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Pyrrhae Fossae (PyFo) on Mars is a palaeo-extensional 
tectonic feature preserved within a Noachian base-
ment in the north-western Noachis Terra (NT). We 
have tried to understand the possible origin of the 
stress responsible for the evolution of these tectonic 
structures and to correlate their formation with other 
global Martian events. We estimated the absolute 
model age of PyFo, using the Buffered Crater Count-
ing (BCC) technique, which indicates that these exten-
sional structures were formed at ~3.79 Ga, after the 
basement formation at ~3.98 Ga. Considering the ages 
and geology of the terrains adjoining the PyFo region, 
we propose that the regional scale flexural bending 
was promoted either in response to Tharsis-related 
volcano-tectonic load or thinning of northern lowlands 
producing extension at the upper crustal level, gene-
rating these fossae at the early stage of Martian evolu-
tion. 
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MARS was dynamically active, at the very early stage of 
its evolution1, driven by its internal heat transfer from the 
interior to the surface. Tectonic activities peaked during 
the Noachian time and continued later with much-decrea-
sed intensity concentrating around certain domains2,3, 
long after the cessation of the Martian internal core dynamo 
(~4 Ga (refs 4, 5); alternatively ~3.7 Ga (ref. 6)). Even 
the recent InSight mission found the planet seismically 
active and detected seismic response similar to terrestrial 
intraplate7. However, the absence of intense surface re-
construction (apart from some volcanic domains8 com-
bined with a significantly low rate of erosion9,10) led to 
the preservation of the early tectonic signatures, especially 
in the southern highlands of Mars. The Noachis Terra 
(NT), part of the southern highlands, preserves early tec-
tonic signatures of both tensional and compressional re-
gimes. Large (up to 1000 km in length) grabens of late 

Noachian age are present in the eastern part of the NT, 
adjacent to the Hellas Basin11,12, while comparatively 
smaller grabens (~20–120 km long) are found13,14 in the 
north-western part of the NT. One such set of narrow 
grabens (termed as fossae) trending E–W is the Pyrrhae 
Fossae (PyFo, Figure 1). The PyFo drew our attention for 
its unique morphology and structural orientation, which is 
different from the nearby tensional structures, especially 
grabens (grabens surrounding PyFo are WNW–ESE, NE–
SW, N–S in orientation). All the grabens to the west of 
the PyFo are parts of the radial graben system related to 
the Tharsis, the giant volcano–tectonic province. The de-
tailed morpho-structural analysis of PyFo has been ex-
plained in our previous study15. However, their origin, 
evolution, and relationship with the global Martian tec-
tonic events remained elusive. To understand the origin 
and evolution, knowledge of the timing of the formation 
of these grabens is essential. Therefore, we have estima-
ted the absolute age of the PyFo using the BCC technique 
and discussed their evolution and possible origin. 

Pyrrhae Fossae 

PyFo and its surrounding region located to the NE of the 
Argyre basin (Figure 1) are confined within the middle 
Noachian highland units16. The extracted Mars Orbiter 
Laser Altimeter (MOLA) Digital Elevation Model 
(DEM)17 reveals that the elevation of the PyFo and its 
surrounding region varies from –3 to +2 km (with respect 
to the zero-elevation level) and shows a general slope 
(Figure 2) towards the northern lowlands. Constant E–W 
orientation of these fossae was observed to appear over 
an area of ~150,000 sq. km. Lengths and widths of indivi-
dual fossa vary from 20 to 120 km and 6 to 13 km res-
pectively. The floors of individual fossae show a 
dropdown (vertical component) of ~20–~325 m from the 
adjacent ground level. The northernmost fossae of PyFo 
has deformed an unnamed crater (centred at 23.1°W, 
27.5°S), which facilitated the identification of the nature 
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of the grabens. Though the crater rim is faint in the north-
eastern part due to prolonged weathering and erosion 
(wind streaks and channels present in and around the cra-
ter15 indicate wind and water activity in the region), the 
rim remained almost circular with no visible offset along 
the faults bounding the fossae, suggesting that the normal 
faults bordering the fossae are dip–slip in nature15. Con-
sidering the nature of the fault planes bounding the  
fossae, De et al.15 analysed the orientation of palaeostress 
responsible for their formation, which revealed that N–S 
trending sub-horizontal maximum tensile stress (σ3) and 
sub-vertical maximum compressive stress (σ1) resulted in 
the formation of the PyFo. 

Dataset and software 

Identification of the fault-scarps of the normal faults 
bounding the PyFo was executed using MOLA DEM17 
(resolution: 463 m/pixel) and Thermal Emission Imaging 
System-Infrared (THEMIS-IR) Day Global Mosaic18 (reso-
lution: 100 m/pixel) images. High-Resolution Stereo Cam-
era19,20 (HRSC) (resolution: 12.5 to 50 m/pixel) and Context 
 
 

 
Figure 1. a, MOLA DEM showing the location of the PyFo (marked
with a black rectangle) in the NT. b, THEMIS-IR Day Global Mosaic
showing area of study. Individual fossae of the PyFo considered for the
BCC analysis are marked with yellow arrows. 

