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Constraining the timing of the emplacement of the volcano-tectonic province of Tharsis is critical to
understanding the evolution of mantle, surface environment and climate of Mars. The growth of Tharsis
had exerted stresses on the lithosphere, which were responsible for tectonic deformation, previously
mapped as radial or concentric faults. Insights into the emplacement history of Tharsis may be gained
from an analysis of the characteristics and ages of these tectonic features. The number, total length,
linear density of extensional or compressional faults in the Tharsis region and deformation rates are
Keywords: reported for each of the following 6 stages: Early and Middle Noachian (stage 1); Late Noachian (stage 2);
Mars Early Hesperian (stage 3); Late Hesperian (stage 4), Early Amazonian (stage 5) and Middle Amazonian to
Tharsis Late Amazonian (stage 6). 8571 Tharsis-related tectonic features (radial or concentric to the center of
tectonic Tharsis) were assigned to one of these periods of time based on their relationship with stratigraphic
units defined in the most recent geological map. Intense faulting at Tempe Terra, Claritas and Coracis
Fossae and Thaumasia Planum confirms that tectonic deformation started during the Noachian. However,
we report a peak in both compressive and extensive rates of deformation during the Early Hesperian
whereas the quantitative indicators for compressional and extensional tectonics vary within less than
one order of magnitude from the Late Noachian to the Late Hesperian. These observations indicate a
protracted growth of Tharsis during the first quarter of Mars evolution and declining from 3 Gyrs ago.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction Carr and Head, 2010). From these observations, the major growth
episodes of Tharsis are considered to take place during the Mid-
dle and Late Noachian Epochs (Phillips et al. 2001; Anderson et al.,
2001; Viviano-Beck et al., 2017). The conclusion that Tharsis was
largely in place at the end of the Noachian is supported by the
high number of tectonic features identified in Noachian terrains
in the western equatorial region (Scott and Tanaka, 1986), Alba
Patera (Tanaka, 1990), Olympus Mons (Morris and Tanaka, 1994),
Valles Marineris (Witbeck et al., 1991), the Syria Planum (Tanaka
and Davis, 1988), Tempe Terra and Ulysses Patera (Scott and Dohm,

The Tharsis dome is the largest volcano-tectonic center on
Mars and in the solar system. It is one of the most impressive
crustal expressions of the internal dynamics of Mars. Its growth
was likely associated with the release of large volumes of vol-
canic gases having dramatic consequences on climatic evolution
and surface environment during a period of time when Mars was
habitable (Ehlmann et al., 2016). The growth of Tharsis and the in-
ferred mantle plume exerted stresses on the martian lithosphere.

Crustal stresses have resulted in the formation of tectonic fea-
tures, mapped as compressional or extensional faults, radial or
concentric to the center of the dome. The chronology of crustal
deformation was elaborated from stratigraphic and cross-cutting
relationships and from the number of tectonic features affecting
the geological units of various ages in the Tharsis region (e.g.,
Scott and Tanaka, 1986; Anderson et al., 2001; Dohm et al., 2001;
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1990), Alba Patera (Tanaka, 1990) and Thaumasia regions (Dohm
and Tanaka, 1999) of Mars.

However, the ages of these different units have been recently
revised from more recent and high-resolution imagery (Tanaka et
al., 2014). For instance, Ceraunius Fossae, Tempe Terra or Syria
Planum, initially assigned to the Noachian era, are now mapped
as Early and Late Hesperian units (Tanaka et al., 2014). Moreover,
the number of faults may be a meaningless proxy for deformation
rates, since it treats a 1 km long fault as being equal to a 1000 km
long fault (both of which exist on the surface of Mars in abun-
dance). The number of faults is also sensitive to the resolution of
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Fig. 1. Simplified geologic map from Tanaka et al. (2014). The different units are grouped into five stages: stage 1, Early and Middle Noachian; stage 2, Late Noachian; stage
3, Early Hesperian; stage 4, Late Hesperian; stage 5, Early Amazonian and stage 6, Middle Amazonian to Late Amazonian. The black ellipse shows the studied Tharsis area.
Red lines (compressional) and blue lines (extensional) represent tectonic features from Knapmeyer et al. (2008). (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

the data, since many faults are segmented into numerous distinct
but closely approaching segments that are likely interconnected in
the subsurface.

