilized CRISM (Compact
Reconnaissance Imaging Spectrometer) multispectral mapping mode data set for surface type analysis. The
devised summary products of Pelkey et al. (2007) and Viviano‐Beck et al. (2014) are averaged for the CRISM
~5° × 5° mosaic grids and used to analyze the variability in this data set. The averaged summary product
values are studied using correlation coefficients calculated between summary products, as well as the
correlation with dust coverage and elevation. The degree of correlation is used to interpret the summary
products for the global distribution of mafic and secondary minerals and the effect of external factors such as
ice, atmosphere, and dust coverage. With unsupervised clustering, all grid pixels are classified based on
the spectral variability. These clusters are plotted as global maps and interpreted for geological variations in
the CRISM data. Some clusters spatially correspond with previously recognized compositional distinct
regions Northern Lowlands, Southern Highlands, Meridiani Planum, Syrtis Major, and Nili Fossae. Several
other clusters are described here for the first time such as Solis Planum, Ophir Planum, and Hellas Basin.
These regions cover known geological units, but the interpretation of the spectral variability is uncertain
whether it relates to geological or external factors.

Plain Language Summary Of all planets in the Solar System, Mars has a geological history most
similar to Earth. The multiple missions to Mars carrying different instruments has taught us a lot about
the geology of Mars. But for many regions, there is no published consensus on what geological process
relates to the differences in surface composition. This study uses an instrument, which has rarely been used
for global geology studies. The images aremademainly in the infrared light, in which, among others, specific
volcanic and alteration minerals can be detected. Based on these images, we have defined several surface
types, which have unique values calculated from the infrared data set (spectral parameters). Several of these
surface types are similar to those defined with other orbital instruments and are known for their unique
geological composition. Others are described here for the first time and are discussed whether these can be
described for a unique local geology or the influence of external factors, such as the atmosphere and dust, on
the spectrum.

1. Introduction

To make the most accurate reconstruction of the global surface composition and geological history of Mars,
information is required from all available orbital instruments. So far, the global mapping data of CRISM
(Compact Reconnaissance Imaging Spectrometer) has rarely been used for global surface analysis.
Shallow absorption features in reflectance spectra and differences between orbital observations complicate
the use of this data set. Nevertheless, it is thought that this data set can provide important information to
understand Mars's global geology.

Most global surface composition studies that use infrared spectroscopy are performed with the TES
(Thermal Emission Spectrometer) (Bandfield et al., 2000; Rogers et al., 2007) and OMEGA (Observatoire
pour la Minéralogie, l'Eau, les Glaces et l'Activité) instruments (Bibring et al., 2006; Ody et al., 2012; Riu
et al., 2019). Based on the analysis with both instruments, the general composition of Mars is estimated to
be of basaltic to andesitic composition, with pyroxene, olivine, and feldspar as primary minerals
(Ehlmann & Edwards, 2014; McSween et al., 2009). Additional geological processes contributed to the
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presence of secondary minerals such as clays, sulfates, ferric oxides, and carbonates (Carter et al., 2013;
Ehlmann & Edwards, 2014). The mineralogical composition is directly related to the climatic and geologic
conditions during their formation and is therefore of importance to reconstruct the geological history.

The CRISM spectra are analyzed by using so‐called summary products, which help to infer the presence of
differing minerals by identifying important spectral features in the wavelength range between 0.4 and 4 μm.
These products have been developed for the CRISM data by Pelkey et al. (2007) and later revised by
Viviano‐Beck et al. (2014). Spectral features include band depths, spectral peaks, spectral band indices
and ratios, spectral slope, and reflection values related to the compositions' absorption spectral features
(see Table S1.1 in the supporting information). Each of the products can be interpreted for specific mineral-
ogy or surface property, although some have caveats for atmospheric conditions. Earlier studies showed that
these products could highlight the presence of both the primary and secondary minerals (Pelkey et al., 2007;
Viviano‐Beck et al., 2014).

The Pelkey products have been previously calculated and analyzed from the global mapping CRISM data
(Pelkey et al., 2007). The later Viviano‐Beck products, however, are often used for the targeted CRISM obser-
vations. Because of the earlier described complications, the applicability of these later products for the multi-
spectral reduced data record (MRDR) data set is published here for the first time. A visual and statistical
comparison is done between the products of Viviano‐Beck et al. (2014) and those of Pelkey et al. (2007)
and other global mineral maps based on the data of the OMEGA and TES instruments.

The radiometric differences between orbital observations are addressed here by averaging the used summary
products for a grid of circa 5° × 5°, where each grid tile is the size of the mosaic tile of the MRDR data set.
Another advantage of using the resampled grid data is that the resolution provides a good balance between
spatial coverage and spatial resolution on a global scale.

Figure 1. Flowchart of the methods presented in this study. Numbers above boxes indicate the section where the
methodology is described in detail. Parallelograms indicate data sets, rectangle processes, and circles results.
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An unsupervised clustering analysis will give an overview of the variability in the data set. The surface com-
position of these clusters and the potential geologic processes that formed themwill be interpreted. The sum-
mary products are studied for correlations and anticorrelations between each other and between external
data sets such as the digital elevation of the Mars Orbiter Laser Altimeter (MOLA) and the dust coverage
index of the TES instrument. By studying the individual summary product maps in combination with the
correlation coefficients, the global distribution of the summary product values is interpreted to understand
their potential influence from mineralogy and also from possible other factors such as dust coverage and
atmospheric thickness. The combination of the detectable minerals and the almost complete global coverage
of the data set (Seelos & Murchie, 2018) makes the CRISM MRDR data set valuable for global surface clas-
sification. Using the global data set as input for this clustering analysis approach ensures that most diverse
range of possible geological land covers are included.

2. Method and Data

The methodology of this study includes several successive analyses: testing for correlations between the
summary products and surface type classification and finding the relationships between the surface types
and summary products. These analyses are summarized in the flowchart in Figure 1. In the following sec-
tion, the CRISM multispectral data set is introduced (section 2.1), followed by what data‐preparation has
been done prior to the statistical analysis (section 2.2), with the statistical analysis described in the last sec-
tion (section 2.3).

2.1. CRISM Multispectral Data Set

The CRISM instrument is an imaging spectrometer on the Mars Reconnaissance Orbiter, which operates in
the visible‐/near‐infrared wavelength range from 0.36 to 3.93 μm. The instrument has three types of obser-
vation modes: a targeted mode, a multispectral mapping mode, and an atmospheric mode (Murchie
et al., 2007). The mapping mode, which is used for this study, corresponds to 73 wavelength channels with
a spatial resolution of ~200 m/pix. Out of these 73 channels, 55 were measured by the infrared detector and
18 measured by the visible‐/near‐infrared detector, which both work in parallel. The data set with these
strips is also referred to as the Multispectral Reduced Data Record (i.e., MRDR). The latest estimation of glo-
bal coverage is ~87% and approximately 80% coverage around the equator, with ~45% coverage having
repeated sampling (Seelos &Murchie, 2018). MRDR includes image data of I/F (radiance/irradiance), reflec-
tance, Lambertian albedo, summary products, and derived data records information, such as incidence,
emission, phase angle, and surface temperature (Murchie et al., 2007). The MRDR data were made available
on the planetary data system (PDS) of NASA, as individual strips and as mosaic tiles of 5° × 5°. The analyses
in this study are all performed on the mosaic tiles. Both the Pelkey summary product mosaic tiles and albedo
mosaic tiles used for our analyses are PDS version 3 from 2009.

Although theMRDRmosaic tiles are available for all latitudes, only the CRISM tiles between 67.5° north and
south latitudes were used in this study. It is expected that this coverage is less affected by seasonal changes of
ices in the polar regions and therefore we try to minimize the ice contribution to the CRISM spectra (Smith
et al., 2001).

