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Introduction:  Mars experienced long-term vol-

canism and preserves many large volcanic constructs, 
and is probably the best planet for studying volcanic 
processes in the early solar system. However, long-
term and significant geologic modification, heavy deg-
radation, and resurfacing processes complicate the 
identification and characterization of the volcanoes 
produced in the Noachian [1]. Highland ridged plains 
are probably the earliest easily recognized volcanic 
features produced, mostly likely in Early Hesperian [2]. 
Recent crater counts based on HRSC and THEMIS 
data yielded an age of about 3.8-3.9 Ga for the 
Circum-Hellas highland patera volcanoes, suggesting 
that they are among the oldest central volcanoes on 
Mars [3]. Our previous work [4] identified several 
smaller but older shield volcanoes in Thaumasia 
Planum and Thaumasia Highland. In this study we 
examined martian global THEMIS daytime-IR and 
HRSC data and have discovered several tens of even 
older central volcanoes in the southern highlands, to 
the south of Tharsis Rise. They are the oldest volcanic 
edifices ever reported on Mars. 

Approach: We carefully examined volcanic fea-
tures in south highlands, especially in Thaumasia 
Planum and Thaumasia Highland, Thaumasia Fossae 
and Icaria Fossae based on visual interprettation of 
THEMIS, HIRISE and HRSC data. 

Dating using crater counting was done using stan-
dard practices. Crater measurements were used to pro-
duce cumulative crater size-frequency distribution 
plots with corresponding statistical errors [5-9] using 
the CRATERSTATS software package developed by 
the Free University, Berlin [10]. THEMIS daytime-IR 
mosaics at 100m/pixel spatial resolution were used as 
a consistent image base to count craters on the pro-
posed volcanic edifices. The N(1) cratering model ages 
are estimated by following the method of [11-12], in 
which only craters with diameters greater than 2 km 
are included in the counts, to avoid any effects from 
secondary craters [13]. 

Results: Viking, THEMIS, HRSC, MOC, and 
CTX images provide sufficient resolution to examine 
the details of volcanic morphology and for recognition 
of volcanoes that have not been previously identified 
and reported. Based on these data, thirty four small 
volcanoes have been identified in the Noachian 
Coprates Rise, Thaumasia Highlands, Thaumasia Fos-
sae, Icaria Fossae and southwest on the southern cra-
tered highlands. All are central volcanoes with diame-

ters ranging from 50 to 100 km, and heights above the 
present plains of 2000-3000 m. They are randomly 
distributed in the heavily cratered highlands. These 
edifices are heavily cut by radial channels, suggesting 
that the edifices are original shields.  

These central volcanoes can be divided into three 
groups based on the degree of modification and degra-
dation. Group 1 includes relatively well-preserved 
volcanoes with shield-like edifices that are degraded 
by radial channels and cratering with little tectonic 
deformation. There are eighteen shield volcanoes char-
acterized as Group 1. In general, few of these volca-
noes have summit calderas, because collapse, degrada-
tion, and subsequent eruption have destroyed the 
original calderas. Group 2 are moderately degraded 
volcanoes that have experienced extensional tectonic 
deformation such as rifting in addition to cratering and 
radial channeling. There are several tens of moderately 
modified shield volcanoes in the study area. These 
volcanoes have been modified not only by surface wa-
ter flow and impact cratering but also by tectonism. 
The volcanoes in the Thaumasia Highlands were cut 
by NW trending faults, mostly expressed as rifts. Vol-
canoes outside the Thaumasia Highlands were cut by 
both NW- and NE-trending faults, and extensional 
structures. The wider rift-like grabens are older than 
narrow linear faults. Group 3 are heavily degraded 
volcanoes that have been significantly modified by 
impact cratering, channeling, and tectonic deformation 
with only some edifices preserved and recognizable. 
Heavily degraded volcanoes are characterized by 
domes cut by wide faults of multi-orientations. These 
faults cut through their centers or flanks and occupy 
one third to one half of the constructs. These poorly-
preserved constructs are 50 to 80 km wide and be-
tween 1500 m to 2000 m high. It is noted that faults 
cutsthrough the centers of all four volcanoes, which 
probably controlled the volcanism. This tectono-
volcanism is likely a fissure-central eruption along the 
fault. This kind of rift-volcano assemblage is common 
in the Thaumasia area. It suggests that rifting and vol-
canism were coeval in many places, which is very dif-
ferent from the large shields in Tharsis, Elysium, and 
the Circum-Hellas regions, suggesting a diversity of 
volcanic styles during Martian thermal evolution. 