The purpose of this paper is therefore to revisit the tectonic
evolution of Tharsis using quantitative indicators, including fault
length and density, that can be related more directly to the defor-
mation rate as a function of time, which is itself related to changes
in load intensity. These quantitative indicators are also estimated
from the new geological map of this region (Tanaka et al., 2014),
which differs significantly from the map used in earlier estima-
tions.

Methodology and data sets

Many authors (Wise et al., 1979; Banerdt et al., 1982; Anderson
et al., 2001) provide evidence of the radial nature of the stress
field in the volcano-tectonic province of Tharsis. Anderson et al.
(2001) suggested that the number of faults groups into 5 different
stages was indicative of the intensity of volcano-tectonic activity
and its evolution with time. Here we build on this approach and
suggest that the growth of Tharsis may be deciphered from the
characteristics and ages of tectonic features.

Tectonic features were previously mapped by Anderson et al.
(2001) from Viking images, which are heterogeneous in terms of
resolution and conditions of illuminations. For this study, we use
a global inventory of Mars surface faults based on shaded relief
maps from MOLA data (Knapmeyer et al., 2008). This catalog con-
tains a total numbers of 14835 faults, with 5146 thrust and 9689
normal faults, with a cumulative length of about 941 000 km. The
Tharsis region is defined by an ellipse centered at 9°3029”N and
98°15’26”W and encompasses 8571 tectonic elements of the cat-
alog, including 1376 thrust faults and 7195 normal faults (Fig. 1).
Grabens and rifts are bounded by normal faults that result from
extensional stresses, and wrinkle ridges are formed by thrust
faults that result from compressional stresses (Banerdt et al., 1992;
Anderson et al.,, 2001). The fault catalog is a georeferenced layer
loaded in the ArcGIS software.

The age of each fault is determined from stratigraphic and
crosscutting relationships among the different geological units
mapped by Tanaka et al. (2014) (Fig. 1). A fault appearing in sev-
eral units of different ages is assigned to the age of the youngest
unit affected by the fault. A fault affecting a single unit but hav-
ing a similar orientation and morphology to faults occurring both
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Table 1
Characteristics of extensional and compressional features for each stage.
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Total

Area (106 km?) 9.4 3 45 7 13.8 5 427
Center of area 9°30'29”N-98°15'26"W
Extensional
Number of faults 1731 (24%) 854 (12%) 1308 (18%) 1185 (16.5% ) 1197 (16.5%) 920 (13%) 7195
Density (104 faults/km?) 1.84 2.84 2.9 17 0.9 1.84
Cumulative length (km) 97463 (21%) 45521 (10%) 81093 (17.5%) 75879 (16.5%) 110318 (24%) 50279 (11%) 460555
Mean (km) 56 53 62 64 92 55
o 52 59 64 70 120 61
Linear fault density (km/km?) 0.010 0.015 0.018 0.011 0.008 0.010
Compressional
Number of faults 72 (5%) 254 (18.5%) 584 (42.5%) 287 (21%) 141 (10%) 38 (3%) 1376
Density (106 faults/km?) 76 85 130 41 10.2 76
Cumulative length (km) 6788 (6%) 17176 (16%) 40513 (38%) 22098 (20.5%) 15699 (14.5%) 5477 (5%) 107751
Mean (km) 94 67 69 77 111 144
o 71 46 54 49 71 188
Linear fault density (km/km?) 0.001 0.006 0.009 0.003 0.001 0.001

in younger and older units is grouped together with those faults.
In all cases, this method provides a maximum age of the fault:
each fault could have a younger age than the units in which it is
found. Tectonic features formed in an ancient period of time may
be also reactivated at a later time. Such recent tectonic activity
might not be recognized in our analysis. The intrinsic limitation
of the stratigraphic method and the latter caveat both induce an
underestimation of the intensity of recent tectonic activity.