Spectral features in the CRISM wavelength range were described by spectral parameters, which are also
called summary products (Table S1.1 in the supporting information). These products are developed by
Pelkey et al. (2007) and Viviano‐Beck et al. (2014) and are both used in this study, hereafter often referred
as the Pelkey and Viviano‐Beck data set, respectively. The summary products of Pelkey et al. (2007) are
downloaded as mosaic tiles from the PDS. For the products of Viviano‐Beck et al. (2014), the products are
calculated using the Interactive Data Language (IDL) programming script from the CRISM processing tool-
box, CAT ENVI. These summary products are calculated from the CRISMMRDRmosaic tile albedo data set,
measured in the mapping mode of the CRISM instrument. The supplied albedo data is already corrected for
the atmospheric and photometric effect and shared as similar mosaic tiles for the Pelkey summary products
data set (Murchie et al., 2007). The Pelkey data set has a total of 44 summary products, of which 34 products
are calculated from the Lambert albedo data set, which are designed to relate with a mineralogy or surface
composition (Pelkey et al., 2007). Viviano‐Beck et al. (2014) revised some of these products and included new
products, totally up to 60 products, of which 49 are developed for mineralogy or surface composition pur-
poses. The parameters of Pelkey et al. (2007) were developed and tested in particular for the MRDR data
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set. The products of Viviano‐Beck et al. (2014), however, are commonly used for the targeted measuring
mode of CRISM but are designed such that they are also suitable to calculate for the MRDR data.
However, the global maps for all of these products are assessed here for the first time.

The spectral features described with these products are one of the following four types: (1) reflectance at a
specific wavelength, (2) spectral slope which is a linear slope defined by the reflectance different between
two bands divided by the wavelength difference between two bands, (3) band depth, defined as the reflec-
tance corresponding to the position of the minimum of the band divided by the reflectance calculated as a
linear continuum fit between two reflectance wavelengths on each side of the band, and (4) indices derived
using the ratio of reflectance values from different wavelengths. The summary products are designed so that
a higher value represents a more prominent appearance of the spectral feature. For details and formulas of
the used summary products, the reader is referred to Table S1.1, attached as supporting information or the
papers of Pelkey et al. (2007) and Viviano‐Beck et al. (2014).

2.2. Data Preparation

The Pelkey and Viviano‐Beck summary products come with some challenges that are addressed below. One
of the problems is that for some summary products, the MRDR data products show inconsistencies between
overlapping or adjacent orbital strips. These radiometric residuals between the strips in the mosaic are a
result of the atmospheric and photometric corrections done for the MRDR data strips before the mosaic is
made (Seelos & Murchie, 2018). A second problem is that some pixels contain extreme values, which are
more likely to be artifacts in the data rather than spectral features.

To overcome the problems with unrealistic values, lower and upper thresholds are defined based on the glo-
bal mosaic data. Values that are lower or higher than these thresholds are masked and discarded from the
analysis. These thresholds are defined based on quartile distances, also known as Tukey's fences
(Tukey, 1977). Quartiles or percentiles, of the data defines the percentage of lower data values. Quartile 1
(Q1) refers to the 25th percentile, which means that 25% of the data has lower values than Q1. The median
refers to Q2 or 50th percentile and Q3 to the 75th percentile. The difference between Q3 and Q1 is defined as
the interquartile distance (IQD). Tukey's fences indicate that lower outliers can be defined by 1.5 times IQD
minus the Q1. The upper threshold is defined by values 1.5 times the IQD plus Q3. For the band depth
defined products, the minimum threshold value is set to zero, meaning that all negative band depths are
excluded. A negative band depth refers to an absent spectral absorption feature and therefore indicates
mineral's absence. The resulting global summary product maps can be found as supplementary material
(Data Set S1) and can be found in unannotated format in (Kamps, 2020), the maps for HCPINDEX and
BD2250 are shown as two examples in Figure 2. The global maps of both summary products are presented
at the original MRDR resolution (top figures) and the averaged 5° × 5° pixel size resolution (bottom figures).
Underneath each global map also the upper and lower thresholds are indicated, and all pixels that are not
considered for the averaging are masked out in the original resolution maps.

After masking all pixels outside the defined thresholds, we averaged the values for each individual summary
product within a grid cell. The grid cells coincide for the size of a CRISM mosaic tile (~5° × 5°/pix).

For several reasons, such as the lack of pixel values within the defined thresholds or the atmospheric effect
on some of the summary products, several products were discarded. In particular, from the Pelkey data set,
the products VAR, BD1750, and BD2100 were excluded from the analysis because the data include too little
number of pixels with band depths larger than zero. In the averaged data set, this resulted in a lack of spa-
tially coherent patterns, which were found unlikely to represent a mineralogy. For the same reason, sum-
mary product BD860_2 was excluded from the Viviano‐Beck data set. The summary products BD2500_2
andMIN2295_2480 from the Viviano‐Beck data set were excluded because all values were negative. The dis-
carded products are categorized separately in Table S1.1 in the supporting information and are not used in
either of the analysis.

After averaging, several products appear to have no‐data values for some pixels. These are the products
related to reflectance values >3 μm in the vicinity of Hellas Basin (BD3000, BD3100, BD3200, BD3400,
and CINDEX). In the Pelkey data set, also some pixels of the product BD860 have no data values for several
pixels in the dust‐covered regions. Because all products with no‐data values are band depth products, the
pixel values are set to zero which can be considered as no spectral feature.
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2.3. Data Analysis

A combination of multivariate data analysis techniques is used to define the surface types and find the pro-
ducts that contributed significantly to defining these surface types. Prior to the statistical analysis, the values
for each product are normalized and standardized, whichmeans that for each summary product, the average
is subtracted from each observation and divided by the standard deviation.

In the statistical analysis, both the variables (summary products) and samples (pixels) are studied. The sum-
mary products are studied to understand their relationship with the mineralogical composition. This is done
by testing how the summary products are correlated to each other and to other variables such as elevation
and the dust cover index from the TES instrument (resolution 16 pixels per degree) (Ruff &
Christensen, 2002). The spatial patterns in the global summary product maps are compared with mineral
maps based on studies with the CRISM, TES, and OMEGA instruments (Bandfield et al., 2003; Bibring
et al., 2006; Christensen et al., 2001; Koeppen & Hamilton, 2008; Ody et al., 2012, 2013; Riu et al., 2019;
Rogers et al., 2007; Ruff & Christensen, 2002).
2.3.1. Correlations Between Summary Product
The relationships between the different summary products are studied by calculating the Pearson's correla-
tion coefficients (r), described in section 3.1 (Härdle & Simar, 2007). The dust cover index (Ruff &
Christensen, 2002) and MOLA digital elevation (Zuber et al., 1992) are also averaged for the size of a
CRISM mosaic tile and included in the correlation analysis. In particular, the Pearson's correlation coeffi-
cient calculated between summary products and digital elevation enables the effect of dust and atmosphere
on the summary product values to be studied (Zuber et al., 1992).