The estimated model ages for the three group vol-
canoes are ~4.0 Ga, 3.9 Ga and 4.0 Ga, respectively. 
The results demonstrate that these relatively small vol-
canoes are very close in age at 4.0 Ga. They formed in 
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late Early Noachian and are the oldest Martian volca-
noes reported on Mars [3, 14-16]. Because these ages 
were estimated from crater counts and the craters are 
overlapped with erosion features, it is suggested that 
the ages could also indicate the latest surface water 
flow modification, and that fluid water and snows that 
covered volcanoes melted before 4.0 Ga in this area 
between 40S to 10S. 

Discussion: Previous crater counts [14, 15,17] and 
the ages of the oldest volcanoes yielded by this study 
allow us to track visible Martian volcanism to as early 
as early Noachian (>4.0 Ga). With reported ages of 
volcanoes of Late Amazonian (0.1 Ga), construct-
forming volcanism on Mars lasted longer than previ-
ously thought. The long time span can be divided into 
four overlapping phases: a) phase 1 included highland 
volcanic ridged plains and constructs around the Thar-
sis bulge before 4.0 Gyr; b) phase 2 represents major 
central volcanism around the Hellas basin and Nili 
Petera between 4.0 Gyr and 3.7 Gyr; c) phase 3 was 
the major volcanism in the Tharsis and Elysium prov-
inces, and waning volcanism in the Circum-Hellas province, 
between 3.7 Gyr and 3.5 Gyr; d) phase 4 had waning 
volcanism in Tharsis and Elysium volcanic provinces, 
lasting from 3.5 Gyr to ~0.1 Gyr. These time spans and 
phases are generally consistent with Martian chrono-
logical epochs.  

Each phase had a unique eruption style and a dis-
tinctive composition. Volcanic rocks produced during 
the early phase are mafic and ultramafic in composi-
tion, forming picritic basalts, suggested by olivine-rich 
volcanic materials revealed by previous studies [18-19]. 
They probably formed by a high degree of partial melt-
ing of a hot shallow mantle. Later phases formed more 
felsic basalts [20], and resulted from low partial melt-
ing of the cooling lower mantle. 

The differences in volcanic composition suggest 
that changes in volcanism were controlled by the 
thermal evolution of the planet. High heat flux of the 
mantle in early Noachian melted large parts of the 
mantle beneath the southern hemispheric crust for the 
first-phase plains volcanism. With rapid cooling in the 
middle Noachian, the magma body solidified and only 
a few small, isolated chambers were left to produce the 
volcanoes in the southern highlands. Finally, magmas 
were produced by mantle plume activity that resulted 
in low degree partial melting of the mantle and formed 
the more silicic Tharsis and Elysium volcanoes. 

It is noted that the ancient small volcanoes are all 
located to the south and southeast of the Tharsis Rise, 
which is the largest volcanic province on Mars and 
experienced the longest volcanic history[14, 15, 21，
22]. The small volcanoes could represent the initial 
stages of volcanic activity in the Tharsis province. We 
propose that the Tharsis super-plume initiated and 

generated a large population of small volcanoes in this 
region, similar to those located in Venusian volcanic 
lava plains [23]. Most of these volcanoes ceased activ-
ity before 4.0 Ga, except for the large volcanoes (such 
as Olympus Mons and Alba Patera). 
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