Camera21 (CTX) images (resolution: 6 m/pixel) were used 
to identify and distinguish the stratigraphic relations of 
the crater ejecta blankets. Geological mapping of the area 
and crater counting were performed on HRSC and CTX 
images using the CraterTools22 add-on in the Arc-GIS. 
Extracted crater statistics were then analysed in Craters-
tats23 (version: 2.0) to estimate the age. 

Age estimation methodology 

Determination of absolute model ages of the planetary 
surfaces by analysing crater size-frequency distributions 
(CSFDs) is the common technique to estimate ages of 
planetary surfaces24–28. In this technique, all the superim-
posed craters with centres inside the boundary (of a geo-
logically homogeneous area) are counted. The CSFDs 
obtained by crater counting is then fitted with a known 
crater production function (PF)23. To obtain the absolute 
age, the crater frequencies for certain crater sizes are then 
combined with chronology function (CF)29. However,  
linear/curvilinear features are more susceptible to the  
resurfacing processes, including aqueous alteration, and 
wind-driven erosion erasing the original crater popula-
tion30. Therefore, the traditional CSFD technique cannot 
extract reliable surface ages as it requires the number of 
craters normalized to the mapped area, which is very  
limited for linear/curvilinear features resulting in poor 
crater statistics30. 

BCC 

The BCC method (previously called ‘crater line-count 
method31’) allows us to determine the age of linear/ 
curvilinear structures individually, regardless of the sur-
rounding geological unit or resurfacing processes within 
the counting area. In BCC30,32, crater statistics are 
 
 

 
Figure 2. MOLA DEM showing the topography of PyFo region. Indi-
vidual fossae of the PyFo considered for the BCC analysis are shown 
with red arrows.
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improved by considering a buffer area around the  
linear/curvilinear feature in the analysis of CSFDs. 
 Unlike the traditional CSFD analysis, the BCC tech-
nique considers every superimposed crater, postdating the 
structures, irrespective of the location of their centres or 
sizes30,32. Crater ejecta is also considered while determin-
ing the buffer to incorporate more craters to improve the 
crater statistics (called ejecta approach in particular). The 
effective counting area (which includes a buffer around 
the linear/curvilinear feature) for the analysis of CSFDs 
is determined for each postdating crater; depending upon 
the buffer width, the effective crater frequency is then 
calculated individually for each crater. The calculated 
buffer around the linear/curvilinear feature depends on 
the diameter of the counted crater30. After several modifi-
cations, this technique has recently been applied to several 
varied linear/curvilinear features (tectonic structures12,33–38, 
fluvial features32, and impact-related features39–41). 

Age estimation methodology of PyFo 

Linear scarp walls of PyFo are very narrow and may have 
suffered resurfacing processes. Therefore, to obtain the 
age with more precision, we have applied the BCC tech-
nique. The scarp walls of the PyFo were mapped as elon-
gated polygons (Figure 3). We excluded the fossae floors 
from mapping and craters present on these floors from 
counting as they may pre-date the fossae. Secondary cra-
ters, crater clusters and crater-like circular depressions 
such as volcanic calderas, collapse, and sublimation pits 
were also carefully omitted while counting. Craters with 
or without their ejecta blankets superposed on the walls 
of fossae were considered, following the principles of 
BCC30,32. Craters were mapped using a three-point crater 
 
 

 
Figure 3. THEMIS-IR Day Global Mosaic of the PyFo showing
faulted boundary walls of fossae and superimposed craters mapped in
the green polygon and red outline respectively. Buffers around craters
(3 radii) and faulted boundary walls are marked in white and green out-
line respectively. 

digitizing tool (CraterTools). The buffer area was autoge-
nerated by CraterTools around the boundary of the fos-
sae, considering the three crater radii buffer (the ejecta 
approach). Upon completion, crater statistics were exported 
to a special crater count (SCC) file for analysing the 
CSFDs in Craterstats. The PF of Ivanov42 and the CF of 
Hartmann and Neukum27 were used to derive the absolute 
model ages along with the epoch boundaries specified  
by Werner and Tanaka43 and subsequently modified by 
Michael44. 
 We have also determined the age of the geological unit 
in which the fossae are present locally by analysing the 
CSFDs. The boundary of the measurement area was  
selected with the help of the geological map of Mars16 to 
ensure the homogeneity of the surface. Craters with their 
centres located well inside the mapped boundary (follow-
ing conventional CSFD method) (Figure 4) were consi-
dered to estimate the age of the basement geological unit 
into which the fossae were emplaced. 