Figure 2. Global maps of the summary products HCPINDEX and BD2250, at original MRDR resolution (~200 m/pix) and averaged resolution (5°/pix). At the
original resolution the white pixels are those considered as outliers (section 2.2).
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The correlation coefficient is an indicator of the influence of one variable on the other and is often used as an
effect size. A Pearson's correlation coefficient ranges between −1 and 1, where −1 means an absolute nega-
tive correlation, 1 a positive correlation and 0 no correlation at all (Cohen, 1988, 1992). Categorizing the
effect size in low, moderate, and high effect is arbitrary. Here it is classified into the following categories:
−0.6 < r or r < 0.6 indicating low correlation, 0.6 < r < 0.8 or −0.6 > r > −0.8 for moderate correlation,
and −0.8 > r or r > 0.8 for high correlation. These thresholds are used in Figure 3 to indicate any effects
between summary products, between summary products and dust coverage, and between summary pro-
ducts and elevation/atmosphere. As described in section 2.2, the conservative lower correlation coefficient
of 0.6 is used to allow for excluding summary products with possible atmosphere effects.
2.3.2. Defining Surface Types by Clustering Analysis
To classify the data, we use hierarchical clustering analysis, which is an unsupervised clustering method
(Härdle & Simar, 2007). Here hierarchical clustering analysis is favored above other cluster analysis strate-
gies such as k‐means, because hierarchical clustering does not require a prior assumption about the number
of clusters. Instead, by using a tree diagram, also known as a dendrogram, the relationship between clusters
can be studied. The surface types are studied with a divisive (top down) approach. With this approach, the
clustering analysis is used to find clusters in the data being the most dissimilar, so those with the most
unique surface composition (Hastie et al., 2009). Pixels are clustered by calculating the unweighted averages
of the Euclidean distances (section 3.2).

Although hierarchical clustering analysis does not require a prior assumption about the number of clusters,
it is of interest to this study to know how many clusters describe the variability in the data set best. At some
point, defining more clusters would not indicate major variability in the data but smaller changes within
clusters instead. The decision on the number of clusters is based on the knowledge of the data and the geol-
ogy. As described by Hardy (1994), the validity of the number of clusters was tested with the elbowmethod of
a graph plotting themean Euclidean distance against the number of clusters (section 3.2). The elbowmethod
assumes that significant clusters have a high Euclidean distance. At some point, adding new clusters would
cause a decrease in slope because these new clusters are explaining minor spectral differences within a clus-
ter instead of significant new clusters (Hardy, 1994).
2.3.3. Relationships Between Surface Types and Summary Products by PLS‐DA
Summary products can be used to draw conclusions about the mineralogy and related surface types. Because
the clustering was performed with multiple summary products, a multivariate analysis is preferred above
comparing each individual map, to define the importance of each summary product on the definition of each
surface type.

A common method to reduce the number of axes in the data set is principal component analysis (PCA),
which defines new axes in the data set that describe the most variance (Härdle & Simar, 2007). Since we
are interested in the variance between each cluster and the rest of the data and not in the variance within
the complete data set, we used partial least‐squares discriminant analysis (PLS‐DA) (see section 3.2). This
is a method that originates from the field of chemometrics (Brereton & Lloyd, 2014). Just like PCA, it creates
new axes in the data set, where the first axes in PLS‐DA describe most of the variance between groups. In our
study, the PLS‐DA is done for each cluster defined by the hierarchical clustering analysis. All pixels of the
cluster we study for that specific PLS‐DA are considered as one group and all other pixels as another group.
The two groups are used as input for the PLS‐DA to create a new axis that describes the most variance
between these groups. The outcomes of the PLS‐DA are components with weight values for all the variables
and score values, which are pixel values projected on the new component axis. These can be analyzed as a
bivariate plot, which is a scatter plot presenting both of these results in one figure. Based on this figure, it
can be observed which variables, that is, summary products, relate to which surface type (section 3.2).

3. Results
3.1. Correlation Between Summary Products

Figure 3 shows a correlation coefficient matrix of all summary products and the two additional variables, ele-
vation, and dust coverage. The brighter the color the higher the positive (green) or negative (red) correlation
coefficient. The boxes highlight the correlation coefficient larger than 0.8 and the circles those larger than
0.6. The summary products are grouped into six categories based on our interpretation and the
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Figure 3. Correlation coefficient matrices of summary products of the Pelkey (a) and Viviano‐Beck (b) data sets. The
brightness of the color shows the positive (green) and negative (red) Pearson's correlation values. The circle
highlights the correlation values with moderate correlation (−0.6 > r or r > 0.6) and squares + circles
those with high correlation (−0.8 > r or r > 0.8); see the color bar in the upper right of the figure.
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descriptions of Pelkey et al. (2007) and Viviano‐Beck et al. (2014). Those products describing a mineralogy
are categorized in mafic minerals, that is, olivine and pyroxene, ferric iron, and secondary minerals. We used
the term secondary minerals to summarize the mineral groups of carbonates, sulfates, phyllosilicates, and
hydrous silicates. These mineral groups have overlapping spectral features in the wavelength range between
2 and 2.5 μm, which makes it difficult to distinguish them from each other based on an individual spectral
parameter. Besides mineralogical summary products, some are interpreted to be related to the dust coverage,
the atmosphere conditions, and the ices.

The atmospheric effect on the summary products is tested by determining their Pearson's correlation coeffi-
cients (r) with the digital elevation (see section 2.3.1). For the products with a moderate correlation coeffi-
cient (r < −0.6 or r > 0.6) with the digital elevation, the spectral features are considered to be significantly
affected by atmospheric absorption and thereby biasing the values of the summary products, assuming that
the atmospheric effects are linearly related with elevation. From the Pelkey data set, these are the products
ICER2 and BDCARB and from the Viviano‐Beck data set BD1400, BD1435, BD1900R2, BD2200, BD2355,
ICER2, and BD3000. The reason of this relation between these products and the elevation can be that the
products are sensitive for the spectral features of atmospheric CO2 near 1.4, 1.9, and 2 μm (Brown et al., 2010;
McGuire et al., 2009).

Because of the atmospheric effect on these summary products, these are excluded for the clustering and
PLS‐DA analysis. Therefore, for the following analysis, both the products categorized as discarded and atmo-
spheric in Table S1.1 in the supporting information are not considered.

3.2. Classification Into Surface Types

The results of the clustering analysis are presented as global maps and are shown in Figure 4 with the cor-
responding dendrograms in Figure 5. The clustering analysis based on the Pelkey and Viviano‐Beck data sets
showsmany similarities. In both analyses, the main branches in the dendrograms relate to the following sur-
face types: northern lowlands, southern highlands, Hellas Basin, dust covered regions, and Syrtis Major and
Meridiani. A total of 18 clusters have been defined by the summary products of Pelkey and a total of 17 clus-
ters by those of Viviano‐Beck. The names of the clusters in Figure 4 will be used the remainder of this paper.
The results of the elbow method are attached in the supporting information. In the elbow plot (Figure S2.1),
it shows that the number of clusters chosen are around the tipping point (elbow) where the change in
Euclidean distance is constant. As mentioned in the section 2.3.2, this is the point where more cluster
describe internal variance of cluster instead of significant new clusters.

3.3. Relationships of Summary Products and Surface Types

For each surface type, a PLS‐DA is performed to test the contribution of each summary product to the defi-
nition of that surface type. Because this involves a total of 35 individual analyses (18 surface types derived
from Pelkey et al., 2007, parameters and 17 surface types derived fromViviano‐Beck et al., 2014, parameters),
four geologically interesting clusters are shown here as an example (Figure 6). The examples include Syrtis
Major + Sinus Meridiani, Nili Fossae + Meridiani Planum, northern lowlands, and the transition zone, all
performed with the Viviano‐Beck products. These figures present the score and weight values of the first two
components of the PLS‐DA. As described in the section 2.3.2, the first components explain most of the var-
iance between the groups. The figures essentially display the same as a bivariate plot from a principal com-
ponent analysis. The score values are the pixel values on a projected axis (PC). Weights are indicators of how
much the summary product contributed to the axis, so the higher the weight, the higher the contribution.

Table 1 summarizes all PLS‐DA results and can be found in plot form in the supporting information (Figures
S4.1–S4.35). This table indicates for each surface type of both the Pelkey and Viviano‐Beck data sets, the
summary products that contributed to their classification, based on the weight values of the PLS‐DA (see
Figure 6). The variables that plot close to the specific surface type (encircled in the bivariate plot in
Figure 6) have a positive contribution and those that plot opposite have a negative contribution in defining
the surface type. Figure 6 shows that it is not always clear which summary products contributed most in
defining the surface types. Therefore, the global maps of the distribution of each summary products are used
to evaluate the interpreted importance of the summary product for a specific surface type.

