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Introduction

The Mars Odyssey Gamma Ray Spectrometer (GRS) instrument suite has returned mass fraction data of midlatitudinal
extent for Al, Ca, Cl, Fe, H, and Si; and of global extent for K
and Th. The mass fractions are representative of the surface
to tens of centimeter depths at coarser spatial resolution than
the 440 km (7.4◦ arc-diameter) footprint of the instrument
[1]. The data for Al and Ca, while promising, are preliminary.
Variations of these eight elements across the planetary surface
can be used to identify chemically striking regions of Mars.
Such analyses have been conducted for Cl [2], for the K/Th
ratio [3], and for K and Th in the northern low-albedo regions
[4].
This work expands the discussion to include all possible
combinations of the eight reported elements. We allow the data
to guide us in delineating chemically distinct regions as spatially overlapping bins of the tails of approximately gaussian
distributions for different sets of elements (Overlapping Gaussian Tail Clusters: OGTCs). While 247 distinct combinations
of elements are possible, only a few yield regions of meaningful spatial extent. We describe our methodology of sieving the
many possibilities down to a few viable sets, identify which
among them hold the greatest promise for geochemical insight,
and outline how we intend to analyze them. Complementing
this technique, it is possible to categorize the whole planet into
adjoining chemical regions by means of principal component
analysis (PCA) followed by clustering analysis [5]. Combining the two techniques would help constrain the geochemical
evolution of the Martian crust and near-surface environment.
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Nature of the data

The numerically precise GRS-derived elemental mass fractions are of coarser spatial resolution than the GRS footprint
due to extensive, but necessary, processing of raw γ spectra
[6]. We utilize the elemental mass fractions derived from the
cumulative γ spectra from 08 Jun 2002 to 02 Apr 2005 (Al
and Ca include spectra through 22 Jan 2006), spatially binned
at 5◦ × 5◦ . Even such a coarse bin resolution is finer than the
mean filter used to produce the mass fraction datasets, with
filter arc-radii of 5◦ for K; 10◦ for Cl, Fe, H, and Th; and
15◦ for Al, Ca, and Si. The data are also constrained to the
midlatitudes of Mars in order to avoid γ photon production
complexities and dilution effects in the presence of elevated
and layered H content [6].
On the basis of the geologic diversity on Mars, significant chemical variations including multi-modal or otherwise
non-normal mass fraction distributions may be anticipated.
Surprisingly however, due perhaps in part to the coarse spatial
resolution of our instrument, the mass fraction distributions of

all observed elements approximate random normal distributions with little evidence for outliers or other anomalies. We
have qualitatively verified the normality with histograms and
quantitatively with the Shapiro Francia normality test [7, pp.
333–336], kurtosis coefficient, and skewness coefficient.
The numerical precision of the mass fractions, which is
mostly a function of counting statistics, varies across elements
and the planetary topograhy. The average precisions as represented by relative root-mean-square uncertainties at resolutions corresponding to the filter radii are 11 % for Al, 16 % for
Ca, 10 % for Cl, 8 % for Fe, 11 % for H, 7 % for K, 2 % for Si,
and 10 % for Th.
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How are OGTCs defined?

Given the approximate normality of our data, we delineate
compositionally striking regions by first identifying individual
bins at which the mass fraction of a given element differs from
the corresponding global mean at some degree of statistical
confidence. The corresponding test parameter for the ith bin,
ti , is computed as in Eq 1.
ci − m
ti = q
s2m,i + s2

(1)

Where ci is the mass fraction of the element at the ith bin, m is
the global arithmetic mean mass fraction, sm,i is the numerical
uncertainty of ci , and s is the standard deviation of the mass
fractions.
We use 1s, 1.5s, 2s, and 2.5s as our measures of statistical confidence. The corresponding probabilities based on the
Student’s-t distribution [8, pp. 130–132] are listed in Table 1.
For example, if the mass fraction at the ith bin of Cl were
greater than the mean by 1s, then ti = 1 and we may be 84 %
confident (Table 1) that the bin is meaningfully enriched in
Cl relative to the global mean Cl content. In other words, for
a normal distribution with the population mean and standard
deviation as estimated with a sample of N data, the probability
that a datum could be greater than the population mean by at
least as much as 1s is less than 16 %. The weighting by sm,i in
Eq 1 ensures that variations within the numerical uncertainty
of mass fractions are disregarded.
Once bins have been identified at each level of deviation,
we search for spatial overlap among them within each of the
247 possible sets of elements. For example, in the {Cl, Fe,
Si} element set, all bins at which the elements individually
satisfy t ≥ 1.5 defines an OGTC at 94 % confidence (Table 1),
categorized as “EEE”. We use “E” to signify enrichment and
“D” to signify depletion relative to the corresponding mean
mass fractions.
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Table 1: The statistical significance of a given deviation from
the mean. The significance of the magnitude of deviation
(Pmag ) is usually less than that of the directional deviation
(P ), as the former is bidirectional. s denotes the standard deviation
Deviation Pmag
P
1s
1.5s
2s
2.5s

