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     Introduction:  The Thermal Emission Spec-
trometer (TES) instrument aboard the Mars 
Global Surveyor spacecraft began collecting data 
from Mars in 1997 [1-2]. The first global analysis 
of surface emissivity using TES data showed that 
low-albedo regions could generally be grouped 
into two classes [3]: Surface Type 1, which is 
largely confined to the southern highlands, with a 
few isolated exceptions in the northern lowlands 
[4], and Surface Type 2, which is primarily con-
centrated in the northern lowlands, but also has 
significant concentrations scattered throughout 
the southern highlands [3]. The interpreted miner-
alogy of those two surface types has been the sub-
ject of much debate. Surface Type 1 has been in-
terpreted as basalt to basaltic-andesite [4-7], while 
Surface Type 2 has been interpreted as basaltic 
andesite to andesite [4,6,8-9] or altered basalt 
[7,9-14]. 
     More recently, Rogers and Christensen (2007) 
[15] (hereafter “RC2007”) demonstrated that sta-
tistically separable variations in composition exist 
regionally within the previously defined surface 
types.  In addition, data returned from the Mars 
Odyssey Gamma Ray Spectrometer (GRS) and 
Mars Express Observatoire pour la Mineralogie, 
l'Eau, les Glaces, et l'Activite (OMEGA) spec-
trometer have provided global perspectives on 
elemental abundance and visible/near-infrared 
(VNIR) spectral properties of the surface [e.g., 
16-17].  The Mars Exploration Rovers (MER) 
Spirit and Opportunity have returned in-situ 
analyses of dust-free sands and rocks [e.g, 18,19].  
Finally, data returned from the Mars Odyssey 
Thermal Emission Imaging System (THEMIS) 
have revealed mineralogic diversity at subkilome-
ter scales [e.g., 20].    
     The purpose of this abstract is to summarize 
some of the key results and interpretations from 
the recent work of RC2007 [15] and compare 
those results with observations from GRS, 
OMEGA, THEMIS and MER.  A consistent pic-
ture of Mars’ surface mineralogy  emerges.  To-
gether, results from these studies have implica-
tions for the duration/intensity and style of sur-

face alteration on Mars, and provide new informa-
tion about the development of the Martian crust.  
     New global compositional units from TES 
data:  Rogers et al. (2007) [21] revisited the ini-
tial work of Bandfield et al. (2000) [3] and ex-
tracted additional surface detail present in the 
TES dataset.  They presented refined distributions 
of pure Type 2 surfaces and reported regional 
spectral deviations from both surface types. Al-
though regional differences exist, Rogers et al. 
(2007) [21] point out that emissivity from low 
albedo regions can be averaged to produce spectra 
that are similar to Surface Types 1 and 2, indicat-
ing that the originally derived surface types of 
Bandfield et al. (2000) [3] are representative of 
the average of all low-albedo regions. 
     RC2007 [15] derived modal mineralogy from 
the low-albedo region spectra of  Rogers et al. 
(2007) [21], and grouped the spectra according to 
similar composition using a minimum distance 
clustering algorithm.  They found that martian 
dark regions (surfaces with TES albedo values < 
0.15) could be classified into four groups based 
on relative abundances of plagioclase, pyroxene, 
olivine, and high-silica phase(s) (meaning pri-
mary or secondary silicate minerals, glasses or 
mineraloids with Si/O ratios > 0.35 [13]), which 
differ by ~10% or greater between groups.  Car-
bonate, sulfate, quartz and amphibole were mod-
eled at or below the detection limit for normalized 
abundances (~5-15%, depending on the mineral 
group [2,5]). 
     These new compositional divisions improve 
visualization of global-scale spatial trends in mo-
dal mineralogy (Fig. 1).  RC2007 [15] addressed 
some geological implications of the global-scale 
trends.  Three of the key observations and inter-
pretations are summarized below, and placed into 
context with recent results from complementary 
global data sets. 
