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INTRODUCTION
Exploring the geometry and long-term evolution of 
segmented normal fault systems is vital for seismic 
hazard assessment and natural resource development. 
Complex fault geometries are better preserved on 
Mars relative to Earth because of low rates of erosion 
and deposition on the red planet. In addition, newly 
available (2023), high-resolution (5 m/pixel) imagery 
of the Mars CTX Mosaic permits us to examine fully 
exposed fault networks in more detail than anywhere 
in the solar system.

The Martian volcano-tectonic complex Alba Mons is 
in the northern Tharsis region (e.g., Tanaka, 1990). 
With a North-South diameter of 1000 km and an 
East-West diameter of 1400 km, the volcano is larger 
than any volcano found on Earth (e.g., Öhman and 
McGovern, 2014) (Fig. 1). The volcanic complex 
features two lobes east and west of the central dome 
and displays very few graben within the summit area 
or on the flanks of the central volcano. The western 
lobe is much larger than the eastern lobe, extending 
more than 300 km to the west of the central dome 
(Ivanov and Head, 2006). Alba Fossae (fossae: long, 
narrow depressions or troughs) is a spectacularly 
exposed circumferential fault system that stretches 
along the western flank of Alba Mons (Fig. 1). Ivanov 
and Head (2006) suggest that most graben associated 
with Alba Fossae coincide with a slope break. 

I investigate the characteristics of segmented normal 
faulting of the Alba Fossae circumferential fault 
network to shed light on the evolution of the system. 
The faulting spans several hundred kilometers along 
the western flank of the volcano, where faulting 
interacts with linear fault systems that extend 
northward and southward from the volcano (Fig. 

1). Regional faulting evolved over four stages (e.g., 
Tanaka et al., 1989; Tanaka, 1990), beginning in the 
Early and Middle Noachian (3.92-3.85 Ga), with 
circumferential faulting focused in the third and 
fourth stages (Scott and Tanaka, 1980; Ohman and 
McGovern, 2014).

To analyze the fault network, I developed a workflow 
using Google Mars software. In Google Mars, I 
defined a series of sampling windows that capture 
different sections of the circumferential fault system 
to document fault system characteristics at different 
positions. I then used statistical analyses of fault 
characteristics to better understand the evolution of 
the system. Spatial variations in these characteristics 

Figure 1. Colorized elevation overview of Mars. Note that the fault 
networks are labeled “fossae,” the volcanoes are labeled “mons” 
or “montes,” and the linear depressions are labeled “chasmas.” 
(image from Google Earth/Mars, accessed 2024).
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allow us to relate changes in the local and regional 
stress fields and magnitudes of extension as faults 
propagated and accumulated displacement within the 
circumferential fault network.

BACKGROUND
Fault Segment Linkage

As fault segments propagate and accumulate 
displacement, they affect proximal stress fields, 
which can result in changes in strain distribution in 
the zone between faults (e.g., Crider and Pollard, 
1998; Peacock, 2002). The geometries and spacing of 
segments influence whether and how linkage occurs; 
if spacing between two segments is too great, stress 
field interactions will not occur and faults will remain 
unlinked. However, if faults are more closely spaced, 
they may hard link and become segments of one single 
fault or may soft link by distributed strain (Fig. 2), 
which is commonly accommodated by a relay ramp 
(Peacock, 2002; McMillin, 2013; Taylor et al., 2024). 

Different fault displacements and geometries evolve 
based on whether the faults link before or after their 
tips overlap across strike (Fig. 2). En echelon normal 
fault systems of Alba Fossae display a wide range of 
linkage types.