Results and discussion 

We found that the age of PyFo is 3.79+0.058
–0.097 Ga by analys-

ing craters in a diameter range of 6–50 km (Figure 5). 
The estimated age of the basement geological unit of 
the region is 3.98+0.038

–0.052 Ga (Figure 6). These results indicate 
that the PyFo formed in late Noachian time (~3.86–
3.74 Ga (refs 42, 43)), shortly after the formation of the 
basement in early Noachian time (~3.99–3.97 Ga (refs 43, 
45)). Our study also indicates that the basement unit is 
formed earlier (early Noachian) than the previously esti-
mated time (middle Noachian16). 
 The orientations of PyFo do not follow the outer arc 
curvature of the major impact basins (e.g. Argyre of 
~3.83 Ga (ref. 45); Holden of ~3.5 Ga (ref. 46); Ladon of 
 
 

 
Figure 4. THEMIS-IR Day Global Mosaic showing area selected for 
determinating the age of the basement and the craters counted in the 
PyFo region are marked in white and black outline respectively.



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 121, NO. 7, 10 OCTOBER 2021 909

~4.0 Ga (ref. 47)), situated in its vicinity (within 
1000 km). Note that large impacts tend to form radial and 
concentric fractures around them. Due to the evolution of 
the underlying mantle through time, isostatic adjustment 
leads to movement of the upper lithosphere to the basin 
centre11 developing concentric faults around them. How-
ever, extensional structures in the west of the PyFo are 
dominantly WNW–ESE in orientation and are related to 
 
 

 
Figure 5. The CSFDs and derived model ages of the PyFo (marked in
Figure 3) using the BCC technique. 
 
 

 
Figure 6. The CSFDs and derived model ages of the basement (area
marked in Figure 4) of PyFo. 

the development of the Tharsis and its components. Gra-
bens present on the south of PyFo significantly contrast 
in orientation (N–S) and are broadly concentric to the 
Argyre basin. Structures related to the Hellas basin 
(~3.99 Ga (ref. 45)) present ~3000 km east of these fossae, 
are mostly wider (~100 km) and have NE–SW trend48. 
 These age and orientation differences suggest that the 
extensional event that formed the PyFo is not related to 
any of these major events. 
 Most of the extensional tectonic structures in the west-
ern hemisphere of Mars are proposed to be related to the 
development of the Tharsis volcano-tectonic province 
and formed before 3.8 Ga (ref. 49). Grabens present to 
the west of the PyFo are radial to the Tharsis and possibly 
formed during early-middle Noachian time when Tharsis 
volcano-tectonic activity was centred at the Claritas re-
gion2,50. However, the present study shows that the PyFo 
formed in the late Noachian time, much later than the  
development of Tharsis radial grabens of the surrounding 
region. Moreover, PyFo also differs in orientation from 
the Tharsis-related grabens. These together indicate that 
the evolution of Tharsis has no direct bearing on the  
formation of PyFo, and possibly a different tectonic event 
was responsible for its formation. 
 Elastic spherical shell loading model51–55 successfully 
explains the present-day geoid assuming Tharsis as a 
massive load supported by membrane stresses in a rigid 
lithosphere. The surface of Mars outside the Tharsis  
behaves as a thin spherical deformed lithospheric mem-
brane55. Formation of the PyFo can be related to the  
deformation of this elastic membrane by the phenomenon 
of membrane55 tectonics, which plays a key role in crustal-
scale deformation at an early stage of planetary evolution. 
The huge volcanic load of Tharsis might have produced 
layer parallel differential stresses developed due to iso-
static adjustment at a later stage, within this thin crust 
which bent to accommodate the sub-horizontal differen-
tial stress field. Such stress-induced regional-scale flex-
ural bending of the lithosphere might have led to the 
fractures at the upper crustal levels at late Noachian time 
(Figure 7). These fractures may show parallelism in their 
strike but vary in length, spaced out over an area of hun-
dreds of kilometres. 
 Alternatively, these flexure-induced extensional frac-
tures in the comparatively thicker crust of southern high-
lands might have resulted from thinning of northern 
lowlands. Watters56 envisaged lithospheric flexure in the 
southern highlands of Mars due to the thinning of north-
ern lowland crust from a study in the eastern hemisphere. 
It is also possible that thinning of northern lowlands in 
the western hemisphere induced flexural bending of the 
lithosphere beneath the southern highlands and resulted 
in the extension of the uppermost crust, ultimately pro-
ducing the PyFo. 
 Therefore, we propose that in the late Noachian time 
flexural bending of the lithosphere induced either by
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Figure 7. Schematic illustration of the formation of PyFo by the flexural bending of the crust. a, Before the  
formation of the PyFo; b, After the formation of PyFo; c, Orientations of principal stress axes (σ1: maximum, σ2: 
intermediate, σ3: minimum) responsible for the development of the normal faults bounding PyFo. 

 
 
loading of Tharsis or by thinning of northern lowlands 
produced fractures in the upper crust leading to an exten-
sional regime producing normal faults, bounding the  
PyFo. 
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