     1. Nature of TES Surface Type 2:  One of 
the four compositional units derived by RC2007 
[15] is characterized by elevated abundances of 
high-silica phase(s) and relatively low abun-
dances of pyroxene and olivine.  This spectral 
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type is nearly identical to the original Surface 
Type 2 unit of Bandfield et al. (2000) [3], except 
that the global distribution is refined and less ex-
tensive.  Type 2-like surfaces are primarily found 
in northern latitudes greater than 45°N, with 
fewer surfaces located in western Solis Planum 
and in isolated locations within the southern lati-
tudes poleward of 45°S (red in Fig. 1). With the 
exception of Solis Planum, the distribution of 
Type 2-like surfaces suggests that the abundant 
high-silica phase(s) in those regions is/are secon-
dary in nature [15], as suggested by previous au-
thors [12-13]. A volcanic origin cannot be ruled 
out on the basis of global distribution alone, how-
ever.  
 

Figure 1.  Compositional units of [15].  Each 
pixel was mapped as the compositional unit with 
the highest modeled abundance.  Areas with no 
data have TES albedo values > 0.15 [2], except 
for the southern Acidalia region.  See [15] for dis-
cussion.   
      
     Using GRS data, Karunatillake et al. (2006) 
[22] found no measurable difference in silicon 
abundance between the northern lowlands and the 
cratered highlands.  The GRS is sensitive to a 
greater thickness of material than the TES (~1 m 
vs ~100 microns).  The fact that GRS and TES 
observe different Si distributions (in the form of 
“high-silica phase(s)” for TES) suggests that the 
high-silica phase(s) are not volumetrically signifi-
cant.  This in turn supports the idea that they exist 
in the form of a thin coating [e.g., 11].  Because 
coatings are not likely to persist on sand grains in 
an active aeolian regime, RC2007 [15] suggest 
that if the high-silica phases are coatings, they 
must have formed relatively recently or were only 

recently exposed.  
     RC2007 [15] note that although the high-silica 
phase(s) characteristic of Type 2-like surfaces are 
probably an alteration product, Type 2 surfaces 
are also unique in their pyroxene mineralogy 
(though overall pyroxene abundance is low rela-
tive to other regions).  In northern Acidalia, the 
most abundant pyroxene is low-Ca pyroxene, 
whereas in the highlands, the most widespread 
basalt composition is dominated by high-Ca cli-
nopyroxene.  Based on this observation, RC2007 
[15] suggest that the unaltered substrate lithology 
of Type 2 surfaces was likely different than that 
of the average highlands, and conclude that Type 
2-like surfaces are unique from the average high-
lands basalt because of a combination of both ig-
neous and alteration processes. 
     A complex origin for the northern plains com-
position is supported by GRS data, which show a 
30% increase in K and Th in the northern plains 
relative to the highlands [22], but little difference 
in the K/Th ratio between these regions [22-23].  
Karunatillake et al. (2006) [22] suggest that the 
most likely explanation for the K and Th enrich-
ment is that northern plains materials were de-
rived from a mantle source that was composition-
ally distinct from that which formed the high-
lands.  However, they point out that existing 
models for forming distinct mantle sources also 
predict a difference in Si between the sources 
[e.g., 24],  which may be problematic as no dif-
ference in Si is observed with GRS.  GRS data 
also show that Fe abundance is greater in the 
northern lowlands [16,25].  Hahn et al. (2007) 
[25] indicate that the Fe distribution could be ex-
plained by either igneous or alteration processes 
or both. Though TES-derived pyroxene abun-
dances are only near or just above the detection 
limit in the northern plains, we speculate that the 
plains–highlands difference in Fe concentration 
(from GRS data) may be related to the plains–
highlands difference in dominant pyroxene com-
position (indicated by TES data).  This would 
suggest that an igneous process may be partially 
responsible for the Fe distribution.  A Ca distribu-
tion map might help to refute or support this sug-
gestion.     