3.1

68 %
87 %
95 %
99 %

84 %
94 %
98 %
99 %

OGTC selections

If mass fractions at any two neighboring bins were independent, the bins of an OGTC are highly unlikely to be spatially
contiguous. However, spatial autocorrelation, in part due to the
coarse spatial resolution of the data, causes the mass fractions
to be similar at neighoring bins and reduces their locational
precision. In addition, any spatial dataset contains intrinsic
spatial autocorrelation [9, pp. 33–36]. Therefore, as a conservative measure, we reject all OGTCs that fail to satisfy an
additional criterion: the contiguous surface area cannot be less
than a threshold value.
The area threshold criterion is applied separately for each
region of an OGTC under spherical Mars assumptions. Since
much of the spatial autocorrelation is due to the mean filter,
we use it to define surface area thresholds. It may seem that
the surface area of the largest filter of a given set of elements
would suffice as the threshold. However, due to processing
steps in the production of elemental mass fractions [1], the
15◦ arc-radius filter for Si may indirectly affect the extent of
spatial autocorrelation in all but the radiogenic elements, K
and Th. Therefore, while we apply the 10◦ arc-radius area
threshold for OGTCs of the {K,Th} set, the 15◦ threshold is
used for all others. Fig 1 illustrates the effect of the entire
OGTC selection process using {Cl,Si} as an example.
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Results and Discussion

Our OGTC selections for detailed geologic, chemical, and
mineralogic study are illustrated in Fig 1 c for {Cl,Si} and Fig 2
for the rest. With the exception of {Cl, Fe, Si}, only the sets
with a pair of elements have OGTCs of sufficient areal extent to
satisfy our area threshold criterion. The absence of OGTCs at
better than 1.5s that satisfy area thresholds is also noteworthy.
Both are to be expected, since the contiguous surface area of
OGTCs decreases rapidly with the number of elements to a set
and the statistical confidence threshold. Even in the absence of
area thresholds, only five OGTCs exist – one each for {Al, K},
{Cl, Fe}, {Cl, H}, {Cl, Si}, and {K, Th} – at 2s confidence and
none at 2.5s or higher confidence. With the exceptions of K
and Th, the mass fractions of individual elements do not deviate
from the corresponding global averages by more than 2.5s
because of the numerical uncertainties and the approximately
gaussian distributions of our data.

Figure 1: The OGTC selection process for {Cl,Si} illustrated
with altitudinal contour overlays and plate carrée map projection. Dark blue indicates dataless regions, pale blue indicates
DD, bright green DE, orange ED, and red EE. (a) Entire surface categorized in the absence of statistical confidence constraints; (b) OGTCs at 1s; (c) OGTCs at 1s subject to the
contiguous 15◦ surface area threshold. Note that only two regions, DE and ED, survive the selection process.
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Figure 2: Final OGTC selections. The underlying confidence and area threshold constraints are listed at the top left of each map.
The {Cl,Si} OGTCs at 1s and 15◦ threshold are shown in Fig 1 c.
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servations indicate that most, if not all, may in fact contain
diverse geologic map units within them.
5 Conclusions

Figure 3: The 1s confidence and 10◦ threshold OGTC of {Al,
Cl, Fe, Si}. It marks a region enriched in Cl but depleted in
the rest.
The contiguous spatial extent of OGTCs greatly enhances
their significance even when individual bins have only been
subject to 1s statistical confidence constraints. It is beyond the
scope of this work to assign a precise statistical significance to
regions that are larger than our area thresholds. However, we
are confident that the OGTCs we selected on the basis of statistical significance, contiguity, and area constraints (Figs 1 c
and 2) represent compositionally striking regions of Mars.
Proximity to geologically intriguing localities and the potential for geochemical insight may justify the retention of
some OGTCs that are excluded from Fig 2. However, any
such region must be at least at the 10◦ arc-radius threshold.
We are carefully reviewing the 40 OGTCs that meet 1s and
1.5s confidence criteria, but only satisfy the 10◦ area threshold. Among them, the OGTC of {Al, Cl, Fe, Si} is particularly
interesting given its position west of Arsia Mons and the simultaneous depletion of Al, Fe, and Si (Fig 3). It is also the
only four-element set to survive both the 1s confidence and
10◦ area threshold criteria.
One of the regions illustrated in Fig 2, the {Cl,H} type EE
at 1s 15◦ threshold, is located within the elevated Cl region
investigated by [2]. Likewise, the northernmost regions of
the {K,Th} type EE at 1s 10◦ threshold may highlight the
chemical signature of surface type 2 material [4]. However,
other regions of the same set, such as type EE in the vicinity
of Terra Cimmeria, the broad type DD south of −45◦ latitude,
and type DD south of Elysium Mons need to be investigated
in detail.
It is interesting that some of the selected regions (Figs 1 c,
2, and 3) are in close proximity to mapped geologic units. Examples include {Cl,Si} type ED at 1.5s 15◦ threshold (Southwestern Tharsis), and {H,Si} type DE at 1s 15◦ threshold
(Solis Planum and southernmost portions of Lunae Planum).
However, in general, OGTC regions do not overlap exactly
with previously identified geologic units. Our preliminary ob-

The OGTC regions we have defined, in conjunction with PCA
[5] form the basis of classifying the surface of Mars into chemically distinct regions. Our immediate goal is to characterize
each of the selected regions (Figs 1 c, 2, and 3) in terms of geologic map units, thermally-inferred attributes such as thermal
inertia and rock abundance, and other remotely sensed Martian
GIS datasets. This would help us constrain the chemical and
physical processes that produced the chemical signatures now
evident on Mars. Our investigations may reveal that chemical
regions are decoupled from bedrock geochemistry, particularly
where fine material accumulations are thicker than the GRS
sampling depths [10]. Additional insight may be obtained for
some regions by comparing and contrasting in situ data with
remotely sensed attributes. While only one OGTC, {Cl,H}
type EE at 1s 15◦ threshold, contains a landing site – of Spirit
– within it, several others are spatially proximate to Pathfinder
and Viking 1 landing sites. In spite of massive differences in
spatial resolution, in situ observations would provide useful
constraints to our analysis much as they have for the GRS data
in general [1].
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