The distance between the pixels of one surface type to all other pixels in the bivariate plots indicates how
distinct the surface type is compared to all other pixels. For example, the pixels classified as transition
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zone (Figure 6c) plot between the dust covered pixels and either the northern lowlands pixels or southern
highland pixels. Therefore, no specific summary products were listed for the transition zone in Table 1.

4. Discussion

The results show that the CRISM multispectral mapping mode data are useful to assess the global surface
geology. The novel approach with the use of summary products in combination with unsupervised
data‐analysis techniques has proved to be a transparent method to test for the variability in the CRISM data
and evaluate for the local geology. The PLS‐DA allows us to study the variance of each surface type in multi-
dimensions as shown in Figure 6 and summarized in Table 1. Some are defined based on distinct geological
phenomena, and others are related to nongeological processes or to artifacts in the data sets. The method
shows to be consistent in that it exhibits similar surface types for the Pelkey and Viviano‐Beck data sets
and correspond to surface type classification studies based on TES (Bandfield et al., 2000; Rogers et al., 2007;
Rogers & Hamilton, 2015), OMEGA (Riu et al., 2019), and GRS (Gasnault et al., 2010).

Figure 4. Global maps presenting the global surface types based on hierarchical clustering analysis. Upper figure is the surface type map presenting the clusters
based on the summary products of Viviano‐Beck et al. (2014), and the lower figure is based on the products of Pelkey et al. (2007). Numbers shown are the
outcome of the hierarchical clustering analysis and correspond to the dendrograms in Figure 5. Cluster names were generally assigned based on the
geographical location of where they typically appear, except for the dust covered region.
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The spectral differences between the southern highlands and northern lowlands (Figure 4) are the most con-
sistent in all global surface types studies. Just as it was observed by the TES and OMEGA instruments, the
northern lowlands have limited spectral features related to the mafic minerals olivine and pyroxene in com-
parison with the southern highlands (Figure 6). The CRISM data shows that besides the mafic mineral dif-
ference, many secondary mineral summary products have high values for the northern lowland region
(Figure 6). This could suggest a chemical weathering process in aqueous conditions. However, because of
the low values of the band depth products (e.g., third decimal place numbers for BD2250 in Figure 2) and
the lack of a spatial coherent pattern at the original MRDR resolution, this study is unable to be conclusive
regarding the presence of secondary minerals in the northern lowlands. Furthermore, previous studies with
the OMEGA instrument concluded that secondary mineral absorption features are rare to absent in the
northern lowlands (Carter et al., 2013). The compositional change between the major surface types in the
southern highlands, northern lowlands, and dust‐covered regions seems to be gradual and classified as a
separate surface type, called the transition zone here (Figure 4: cluster 15 Viviano‐Beck, cluster 5 Pelkey).

Much of the variability in the data is related to the dust coverage on Mars. This can be observed in the num-
ber of pixels that classify in the group dust‐covered region (~38% of the pixels classify as cluster 9 in Figure 4)
and the number of summary products with a moderate or high correlation with the dust cover index of Ruff
and Christensen (2002) (Figure 3). The products related to this surface type are interpreted as the result of
the high albedo of the dust and the dusts' ferric component. The ferric component of the dust is often referred
as nanophase ferric oxide (Ehlmann & Edwards, 2014). Here the products BD530_2 and RPEAK1 are

Figure 5. Dendrograms of the hierarchical clustering analysis. The main branches are named after the geographic
regions in Figure 4 that are covered by the surface types.
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interpreted to be related to the ferric component of the dust. The products OLINDEX and CINDEX are
revised by Viviano‐Beck et al. (2014) because of their sensitivity to high albedo, giving false positives for
the interpretation of olivine and carbonates.

In contrast with previous studies, our study has highlighted a few different regional groupings (Syrtis Major
together with Sinus Meridiani and Meridiani Planum with Nili Fossae), as well as a few new regions of spec-
tral distinctions (e.g., Ophir Planum, Solis Planum, and Hellas Basin). As will be described, the previously
unrecognized regional groupings show spectral similarities which can be interpreted for the local geology.
However, also the averaging and thresholding process used to create the input maps had significant influ-
ence on the regional grouping (section 4.1). The new spectral distinctions (section 4.2) are discussed

Figure 6. Bivariate plots presenting the score values (colored dots: pixels) and weights (black points and labels: summary product variables) of the summary
product of the principal component, resulting from the PLS discriminant analysis. These are the surface types and summary products of (Viviano‐Beck
et al., 2014). The plots show the results for the surface types (a) Syrtis Major + Meridiani, (b) Nili Fossae + Meridiani, (c) transition zone, and (d) northern
lowlands. Dots correspond to the colors used for the global maps (Figure 4) of the main branches shown in Figure 5. The circles highlight the pixels that
belong to the surface type labeled with the name above each subplot.
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whether these might represent previously unrecognized regional differences in composition or surface
properties (section 4.2.1) or are the result of influences of external factors such as dust and ice. The
uncertainties of our work and additional explanation on how to interpret our results are discussed in
section 4.3.

4.1. New Regional Groupings
4.1.1. Nili Fossae and Meridiani Planum
The regions Nili Fossae and Meridiani Planum classify in this study as similar surface types because of the
interpreted high olivine and secondary mineral content. The high olivine content is indicated by the positive
impact of the OLINDEX3 product and secondary minerals content indicated based on the products BD1900
and D2300 (Figure 5 and Table 1).

The interpretation of the summary products of secondary minerals is found difficult because at the original
resolution the products lack a clear spatial coherent pattern (BD2250 as an example of a secondary mineral
product in Figure 2). Also, the summary product values of the secondary mineral products are small (third
decimal values for BD2250), which introduces some uncertainty because the features cannot easily be

Table 1
Summary of the Most Important Products of Pelkey and Viviano‐Beck for Each Surface Unit (ST)

Surface type ST Pelkey et al. (2007) ST Viviano‐Beck et al. (2014)

Southern highlands 4 BDI1000VIS HCPINDEX
LCPINDEX BD920 BD860

5 HCPINDEX2 LCPINDEX2 BD920_2 SINDEX2
BDI1000VIS

Syrtis Major 15 R770 RBR RPEAK1 BDI1000VIS
IRA BD2210 BD3000 BD3400
BD640

12 OLINDEX3 R1330 BD1300 VAR ICER1_2 BDI2000
BD2100_2 BD2165 BD2190 BD2230 BD2250 MIN2250
CINDEX2 BD3400_2 R770 RPEAK1 RBR BD530_2 VAR

Nili Fossae +
Meridiani Planum

14 D2300 BDI1000IR 14 OLINDEX3 D2300 LCPINDEX2 BDI1000IR SINDEX2
BD1900

Ophir Planum 11 SINDEX RBR BD3400 ICER1
ISLOPE1

11 BD1900_2 MIN2200 ICER1_2 BD3400_2

Sinus Meridiani 12 BDI2000 D2300 SH600
BDI1000VIS

See Syrtis Major

Southern Latitude
Zone

1 SH700 R1330 BDI1000IR R770 BD2210_2

Southern Latitude
Zone II

4 SH700 BD2265

Promethei Terra 13 CINDEX 13 CINDEX2 BD3400_2
Northern Lowlands 17 LCPINDEX HCPXINDEX

OLINDEX ISLOPE1 BD3200
BD3400 BD2210 D2300 BD1435
BD2290

16 BD1300 BD920_2 OLINDEX3 LCPINDEX2 HCPINDEX2
ICER1_2 ISLOPE1 BD3200 BD3400 D2300 MIN2250
BD2250 BD2230 BD2190 BD2165 BD1750_2