Fault Development in the Northern Tharsis Region

Previous studies constrained four stages of faulting, 
from Noachian to Amazonian, across the northern 
Tharsis region, but the absolute ages of these stages 
are not precisely defined (Tanaka, 1989; 1990). Stage 
one of the region’s structural evolution began in the 
Early Noachian (~4.1 Ga) and lasted through Late 
Noachian (3.92-3.85 Ga) time (Tanaka, 1989). These 
faults trended northeast, cut Noachian aged basement 
materials, and are related to plume tectonics centered 
at Tempe Terra (Tanaka et al., 1989; Tanaka, 1990). 
North-trending stage two faults like the Ceranius and 
Tantalus Fossae systems (Fig. 1) initiated in the Late 
Noachian through the Late Hesperian (3.85-1.8 Ga), 
cutting Noachian and Hesperian materials (Tanaka et 

Figure 2. Diagrams displaying fault segment interactions, including stages of fault propagation and linkage, with stages 1-3 in 
chronological order (a-d). (modified from Taylor et al., 2024). Examples of fault segment interactions documented in the Alba Fossae 
fault system. Examples include:  I) soft-linked underlap (between window C and D); II) soft-linked overlap (window C); III) complex 
overlap (window G); IV) fault capture (window A); V) Relay ramp base breach in window D; and VI) Relay ramp top and base breach 
(window C).
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DEM (based on the Mars Orbital Laser Altimetry 
mission, or MOLA), I was able to measure the vertical 
displacement (throw) for each of the major faults 
along each line of section. I then used the measured 
throw for each fault to calculate heave at each fault, 
assuming a dip of 60 degrees, which is typical for 
normal faults. By adding heave values, I was able to 
estimate total horizontal displacement, which I used to 
calculate extension in each study window. 

Finally, to evaluate the hypothesis of Ivanov and 
Head (2006), who suggested that a slope break on the 
western lobe of Alba Mons had implications for the 
location of the circumferential fault system, I captured 
an elevation profile of the western lobe using Google 
Earth (Mars) to examine topography relative to the 
fault system. 

al., 1989). Faults from this stage crosscut stage one 
faults and remain active throughout subsequent stages 
(Tanaka, 1990). 

Stage three of fault evolution in the Tharsis region 
may have begun with either a broad collapse of the 
volcanic dome of Alba Mons during the final stages of 
volcanism in Early Amazonian time (~1.8 Ga) (e.g., 
Tanaka 1989; 1990) or by doming and uplift of the 
volcano or some combination of the two mechanisms 
(e.g., Tanaka et al., 1989; Tanaka, 1990; McGovern 
et. al., 2001; Scott and Wilson, 2003; Ohman and 
McGovern, 2014). Tanaka et al. (1989) suggest that 
changes in the dome also resulted in intense faulting 
along faults of Ceranius Fossae to the south and in the 
plains north of Alba Mons (Fig. 1). 

Stage four faults are discerned from stage three 
faults based on their linearity in the Tantalus Fossae 
and their narrow, sharp appearance in the Ceranius 
Fossae (Fig. 3; Tanaka, 1990). Structures in the fourth 
stage of development spanned from the early to late 
Amazonian (0.25 Gya) (Tanaka et al., 1989; Tanaka, 
1990). Many stage four faults are likely a result of the 
reactivation or continued activity of buried faults from 
stages two and three (Tanaka et al., 1989; Tanaka, 
1990; McMillin, 2013).

METHODS
I used Google Earth (Mars) to document fault 
characteristics and geometries in sampling windows 
B-H (Fig. 3). I measured segment lengths, linkage 
type (hard or soft linked), lateral overlap (the strike-
parallel length of fault segment overlap), en echelon 
step direction, and fault offset (strike-perpendicular 
distance between two fault segments). Because faults 
in window A display significant interactions with 
faults from Tantalus Fossae over a ~250 km2 area, I 
did not include them in this analysis. However, I do 
use interactions between fault networks exposed in 
window A when interpreting fault network evolution.