     2. Igneous units in the highlands:       Areas 
previously mapped as Surface Type 1 or a mix-
ture of the two surface types were broken into 
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three units by RC2007 [15].  These units have 
similar high-silica phase abundance (~10-20%), 
but differ from each other in terms of relative 
abundances of plagioclase, high-Ca pyroxene, 
low-Ca pyroxene, and olivine.  The first composi-
tional unit is primarily found in terrains of Noa-
chian age (~75%), with the remaining found in 
Hesperian terrains.  It consists of ~25% plagio-
clase, ~20% high-Ca pyroxene, ~5-15% low-Ca 
pyroxene, and ~10-15% olivine, and is the most 
common unit found in the highlands (green in 
Fig. 1).  RC2007 [15] noted that the variations in 
pyroxene and olivine abundance within this are-
ally-large unit could be due to subtle mineralogic 
differences between regionally-homogeneous ma-
terials.  Alternatively the pyroxene and olivine 
variations  could be due to differences in the 
number of local-scale outcrops enriched in low-
Ca pyroxene or olivine, within an otherwise ho-
mogeneous “background” composition.  OMEGA 
and TES data show abundant local-scale outcrops 
of low-Ca pyroxene and olivine in the Noachian 
highlands, which support the latter suggestion 
[e.g., 26,35].  In addition, recent analyses of bed-
rock exposures in the intercrater plains of Mars 
with THEMIS data also indicate that a mixture of 
local-scale geologic units are likely contributing 
to the regional composition derived with TES 
data [27].   
     The remaining two units (orange and purple in 
Fig. 1) are characterized by (1) ~30% plagioclase, 
~30% high-Ca pyroxene, and ~10% high-silica 
phase(s), and (2) ~35-40% plagioclase, ~20% 
high-Ca pyroxene, ~15-20% high-silica phase(s) 
and less than 5% olivine and low-Ca pyroxene.  
The type localities for these units are Syrtis Major 
and Aonium Sinus, respectively [15].  These units 
are more uniform in mineralogy than the exten-
sive unit described above.  
Limited alteration in equatorial regions (<45°) 
     RC2007 [15] found no global trend in the rela-
tive abundances of major phases (plagioclase, 
pyroxene, and high-silica phases) on the surface.  
There is little evidence that the global-scale min-
eralogic differences are due to preferential weath-
ering of one mineral group [15].  In addition, the 
spatial distribution of compositional units be-
tween 45°S and 45°N are broadly associated with 
global terrains defined by largescale morphology, 
geographic/topographic province, and to some 

extent, surface age.  These observations suggest 
that differences in the primary mineralogy of 
crust-forming lavas are the dominant cause for 
global-scale spectral variations observed with 
TES data in dark regions equatorward of ± 45° 
latitude [15].  Although limited alteration may 
have occurred, it has not erased or homogeneized 
large-scale variations in primary igneous compo-
sitions.  
Evidence for mineralogic variations caused by 
magmatic processes 
     RC2007 [15] note that if Hesperian lavas were 
primitive melts derived from the same mantle res-
ervoirs which produced the Noachian crust, they 
would likely have less Al, and therefore plagio-
clase, than older lavas.  However, plagioclase 
abundance does not decrease between Noachian 
and Hesperian terrains, suggesting that Hesperian-
aged additions to the crust must have been af-
fected by magmatic processes such as fractional 
crystallization or assimilation.  One example 
given by RC2007 [15] is the compositional unit 
found in Aonium Sinus and Phrixi Regio.  These  
are Hesperian-aged surfaces found on the south-
ern edge of the Tharsis rise (Fig. 1).  These sur-
faces are distinguished by having higher plagio-
clase and lower olivine abundance than much of 
the Noachian terrains.  A possible explanation for 
this different mineralogy is that magmas in 
Aonium Sinus and Phrixi Regio underwent a 
higher degree of olivine fractionation. If the high 
elevations associated with these regions are due to  
thicker crust [e.g., 28], the thick crust could have 
allowed for more fractionation of olivine, relative 
to thinner highland terrains.  