Transition Zone 5 Composition between dust covered
region and adjacent surface type

15 Composition between dust covered region and adjacent
surface type

Northern Latitude
Zone

18 D2300 BDI1000IR ISLOPE1
BD3100

17 MIN2200 BD1500_2 HCPINDEX_2 LCPINDEX_2
SH600_2

Equatorial Region 9 R770 RBR BD530 RPEAK1 IRAC
CINDEX OLINDEX BDI1000IR
BDI1000VIS

9 R1330 R770 BD530_2 RPEAK1 RBR SH770 BDI1000IR
VAR

Volcanoes 10 ICER1 BD1500 SINDEX BD3100
BD3200

10 MIN2200 CINDEX2 BD3400_2 BD3200 BD1500_2
BD2210_2 ICER1_2

Solis Planum 8 ISLOPE 1 BD2290 BDI2000 8 ISLOPE1 BD1900_2 BD2210_2 OLINDEX3
Medusae Fossae 16 BD1900
Hellas Basin 3 BD3100 CINDEX BD3200 BD3400 3 BD3100 CINDEX2 BD3200 BD3400
Hellas North 6 SINDEX ICER1 BD2210 SH600

BD1435
6 VAR SINDEX2 SH600_2 OLINDEX3 D2300 RBR SH700

MIN2250
Hellas Middle 7 BD3200 SH600 BD3400 7 VAR BD3100
Hellas External 1 BD3000 SINDEX BD3400 BD640

BD1500 BD1900
2 SH600_2 RBR SH700

Hellas South West 2 CINDEX

Note. Products with negative contribution are underlined. Numbers in the column Surface type correspond to those in Figures 4 and 5.
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recognized in the spectra. The summary products D2300 is displayed at original resolution in Figure 7 for the
regions Meridiani Planum and Nili Fossae to demonstrate that the pixel values are spatially coherent and
can be related to the local geology (Figure 7). The local geology is indicated in black, outlining the
boundaries of Meridiani Planum and Syrtis Major from the geological map of Tanaka et al. (2014). Gray
squares indicate the outline of the clusters in this study. At the original resolution, it can be noticed that
the high values of D2300 are occurring within the outline of Meridiani Planum. On this plain, both in situ
as orbital observations have detected sulfate evaporates and Fe/Mg phyllosilicates silicates formed by
aqueous alteration (Squyres & Knoll, 2005). Both D2300 and BD1900 describe spectral features related to
Fe/Mg phyllosilicates (Viviano‐Beck et al., 2014). The low values of the sulfate index (SINDEX Table 1)
and lack of a BD1750 feature region suggest that the presence of sulfates could not be detected with our
analysis.

For Nili Fossae, the product D2300 shows locally high values (Figure 7). The region Nili Fossae is often
described in literature in relation with the presence of secondary minerals such as carbonates and Fe/Mg
phyllosilicates (Brown et al., 2010; Ehlmann & Edwards, 2014). In these studies, hydrothermal alteration
is often named as the circumstance where these minerals have formed. Both carbonates and Fe‐Mg

Figure 7. Summary product maps of Syrtis Major, Nili Fossae, Sinus Meridiani, and Meridiani Planum for the products
D2300 and BD2100_2. The gray squares indicate the outline of the 5° × 5° grid size pixels for the above described classes.
Black outline are the boundaries of Meridiani Planum and Syrtis Major on the geological map of Tanaka et al. (2014).
The color scale represents low values in green and high in red. The white pixels are those with values higher
or lower than the defined thresholds.
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phyllosilicates have spectral features around 2.3 and 1.9 μm, and both minerals can form under hydrother-
mal circumstances.

The OLINDEX3 map is most similar to the mean fractional contribution map for olivine by Koeppen and
Hamilton (2008) based on the data of the TES instrument. In their study, the mean abundance of olivine
is relatively high in the regions that overlap with the surface types Nili Fossae and Meridiani Planum in this
study. Other surface type studies such as Rogers and Hamilton (2015), Hamilton and Christensen (2005),
and Hoefen et al. (2003) have also found Nili Fossae to be distinctly mapped because of the high olivine con-
tent. Although the values for OLINDEX3 are relatively high for Nili Fossae compared to the rest of Mars, in
our maps, these are not significantly different compared to the rest of Meridiani and Syrtis. This is different
from the olivine maps produced with the TES (Bandfield et al., 2000; Koeppen & Hamilton, 2008) and
OMEGA (Ody et al., 2012) data. This difference can be explained by the effect of averaging and thresholding
of the pixel values that causes masking of the extreme values. A close look at OLINDEX3 product in Nili fos-
sae shows that some high values in this region are masked out because of the defined threshold.

Besides the presence of secondary minerals, other orbital studies have found that Meridiani is unique
because of the presence of iron‐oxide minerals, especially hematite (Christensen et al., 2001). Product
SH600 is able to capture the presence of hematite Viviano‐Beck et al. (2014). The values for this product
are high in Meridiani Planum but not significantly higher than the adjacent region Margaritifer Terra
(which is not a separately classified surface type in this study).
4.1.2. Syrtis Major and Sinus Meridiani
One of the aspects that distinguishes the surface types Syrtis Major and Sinus Meridiani class from the other
regions in the southern highlands is the low dust coverage, with the lowest values for all the dust coverage
products (see negative weights for dust products in Figure 6). Beside the dust, the regions are characterized
by high positive values for several secondary mineral products and the OLINDEX3.

In contrast to the previous section on Nili Fossae and Meridiani Planum, there are some doubts whether the
OLINDEX3 indicates a high olivine content in Syrtis Major and Sinus Meridiani. These doubts are based on
the fact that none of the other olivine maps by the TES or OMEGA instruments indicated high olivine con-
tent in this region. This difference might be explained by the fact that the OLINDEX3 is also sensitive to the
1 μm feature of high‐calcium pyroxene (Viviano‐Beck et al., 2014). The high‐calcium pyroxene content is
often related to what makes Syrtis unique in other surface type studies (Riu et al., 2019; Rogers &
Hamilton, 2015). The elevated high‐calcium content in this region would result in high values of the
HCPINDEX, which is not the case in this region. Similar to the olivine index values in Nili Fossae, this could
be related to the fact that the high values of the HCPINDEX parameter are masked out by the thresholding
process and averaging of pixel values (see white pixels in Figure 2).

Several secondary mineral summary products have high values in Syrtis Major. One of those products,
BD2100_2, is displayed in Figure 7 for both Syrtis Major andMeridiani Planum. BD2100_2 appears to be noi-
sier and does not show a clear distribution compared to D2300. This lack of a clear spatial distribution was
found for all the secondary mineral summary products related to Syrtis and Sinus Meridiani. Also, several
secondary mineral summary products appear to be correlated with the dust coverage (Figure 3). These sum-
mary products have high values within Syrtis Major but not significantly different from other low
dust‐covered regions such as northern lowlands and locally in the southern highlands. Therefore, it remains
difficult to conclude on the presence of secondary minerals in this region.