Our classification contains 6 stages, inspired by the scheme de-
scribed by Dohm and Tanaka (1999): Early and Middle Noachian
(stage 1 - Units eNh, mNh, NHu); Late Noachian (stage 2 - Units
INh, INv); Early Hesperian (stage 3 - Units eHh, eHv, eHt); Late
Hesperian (stage 4 - Units IHv, 1Ht, Hto, Htu, Hve, IHvf, IHI), Early
Amazonian (stage 5 - Units AHv, AHtu) and Middle Amazonian to
Late Amazonian (stage 6 - Units Ave, 1Ay, IAVf, Aa).

Anderson et al. (2001) restricted their analysis to the num-
ber of features per stage as a proxy for tectonic activity. How-
ever, since the fault lengths are variable over several orders of
magnitude, the number of fault may not be representative of the
total amount of deformation and the fault length should be pre-
ferred (Scholz, 1982). Therefore, we explore here, in addition to
the number of faults per stage, the total fault length, the linear
fault density and the rate of deformation in each stage (Table 1).
The total fault length (km) is defined as the cumulative length of
faults in a given stage. The linear fault density (km/km?2) is the
cumulative length of faults divided by the surface areas of units
formed in that stage. The deformation rate (km/Myr/km?) is esti-
mated as the linear fault density divided by the duration of the
stage. For all calculations, we have distinguished between exten-
sion faults and compressional faults. The durations of all stages are
calculated from absolute age of boundaries of martian epochs pro-
posed by Werner and Tanaka (2011) and derived according to fit of
Ivanov (2001) and Hartmann (2005) SFD. The absolute age of Early
Noachian-Pre-Noachian boundary, which is poorly constrained, is
taken at 4.1 Ga (Carr and Head, 2010).

2. Data analysis and observations
2.1. Ages of extensional features

Fig. 2a shows a histogram of the total number of extensional
faults identified by stage. 24% of the structures are formed in
stage 1, 12% are formed in stage 2, 18% are associated with stage 3,
16.5% are formed in stage 4, 16.5% are formed in stage 5 and 13%
in stage 6. The number of extensional faults is relatively homo-
geneous among the different time intervals. The Noachian features
represent 36% of the total number of exposed ones (stage 1 and 2);

34.5% of the extensional features formed during the Hesperian
(stage 3 and 4), and 29.5% during the Amazonian (stage 5 and 6).
The total fault length (Fig. 2b) is maximum for the Early Amazo-
nian period (stage 5). 21% of the total fault length (460555 km)
is associated with stage 1, 10% with stage 2, 17.5% with stage 3,
16.5% with stage 4, 24% with stage 5 and 11% with stage 5
(Fig. 2b). Fig. 2c shows a histogram of the number of extensional
faults as a function of the fault length. For all stages, the major-
ity of faults’ lengths (65%) is comprised between 25 and 125 km
with a mean length ranging from 53 km in stage 2 to 92 km in
stage 4 (Table 1). Noachian (stage 1) to Late Hesperian (stage 4)
and Middle/Late Amazonian faults (stage 6) are generally shorter
than 400 km while Early Amazonian faults (stage 5) longer than
500 km are common and reach in some cases 1000 km. De-
spite these moderate differences between fault length distribu-
tions, there is a correlation between the number of faults and the
cumulative fault length (Fig. 2b). The linear fault density ranges
from 8 x 10~ km/km? (stage 5) and 18 x 103 km/km? with a
maximum for the Early Hesperian period (stage 3) (Fig. 2d).

Fig. 3 shows the evolution of the extensional deformation rate
(blue) in the different stages. Whatever the chronological model,
this rate is low during the Early/Middle Noachian period (stage 1)
and the Late Hesperian/Amazonian periods (stage 4 to 6). It be-
comes higher during the Late Noachian and peaks during the Early
Hesperian (>10"4 km/Myr/km?).