     3. Absolute abundances of plagioclase and 
pyroxene:  At a global scale, total pyroxene 
abundances range between 20-40%, with the low-
est abundances occuring in the northern plains 
[3,15,29].  A similar trend is observed in OMEGA 
data, with pyroxene bands being “weak-to-
absent” in the northern plains [17].  Plagioclase 
abundances range between ~25-35% [15,29], 
which is lower than the range originally reported 
by Bandfield et al. (2000) [3].  This is due primar-
ily to the more recent ability to analyze the ~200-
400 cm-1 wavelength region of TES data that was 
unavailable at the time of their analysis (see [15] 
for discussion).  These plagioclase and pyroxene 
abundances are consistent with those measured 
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from sands by the Athena payload on both Spirit 
and Opportunity [18-19, 30-31].   
     For some highlands regions, both high-Ca and 
low-Ca pyroxenes are modeled near or above the 
detection limit in TES spectra [15], with high-Ca 
pyroxene being the dominant pyroxene.  Areas 
where low-Ca pyroxene is above the detection 
limit are generally found in Noachian terrains, 
and in the northern plains [15].  For some regions, 
such as Syrtis Major, only high-Ca pyroxene is 
present above the detection limit.  Spatial trends 
in relative abundance of low-Ca and high-Ca py-
roxene are similar between the TES and OMEGA 
data sets.  In the highlands, VNIR spectra of Mar-
tian dark regions are consistent with the presence 
of two pyroxenes [17,26,32-33,26], with high-Ca 
pyroxene being the most abundant [17,26].  Ex-
ceptions to this are small-scale outcrops enriched 
in low-Ca pyroxene that are common in Noa-
chian-aged terrains [26,34].  An enrichment of 
high-Ca pyroxene in Syrtis Major is also observed 
in OMEGA data [e.g., 26].  Finally, analyses of 
Mini-TES spectra of basaltic sands also indicate 
that both low- and high-Ca pyroxenes are present 
[19,30].   
     Both the plagioclase/pyroxene ratios and two-
pyroxene mineralogy observed with TES data 
[15] and supported by OMEGA data are closer to 
shergottite mineralogies than determined from 
previous low-resolution studies.  Recent high-
resolution analyses of bedrock exposures in the 
highlands with THEMIS and TES data tentatively 
indicate that lower plagioclase/pyroxene ratios 
and high-Ca pyroxene to low-Ca pyroxene ratios 
may exist more commonly at small scales [27].  
     Conclusions:  Martian low-albedo regions are 
not uniform in composition.  Although the com-
position of sands analyzed by both Spirit and Op-
portunity are similar [18], observations from or-
bital data sets clearly show spatial variations in 
dark region composition at global- and local-
scales. 
     TES-derived mineralogy combined with geo-
logic context and complementary compositional 
data sets indicate that only limited aqueous activ-
ity has affected the surface; however, some 
unique regions, such as the hematite-bearing 
plains of Meridiani Planum, clearly had sustained 
aqueous activity.  Conditions that favor the for-
mation and preservation of zeolites or amor-

phous/poorly crystalline aluminosilicate alteration 
products occur in the high-latitude (> 45°) regions 
of Mars, and may be related to the availability of 
surface H2O in those regions, as suggested by 
Wyatt et al. (2004) [12] and Michalski et al. 
(2005) [13]. Because coatings are not likely to 
persist on sand grains in an active saltating envi-
ronment, the alteration probably occurred in 
Mars’ recent past, or alternatively the altered 
sands were recently exposed [15].  TES observa-
tions suggest that although the high-silica compo-
nent of TES Type 2 is likely due to alteration, the 
overall spectral differences between the lowlands 
and highlands may be caused by both alteration 
and igneous processes [15]; GRS data may sup-
port this suggestion. 
     Finally, some Hesperian terrains exhibit a dif-
ference in mineralogy from Noachian terrains [15, 
26], suggesting variations in degrees of fractional 
crystallization, assimilation, or source region 
compositions.  Hesperian lavas in Syrtis Major 
are mineralogically unique, at least on a global 
scale [15].   
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