4.2. New Spectral Distinctions

As described in section 2, the clustering analysis is performed with a top‐down approach so that the clusters
that are most distinct are identified first. Most of the most distinct clusters have been recognized as spectrally
distinctive in previous studies that utilized infrared spectroscopic data sets. But several clusters of this studies
appear new, in comparison with other surface type studies with the OMEGA and TES data sets such as:
Hellas, Volcanoes, Promethei Terra, Solis Planum, Ophir Planum, andMedussae Fossae. However, for some
of these regions, the summary products with high impact or defining these regions are interpreted to be
related to nongeological conditions such as dust coverage and local atmosphere conditions. These regions
are for example the dust‐covered regions and the volcanic regions, and Hellas (section 4.2.2 clusters of non-
geological origin). For the clusters Ophir Planum, Solis Planum, Promethei Terra, and the higher northern
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and southern latitude zones, it is not well understood whether the spectral uniqueness is related to geologi-
cal processes or external factors. Since these clusters are new and overlap with established geological units,
the uniqueness of these clusters in the data is discussed in section 4.2.1 clusters of potential geological origin.
4.2.1. Clusters of Potential Geological Origin
Cluster Solis Planum covers in both data sets the Hesperian volcanic region on the geological map of Tanaka
et al. (2014). Although the cluster is named the same in both the Viviano‐Beck and Pelkey data set, their spa-
tial coverage is different in that the cluster in the Viviano‐Beck data extends more to the North toward the
Tharsis region. In both data sets, the spectral difference with other units is minor, which can be observed
from the low Euclidean distance (Figure 5). The regions are characterized by high spectral slope (ISLOPE)
values and low values for secondary mineral and olivine summary products. Previous laboratory spectral
studies have shown that a continuous spectral slope between 1.8 and 2.5 μm can arise from either the result
of acidic alteration of basaltic glass (Horgan et al., 2017), rock exposure (Harloff & Aarnold, 2000), or ferric
coating on dark rocks (Fischer & Pieters, 1993). The lower values for hydrated mineral summary products
could be explained by more recent volcanism, of which the rocks might have remained unaltered. The
low values for OLINDEX3 remains unclear, especially because the detailed studies of Viviano et al. (2019)
concluded that the composition of this region is similar to other Hesperian regions on Mars.

Ophir Planum is a cluster which consists in both data sets of several of pixels north of Valles Marineris. The
high values in this region for the summary products SINDEX and BD1900 could indicate the presence of sul-
fate minerals in the region. Cluster Ophir Planum overlaps with some of the chaos terrains in Margaritifer
Terra that contain earlier identified light toned deposits (Glotch & Rogers, 2007). The identified sulfate
deposits in these interior layered deposits could be a reason for the higher values for the products
SINDEX and BD1900 (Gendrin et al., 2005). However, both products are also known to be sensitive for
the spectral features of ice. This in combination with the lower values of the ICER product in both data sets
could also imply the presence of atmospheric water ice. The presence of atmospheric ice in this region is also
mentioned for its occurrence during the aerocentric solar longitudes Ls 0–180 (Benson et al., 2006).

Several clusters, in both data sets, cover the larger basins on Mars, Hellas, and Agyre (Figure 4). Clusters
3‐Hellas Basin and 13‐Promethei Terra are in both data sets classified first and were distinguished with high
Euclidean distances (Figure 5). The spectral uniqueness of this region is related to the missing values of the
summary products using wavelengths >3 μm as described in section 2.2. Also, the clusters Hellas North
andHellasmiddle appear spectrally uniquewith high Euclidean distancewith the other clusters. The second-
ary mineral summary products, for example, have low values for this region, while the products OLINDEX3,
SH600_2, and SINDEX have high values. However, studying the individual global summary product maps, it
seems that all products have unique values in this region. The known circumstances of high opacity due to
dust in the atmosphere (Ogohara & Satomura, 2008) and the presence of ice clouds (Kahre et al., 2020) com-
plicate the interpretationwhethermineralogy contributed to the spectral uniqueness or these external effects.
4.2.2. Clusters of Nongeological Origin
In addition to the surface types of potentially geological origin, some classes in the clustering analysis such as
the volcanoes and the higher latitude zones result from unique summary product values which are inter-
preted to be of nongeological origin. In section 2.2, it was already mentioned that several summary products
were not used for the analysis because of their high correlation with the elevation (Pelkey: ICER2, BDCARB;
Viviano‐Beck: BD1400, BD1435, BD1900R2, BD2200, BD2355, ICER2, and BD3000; Figure 3). These sum-
mary products are interpreted here to be related to the atmosphere thickness.

Not just globally but also local atmospheric conditions seem to affect the spectra and therefore the summary
products. In particular, the pixels covering the elevated volcanoes on Mars are classified as separate surface
types because of high values of BD1500, SINDEX, CINDEX, BD3100, BD3200, and BD3400 (Table 1). These
products can be associated with spectral features of sulfate and carbonate, but here we think that they are
affected by the local atmospheric conditions around the volcano. It is known that the atmosphere around
the volcanoes hosts ice clouds (Benson et al., 2006) and from the products BD1500 and SINDEX it is known
that these are sensitive for H2O and CO2 ice, respectively (Viviano‐Beck et al., 2014). Also, the other products
capture spectral features that overlap with any of the H2O and CO2 ice spectra.

Our two classification maps (Figure 4) have both have regions in the higher latitudes that cluster separately.
It seems that although most of the polar pixels are excluded, the regions up to 60° latitude are affected by
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seasonal changes, resulting in spectral differences between orbital strips within the mosaics. Such abrupt
spectral changes around 60° latitude were also observed by Pelkey et al. (2007) in the OMEGA and
CRISM data set and related to season changes.

4.3. Uncertainties

In this study, choices were made that impacted on the uncertainties/accuracy of the results. First of all, the
summary products were normalized and standardized for the region between the 67.5° latitudes. Therefore,
some products that were developed to study ice around the poles are used to study surface composition
where ice might not be expected. We assumed that when the poles are excluded, these summary products
describe spectral features that can be related to mineralogy. Also, the normalization and standardization,
together with the defined thresholds, could have resulted in enhancement of noise within areas of low spec-
tral variation.

The use of thresholds based on quartile distances has proven to be a good method to exclude unrealistic data
values. But for some products such as OLINDEX3 in Nili Fossae, it might have masked relevant information.
The averaging over such a large grid helped to overcome some of the problems with radiometric differences
between strips and smoothened the data.

It was also mentioned in the papers of both Pelkey et al. (2007) and Viviano‐Beck et al. (2014) that the use of
summary products contains caveats and interpretations have to be done with care. Therefore, as a reminder,
the interpretations resulting from this study are based on averaged summary products over 5° × 5° pixels and
for a global perspective. Some interpretations might not apply to the original resolution of the MRDR sum-
mary product maps since higher resolution data provides more detailed information.

5. Conclusions

The global multispectral CRISM data has shown to be a useful data set for global surface type classification.
For the first time, both the spectral parameters of Pelkey et al. (2007) and Viviano‐Beck et al. (2014) are used
to capture the small spectral features of the CRISM mapping mode data and interpreted for the local miner-
alogy. However, several assumptions had to be made such as averaging for a 5° × 5° grid and defining thresh-
olds to mask unlikely values. These assumptions had to be made to deal with radiometric differences
between strips in the CRISMMRDR data. With a novel and transparent approach, including a combination
of multivariate data‐analysis techniques, we have classified Syrtis Major, Nili Fossae, Meridiani Planum,
Sinus Meridiani, northern lowlands and southern highlands, and the global dust deposits as separate surface
types, consistent with previous global spectral studies (Bandfield et al., 2000; Riu et al., 2019; Rogers
et al., 2007; Rogers & Hamilton, 2015). The effect of external factors such as the dust coverage and the eleva-
tion on the summary products is studied using correlation coefficients. The Viviano‐Beck products BD1400,
BD1435, BD1900R2, D2200, BD2355, ICER2. and BD3000 and the Pelkey products ICER2 and BDCARB
were found to be correlated with elevation, which is considered to be inversely related with atmosphere
thickness. The clusters covering the higher latitude zones, Hellas, and the volcanoes are interpreted to be
of nongeological origin and found to be related to atmosphere conditions, dust‐coverage, atmosphere condi-
tions, or missing values in the data. Surface types Solis Planum and Ophir Planum are new in comparison
with surface type studies done with other global data sets. For these, the geological interpretation of the spec-
tral variability is more uncertain whether it is can be related to geology or possible atmospheric ice.