2.2. Ages of compressional features

Fig. 4a shows a histogram of the total number of compres-
sional faults identified by stage. 5% of the structures are formed
in stage 1, 18.5% in stage 2, 42.5% in stage 3, 21% in stage 4, 10%
in stage 5 and 3% in stage 6. The number of compressional struc-
tures reaches a maximum for the Early Hesperian (stage 3). This
same pattern is revealed from the total fault length (Fig. 4b). The
total normal fault length of 107751 km is distributed with 6% in
stage 1, 16% in stage 2, 38% in stage 3, 20.5% in stage 4, 14.5% in
stage 5 and 5% in stage 6 (Fig. 4b). A large peak is observed for the
Early Hesperian period (stage 3). Fig. 4c shows a histogram of the
number of compressional faults as a function of the fault length.
The faults lengths are mostly comprised for all stages (78%) be-
tween 25 and 125 km with a mean length ranging from 67 km
(stage 2) to 144 km (stage 6). The low number of faults and the
presence of two long faults (360 and 411 km) explain the high
mean length for the stage 1 faults. Most of the Noachian faults
(stage 1 and 2) are relatively short (<200 km) while Early Hespe-
rian to Early Amazonian faults (stage 3 to 5) larger than 200 km
are common and reach in some cases 400 km. As for the case of
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Fig. 2. (a) Number of extensional features identified per stage. (b) Cumulative length of extensional features per stage. (c) Histogram of the number of extensional faults

versus fault length. (d) Linear extensional fault density per stage.
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extension, the number of faults and the cumulative fault length
appear to be correlated (Fig. 4b). The linear fault density ranges
from 10~3 km/km? in stage 1 to 9 x 103 km/km? for the Early
Hesperian period (stage 3) (Fig. 4d).

Fig. 3 shows the evolution of the compressional deformation
rate (blue) in the different stages. Whatever the chronological
model, this rate is low during the Early/Middle Noachian period
(stage 1) and the Late Hesperian/Amazonian periods (stage 4 to 6).
It became higher during the Late Noachian and peaked during the
Early Hesperian (>5x10~° km/Myr/km?).

3. Chronology of Tharsis tectonic activity

This section summarizes the chronology of Tharsis based on our
revised ages of extensional and compressional activity. The inferred

chronology of Tharsis is based on the assumption that the number,
the total length of compressional or extensional features and the
deformation rate in each stage reflect the amount of compressive
or extensive deformation in each stage.

Anderson et al. (2001) disregarded the fact that the number of
tectonic features is also influenced by the exposed surface area of
units belonging to each classification stage. For instance, the num-
ber of Noachian features may be underestimated if most of the
Noachian tectonic features are now buried under Early Hesperian
or Early Amazonian terrain. We present here indicators that are
normalized to the exposed areas of each unit, whereas we men-
tion the non-normalized values for comparison with previous work
(Figs. 2d and 3d). Examination of the relationships between ex-
posed surface areas of each stage and number of features of total
length suggests that the variable amount of exposed surface areas
in each stage itself cannot explain the observed variations between
each stage.

Stage 1

The Early/Middle Noachian epoch is characterized by low ex-
tensional deformation rate (~4 x 10~ km/Myr/km?) occurring in
two main regions located around the periphery of Tharsis: the
northeast region with Tempe Terra and the south with Claritas
and Coracis Fossae and Thaumasia Planum (Fig. 5). The majority
of these normal faults are short structures. They are oriented N70
in Tempe Terra. The orientations of faults in Claritas and Coracis
Fossae, and in Thaumasia Planum are more variable and range
from N180 to N90. Some of these structures appear to form a ra-
dial pattern emanating approximately from the center of Tharsis
(<300 km). Only few compressional features are observed in the
south periphery of Tharsis.

Stage 2

The stage 2 (Late Noachian) is characterized both by extensional
(between 1.25 x 10~% and 5 x 10~> km/Myr/km?) and compres-
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faults versus fault length. (d) Linear compressional fault density per stage.

sional (between 2 x 10~% and 4.7 x 10~> km/Myr/km?) deforma-
tion. Extensional features are located in three main regions also
located around the periphery but closer to the center of the Thar-
sis bulge: the northeast region with the western part of Tempe
Terra, the northwest region with Acheron Fossae and the south
and southeast region with Claritas Fossae and Thaumasia Planum
(Fig. 5). The majority of these normal faults are short (<300 km).
Compressional features (<200 km) are concentric to Tharsis and
are located in two peripheral regions: the eastern part of Tempe
Terra with a small number of faults and Thaumasia Planum in the
southeast region (Fig. 6).