Based on map-view observations of sampling 
windows B-H (50 km eye altitude in Google Mars), 
I measured the average spacing perpendicular to 
fault strike across the fault network along a line of 
section approximately centered in each window (see 
Window E in Fig. 3, for example). Using the 200-m 

Figure 3. The Alba Fossae circumferential fault system (see Fig. 
1) with outlines for windows A - H. Example of a line of section 
in window E. Sample window D) Red lines trace 708 documented 
segments, dominated by left-stepping en echelon geometries (Table 
1). Sample window F) Red lines trace 308 documented segments 
with relatively short segment lengths (Table 1). Segments here are 
dominated by hard-linking geometries (Table 1). Sample window 
G) Red lines trace 261 documented segments with a strong right-
stepping preference (Table 1). Window G has a large proportion of 
soft-linkages compared to the other sampling windows (Table 1).
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RESULTS
Variations in Fault Geometries and Characteristics  

The Amazonian and Hesperian volcanic unit that 
surrounds Alba Mons is composed of stacked, gently 
sloping lobate flows meters to tens of meters thick 
and hundreds of kilometers long (e.g., Tanaka, 2014). 
We confirmed that the circumferential fault system 
cuts this unit, which post-dates the first two stages 
outlined in Tanaka (1990). There is debate over the 
extent of Alba Fossae, with recent research positing 
that the system includes faults to the north of the 
circumferential system (Ivanov and Head, 2006; 
Wiedeking et al., 2023). However, our analysis of 
window A reveals that the faults of the circumferential 
system clearly cut and displace older, north trending 
faults of Tantalus Fossae at a high angle (Figs. 1 and 
3). 

To gain a better understanding of along-strike changes 
in the Alba Fossae system, I documented detailed 
fault characteristics for windows B through H (Table 
1). The total extension accommodated is low for all 
windows, consistent with past studies of the fault 
system (e.g., Ohman and McGovern, 2014). My 
extension values ranged from 1.2-1.3% for windows 
C and D and from 0.3% to 0.8% for other windows 
(Table 1). Windows with the highest extension values 
correspond with the lowest average fault spacing (i.e., 
greatest cross-strike fault density), while the lowest 
extension values correspond with the highest average 
spacing (Table 1).

There is significant along-strike variability in how 
faults accommodate strain across the circumferential 
system. As an example, within Window C, there are 
two fault sets that accommodate extension with a 
25 degree difference in strike, suggesting that strain 
is partitioned between the two sets. These sets also 
suggest a change in the stress field over time (e.g., 
Grant and Kattenhorn, 2004), with one set likely 
pre-dating the other, setting up a strong en echelon 
fabric along several major faults in Window C. Also 
interesting, there is a large graben system in the 
northernmost section of window G that terminates 
along strike to the north, with no significant equivalent 
structure in the southern section of window F to the 
north (Fig. 3). 

Dominant linkage type transitions from soft- to 
hard-linked from windows B to D, with D having 
the most hard-linkages of all sampling windows. 
This could suggest an east-west dominant regional 
extension direction as opposed to northwest-southeast 
orientation suggested by previous studies (Caullieau 
et. al., 2003). Dominant linkage in windows E and G 
are mostly soft, while windows F and H display more 
hard linked segments. Both average segment length 
and strike-perpendicular offset distance are highest 
within the northernmost and southernmost windows, 
with shorter segments and offset distances in windows 
C through G (Table 1). The northernmost windows (B, 
C, and D) display a strong preference for left-stepping 
en echelon geometry, while southern windows (E, 
G, and H) display a right-step preference (Table 1). 
Window F displays no step preference (Table 1). In 
addition, en echelon stepovers are far more common 
in the northernmost windows (B, C, and D) compared 
to central and southern windows.

Influence of magmatic processes and pre-existing 
faults on Alba Fossae initiation and propagation

Ivanov and Head (2006) suggested that the initiation 
and propagation of Alba Fossae was affected by a 
break in slope on the western flank of Alba Mons 
(Ivanov and Head, 2006). However, the high 
resolution CTX images of Google Earth (Mars) and 
our DEM-based  topographic profile from the western 
flank of Alba Mons shows that the fault system does 
not lie on the slope break but instead lies on the 
summit of the western lobe (Fig. 4). The coincidence 
of Alba Fossae with the summit of the western lobe 
(Fig. 4) suggests the possibility that magmatism 
played a role in the initiation of Alba Fossae (e.g., 
Hauber et al., 2010) and shows that the location of 
fault system initiation and propagation was not based 
on a topographic slope break.