References
Bandfield, J. L., Glotch, T. D., & Christensen, P. R. (2003). Spectroscopic identification of carbonate minerals in the Martian dust. Science,

301(5636), 1084–1087. https://doi.org/10.1126/science.1088054
Bandfield, J. L., Hamilton, V. E., & Christensen, P. R. (2000). A global view of Martian surface compositions from MGS‐TES. Science,

287(5458), 1626–1630. https://doi.org/10.1126/science.287.5458.1626
Benson, J. L., James, P. B., Cantor, B. A., & Remigio, R. (2006). Interannual variability of water ice clouds over major Martian volcanoes

observed by MOC. Icarus, 184(2), 365–371. https://doi.org/10.1016/j.icarus.2006.03.014
Bibring, J. P., Langevin, Y., Mustard, J. F., Poulet, F., Arvidson, R., Gendrin, A., et al. (2006). Global mineralogical and aqueous Mars

history derived from OMEGA/Mars Express data. Science, 312(5772), 400–404. https://doi.org/10.1126/science.1122659
Brereton, R. G., & Lloyd, G. R. (2014). Partial least squares discriminant analysis: Taking the magic away. Journal of Chemometrics, 28(4),

213–225. https://doi.org/10.1002/cem.2609

10.1029/2019JE006337Journal of Geophysical Research: Planets

KAMPS ET AL. 16 of 18

Acknowledgments
We thank Christina Viviano for her
feedback on the manuscript, which
significantly improved quality of the
paper and our understanding of
summary products. The original
CRISM data used for this study was
obtained using the PDS Geosciences
Node Mars Orbital Data Explorer. The
newer versions of the albedo data are
downloaded from the MROCR_3101
(Northern Hemisphere) and
MROCR_3102 (Southern Hemisphere)
MRDR folders. The summary product
end products of the Pelkey data set was
downloaded from the MROCR_3001
and MROCR_3002 MRDR folders. The
data developed for the analysis
presented here are made available in a
DANS repository (https://doi.org/
10.17026/dans-25g-tt32), and the global
mosaics can be requested via DANS's
email address (info@dans.knaw.nl).

https://doi.org/10.1126/science.1088054
https://doi.org/10.1126/science.287.5458.1626
https://doi.org/10.1016/j.icarus.2006.03.014
https://doi.org/10.1126/science.1122659
https://doi.org/10.1002/cem.2609
https://doi.org/10.17026/dans-25g-tt32
https://doi.org/10.17026/dans-25g-tt32


Brown, A. J., Calvin, W. M., McGuire, P. C., & Murchie, S. L. (2010). Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
south polar mapping: First Mars year of observations. Journal of Geophysical Research, 115, E00D13. https://doi.org/10.1029/
2009JE003333

Brown, A. J., Hook, S. J., Baldridge, A. M., Crowley, J. K., Bridges, N. T., Thomson, B. J., et al. (2010). Hydrothermal formation of
clay‐carbonate alteration assemblages in the Nili Fossae region of Mars. Earth and Planetary Science Letters, 297(1–2), 174–182. https://
doi.org/10.1016/j.epsl.2010.06.018

Carter, J., Poulet, F., Bibring, J.‐P., Mangold, N., & Murchie, S. (2013). Hydrous minerals on Mars as seen by the CRISM and OMEGA
imaging spectrometers: Updated global view. Journal of Geophysical Research: Planets, 118, 831–858. https://doi.org/10.1029/
2012JE004145

Christensen, P. R., Morris, R. V., Lane, M. D., Bandfield, J. L., &Malin, M. C. (2001). Global mapping of Martian hematite mineral deposits:
Remnants of water‐driven processes on early Mars. Journal of Geophysical Research, 106(E10), 23,873–23,885. https://doi.org/10.1029/
2000JE001415

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd. ed.). Hillsdale, NJ: Erlbaum.
Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155–159. https://doi.org/10.1037/0033-2909.112.1.155
Ehlmann, B. L., & Edwards, C. S. (2014). Mineralogy of the Martian surface.Annual Review of Earth and Planetary Sciences, 42(1), 291–315.

https://doi.org/10.1146/annurev-earth-060313-055024
Fischer, E. M., & Pieters, C. M. (1993). The continuum slope of Mars: Bidirectional reflectance investigations and applications to Olympus

Mons. Icarus, 102(2), 185–202. https://doi.org/10.1006/icar.1993.1043
Gasnault, O., Jeffrey Taylor, G., Karunatillake, S., Dohm, J., Newsom, H., Forni, O., et al. (2010). Quantitative geochemical mapping of

Martian elemental provinces. Icarus, 207(1), 226–247. https://doi.org/10.1016/j.icarus.2009.11.010
Gendrin, A., Mangold, N., Bibring, J. P., Langevin, Y., Gondet, B., Poulet, F., et al. (2005). Sulfates in Martian layered terrains: The

OMEGA/Mars Express view. Science, 307(5715), 1587–1591. https://doi.org/10.1126/science.1109087
Glotch, T. D., & Rogers, A. D. (2007). Evidence for aqueous deposition of hematite‐ and sulfate‐rich light‐toned layered deposits in Aureum

and Iani Chaos, Mars. Journal of Geophysical Research, Planets, 112, E06001. https://doi.org/10.1029/2006JE002863
Hamilton, V. E., & Christensen, P. R. (2005). Evidence for extensive, olivine‐rich bedrock on Mars. Geology, 33(6), 433–436. https://doi.org/

10.1130/g21258.1
Härdle, W., & Simar, L. (2007). Applied multivariate statistical analysis (Vol. 4). Berlin, Heidelberg: Springer.
Hardy, A. (1994). An examination of procedures for determining the number of clusters in a data set. In New approaches in classification

and data analysis (pp. 178–185). Berlin, Heidelberg: Springer.
Harloff, J., & Aarnold, G. (2000). The near‐infrared continuum slope of Martian dark region reflectance spectra. Earth, Moon, and Planets,

88(4), 223–245. https://doi.org/10.1023/a:1019852101711
Hastie, T., Tibshirani, R., & Friedman, J. (2009). Unsupervised learning. In The Elements of Statistical Learning: Data Mining, Inference, and

Prediction (pp. 485–585). New York, NY: Springer New York. https://doi.org/10.1007/978-0-387-84858-7_14
Hoefen, T. M., Clark, R. N., Bandfield, J. L., Smith, M. D., Pearl, J. C., & Christensen, P. R. (2003). Discovery of olivine in the Nili Fossae

region of Mars. Science, 302(5645), 627–630. https://doi.org/10.1126/science.1089647
Horgan, B. H. N., Smith, R. J., Cloutis, E. A., Mann, P., & Christensen, P. R. (2017). Acidic weathering of basalt and basaltic glass: 1.