The fact that there are no similar structures on the 
east flank likely means that the actual magnitude of 
uplift or subsidence may not have been significant 
enough to form faults around the dome. We suggest 
that dike injection and magmatic overpressure near the 
topographic high of the large western volcanic lobe 
may have concentrated the tensile stresses of the local 
stress field (e.g., Rubin and Pollard, 1988; Rivalta et 
al., 2015; Koehn et al., 2019) so that circumferential 
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faulting associated with both magma injection and 
dome uplift or subsidence could have initiated there. 
There is evidence of a density increase in the mid and 
lower crust below the volcano likely formed a local 
stress field (Caullieau et. al., 2003). The local stress 
field would have been superposed on a regional stress 
field and might have been affected by volcanic activity 
(e.g., Caullieau et. al., 2003; Ohman and McGovern, 
2014). This would suggest that the circumferential 
faulting was caused by a combination of long-term 
and short-term tectonic and intrusive processes. 
Cailleau et al. (2003) suggest that during the final 
stages of volcanic shield construction, the number 
of circumferential graben increased with a decrease 
in the feeding of the dome. We suggest that once 
faulting began near the western lobe summit, it was 
easier for lateral propagation to continue northward 
and southward along a path consistent with that of 
deformation related to dome inflation or deflation.

However, our data show that propagation of the 
circumferential fault system was likely affected by 
preexisting fault systems that trend approximately 
north-south at the northern (Tantalus Fossae) and 
southern (Ceranius Fossae) margins of Alba Mons. 
Fault segments in northern and southern windows 
exhibit right-stepping and left-stepping geometries, 
respectively. Thus, if Alba Fossae faulting first 
initiated near the summit of the western lobe and 
propagated north and south, it would have encountered 
the stress fields of pre-existing fault systems that 
affected the sense of en echelon step.

In addition to elucidating the genesis of the Alba 
Fossae system, the segment lengths and extension 
measurements in this study give us insight into the 
evolution and strain distribution of the fault network. 
The greatest segment lengths are associated with the 
greatest segment offset distances, consistent with 
stress-based arguments that greater offset distances 
make linking less likely, thus allowing faults to 
propagate further laterally without interacting with 
neighbors (e.g., Peacock, 2002). Although total 
finite extension across Alba Fossae is low (<1.5% 
for all windows), in map view, the windows with 
greater extension also exhibit the highest fault 
density, measured perpendicular to fault strike. This 
suggests the most faults along the Alba Fossae system 

Table 1. Sampling window fault characteristics.

Figure 4. Colorized terrain of Alba Mons and elevation profile 
showing slope break.
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accommodate similar finite extension.

Based on our analysis and previous research, we 
suggest the evolution of the Alba Fossae system is as 
follows:

● North-trending faults exposed north and south of 
the volcanic edifice propagated prior to significant 
volcanism of Alba Mons (Stage 2 of Tanaka, 1990) 

● Extrusive volcanism occurs to build the volcanic 
edifice of Alba Mons. Near the end of magmatic 
activity, dome uplift or subsidence sets up a stress field 
consistent with circumferential faulting. 

● Magmatic activity at the western lobe (magmatic 
overpressure during dike injections) makes it easier for 
graben structures to form at the summit of the western 
lobe. This would be an unlikely location for the graben 
to form if uplift or subsidence of the primary Alba 
Mons dome was the only factor in fault initiation and 
propagation.

● The graben propagated north and south of the 
summit dome and interact with faults north and south 
of the Alba Mons edifice, generating en echelon 
geometries along the northern and southern extents of 
the circumferential system. 

● The ENE-striking circumferential fault system 
cross-cuts (post-dates) the north-striking faults of 
Tantalus Fossae within Window A (Fig. 3) so cannot 
be considered part of the same fault system, as 
hypothesized by Weideking et al. (2023).
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