Near‐infrared spectra, thermal infrared spectra, and implications for Mars. Journal of Geophysical Research: Planets, 122, 172–202.
https://doi.org/10.1002/2016JE005111

Kahre, M. A., Haberle, R. M., Hollingsworth, J. L., & Wolff, M. J. (2020). MARCI‐observed clouds in the Hellas Basin during northern
hemisphere summer on Mars: Interpretation with the NASA/Ames Legacy Mars Global Climate Model. Icarus, 338, 113512. https://doi.
org/10.1016/j.icarus.2019.113512

Kamps, O. M., Hewson, R. D., Ruitenbeek, F. J. A., & Meer, F. D. (2020). Defining surface types of Mars using global CRISM summary
product maps. Journal of Geophysical Research: Planets. https://doi.org/10.1029/2019JE006337

Koeppen, W. C., & Hamilton, V. E. (2008). Global distribution, composition, and abundance of olivine on the surface of Mars from thermal
infrared data. Journal of Geophysical Research, 113, E05001. https://doi.org/10.1029/2007JE002984

McGuire, P. C., Bishop, J. L., Brown, A. J., Fraeman, A. A., Marzo, G. A., Frank Morgan, M., et al. (2009). An improvement to the
volcano‐scan algorithm for atmospheric correction of CRISM and OMEGA spectral data. Planetary and Space Science, 57(7), 809–815.
https://doi.org/10.1016/j.pss.2009.03.007

McSween, H. Y., Taylor, G. J., & Wyatt, M. B. (2009). Elemental composition of the Martian crust. Science, 324(5928), 736–739. https://doi.
org/10.1126/science.1165871

Murchie, S., Arvidson, R., Bedini, P., Beisser, K., Bibring, J.‐P., Bishop, J., et al. (2007). Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) on Mars Reconnaissance Orbiter (MRO). Journal of Geophysical Research, 112, E05S03. https://doi.org/10.1029/
2006JE002682

Ody, A., Poulet, F., Bibring, J. P., Loizeau, D., Carter, J., Gondet, B., & Langevin, Y. (2013). Global investigation of olivine on Mars: Insights
into crust and mantle compositions. Journal of Geophysical Research: Planets, 118, 234–262. https://doi.org/10.1029/2012JE004149

Ody, A., Poulet, F., Langevin, Y., Bibring, J.‐P., Bellucci, G., Altieri, F., et al. (2012). Global maps of anhydrous minerals at the surface of
Mars from OMEGA/MEx. Journal of Geophysical Research, 117, E00J14. https://doi.org/10.1029/2012JE004117

Ogohara, K., & Satomura, T. (2008). Northward movement of Martian dust localized in the region of the Hellas Basin. Geophysical Research
Letters, 35, L13201. https://doi.org/10.1029/2008GL034546

Pelkey, S. M., Mustard, J. F., Murchie, S., Clancy, R. T., Wolff, M., Smith, M., et al. (2007). CRISM multispectral summary products:
Parameterizing mineral diversity on Mars from reflectance. Journal of Geophysical Research, 112, E08S14. https://doi.org/10.1029/
2006JE002831

Riu, L., Poulet, F., Bibring, J. P., & Gondet, B. (2019). TheM3 project: 2—Global distributions of mafic mineral abundances onMars. Icarus,
322, 31–53. https://doi.org/10.1016/j.icarus.2019.01.002

Rogers, A. D., Bandfield, J. L., & Christensen, P. R. (2007). Global spectral classification of Martian low‐albedo regions with Mars Global
Surveyor Thermal Emission Spectrometer (MGS‐TES) data. Journal of Geophysical Research, 112, E02004. https://doi.org/10.1029/
2006JE002726

Rogers, A. D., & Hamilton, V. E. (2015). Compositional provinces of Mars from statistical analyses of TES, GRS, OMEGA and CRISM data.
Journal of Geophysical Research: Planets, 120, 62–91. https://doi.org/10.1002/2014JE004690

Ruff, S. W., & Christensen, P. R. (2002). Bright and dark regions on Mars: Particle size and mineralogical characteristics based on Thermal
Emission Spectrometer data. Journal of Geophysical Research, 107(E12), 5119. https://doi.org/10.1029/2001JE001580

10.1029/2019JE006337Journal of Geophysical Research: Planets

KAMPS ET AL. 17 of 18

https://doi.org/10.1029/2009JE003333
https://doi.org/10.1029/2009JE003333
https://doi.org/10.1016/j.epsl.2010.06.018
https://doi.org/10.1016/j.epsl.2010.06.018
https://doi.org/10.1029/2012JE004145
https://doi.org/10.1029/2012JE004145
https://doi.org/10.1029/2000JE001415
https://doi.org/10.1029/2000JE001415
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1146/annurev-earth-060313-055024
https://doi.org/10.1006/icar.1993.1043
https://doi.org/10.1016/j.icarus.2009.11.010
https://doi.org/10.1126/science.1109087
https://doi.org/10.1029/2006JE002863
https://doi.org/10.1130/g21258.1
https://doi.org/10.1130/g21258.1
https://doi.org/10.1023/a:1019852101711
https://doi.org/10.1007/978-0-387-84858-7_14
https://doi.org/10.1126/science.1089647
https://doi.org/10.1002/2016JE005111
https://doi.org/10.1016/j.icarus.2019.113512
https://doi.org/10.1016/j.icarus.2019.113512
https://doi.org/10.1029/2019JE006337
https://doi.org/10.1029/2007JE002984
https://doi.org/10.1016/j.pss.2009.03.007
https://doi.org/10.1126/science.1165871
https://doi.org/10.1126/science.1165871
https://doi.org/10.1029/2006JE002682
https://doi.org/10.1029/2006JE002682
https://doi.org/10.1029/2012JE004149
https://doi.org/10.1029/2012JE004117
https://doi.org/10.1029/2008GL034546
https://doi.org/10.1029/2006JE002831
https://doi.org/10.1029/2006JE002831
https://doi.org/10.1016/j.icarus.2019.01.002
https://doi.org/10.1029/2006JE002726
https://doi.org/10.1029/2006JE002726
https://doi.org/10.1002/2014JE004690
https://doi.org/10.1029/2001JE001580


Seelos, F. P., & Murchie, S. L. (2018). CRISM mapping data empirical radiometric reconciliation for the next‐generation Mars global multi-
spectral map. Paper presented at the Lunar and Planetary Science Conference.

Smith, D. E., Zuber, M. T., & Neumann, G. A. (2001). Seasonal variations of snow depth onMars. Science, 294(5549), 2141–2146. https://doi.
org/10.1126/science.1066556

Squyres, S. W., & Knoll, A. H. (2005). Sedimentary rocks at Meridiani Planum: Origin, diagenesis, and implications for life on Mars. Earth
and Planetary Science Letters, 240(1), 1–10. https://doi.org/10.1016/j.epsl.2005.09.038

Tanaka, K. L., Skinner, J. A., Dohm, J. M., Irwin, R. P. III, Kolb, E. J., Fortezzo, C. M., et al. (2014). Geologic map of Mars (3292). Reston,
VA. Retrieved from http://pubs.er.usgs.gov/publication/sim3292

Tukey, J. W. (1977). Exploratory data analysis. (Vol. 2). Reading, MA.
Viviano, C. E., Murchie, S. L., Daubar, I. J., Morgan, M. F., Seelos, F. P., & Plescia, J. B. (2019). Composition of Amazonian volcanic

materials in Tharsis and Elysium, Mars, from MRO/CRISM reflectance spectra. Icarus, 328, 274–286. https://doi.org/10.1016/j.
icarus.2019.03.001

Viviano‐Beck, C. E., Seelos, F. P., Murchie, S. L., Kahn, E. G., Seelos, K. D., Taylor, H. W., et al. (2014). Revised CRISM spectral parameters
and summary products based on the currently detected mineral diversity on Mars. Journal of Geophysical Research: Planets, 119,
1403–1431. https://doi.org/10.1002/2014JE004627

Zuber, M. T., Smith, D. E., Solomon, S. C., Muhleman, D. O., Head, J. W., Garvin, J. B., et al. (1992). The Mars observer laser altimeter
investigation. Journal of Geophysical Research, 97(E5), 7781–7797. https://doi.org/10.1029/92JE00341

10.1029/2019JE006337Journal of Geophysical Research: Planets

KAMPS ET AL. 18 of 18

https://doi.org/10.1126/science.1066556
https://doi.org/10.1126/science.1066556
https://doi.org/10.1016/j.epsl.2005.09.038
http://pubs.er.usgs.gov/publication/sim3292
https://doi.org/10.1016/j.icarus.2019.03.001
https://doi.org/10.1016/j.icarus.2019.03.001
https://doi.org/10.1002/2014JE004627
https://doi.org/10.1029/92JE00341


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