Stage 3

The Early Hesperian stage is characterized both by a peak of
extensional (between 1 x 10~% and 2 x 10~* km/Myr/km?) and
compressional (between 5 x 10~ and 1 x 10~% km/Myr/km?) de-
formation. Extensional features are located in three main regions:
the northeast region with Tempe Terra (Ascuris Planum), the east
region with Valles Marineris and Lunae Planum and the center-
north region with Ceraunius, Ulysses and Uranius Fossae (Fig. 5).
Most of the normal faults are short (<300 km) but their length can
reach 400-600 km, especially in Tempe Terra. The peak of com-
pressional deformation is located in the southern part of Tempe
Terra, Lunae and Solis Planum and the northern part of Xanthe
Terra. The majority of the wrinkle ridges are short (<200 km)
but their length can reach 400 km in Solis Planum and in Lunae
Planum (Fig. 6).

Stage 4

The stage 4 (Late Hesperian) is characterized both by declining
extensional (between 2.7 x 107> and 5.7 x 10~ km/Myr/km?) and
compressional (between 1.6 x 10~> and 8 x 10~% km/Myr/km?) de-
formation. The extensional features affect mostly the Late Hespe-
rian volcanic unit (IHv), and the Valles Marineris region. In details,
the deformed units are located in Noctis Labyrinthus and Fossae,
in the western part of Solis Planum and in three windows (Tractus,

Ulysses and Fortuna fossae) covered by Amazonian and Hesperian
volcanic units (Fig. 5). The extensional features located in the IHv
unit (late Hesperian volcanic) can be up to 400 km in length. The
compressional features (Fig. 6) are peripheral and located in the
south in Sinai and Solis Planum and in the east (Chryse Planitia
and east of Lunae Planum).

Stage 5

The tectonic deformation largely declined during the Early
Amazonian and is mainly extensional. The extensional features
(Fig. 5) affect mostly the Amazonian and Hesperian volcanic unit
(AHv) defined by Tanaka et al. (2014). This unit is considered to be
an early Amazonian unit in this study because cumulative crater
densities described by Tanaka et al. (2014) for this unit are close to
the cumulative crater densities of other early Amazonian units as
Early Amazonian basin unit (eAb). The extensional features affect
also other Early Amazonian units AHi, Ave, AHtu, ANa. The AHv
unit largely covers the surface of the Tharsis dome. Radial exten-
sional features expand over the dome but are mostly concentrated
in the Alba Patera region. These faults are the longest tectonic
features on the Tharsis dome with lengths reaching more than
1000 km. The compressional features are peripheral and mainly lo-
cated in the north around Alba Patera. Several compressional and
extensional features are also observed in the south of Daedalia
Planum and in Uranius Dorsum region close the Kasei Valles source
(Fig. 6).

Stage 6

The tectonic deformation is very low during the Middle and
Late Amazonian and is mainly extensional. Normal faults are ob-
served in the Amazonian apron unit (Aa) and are related to the
Olympus Mons formation. Several normal faults are also located in
the late Amazonian apron unit (IAa) located in the western part of
Arsia and Pavonis Mons (Fig. 5). Several compressional faults are
also located on the flanks of Arsia Mons.
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Fig. 5. Map of extensional features in the Tharsis region with color-coded ages.

4. Discussion

This study presents a new paleotectonic synthesis of the Thar-
sis dome. Judging by the number or length of tectonic features,
linear fault density and deformation rate affecting exposed geo-
logical units of various ages, Tharsis-related activity began during
the Noachian, but we found evidence for protracted tectonic activ-
ity. In contrast with previous studies (Anderson et al., 2001), we
find that tectonic deformation was prolongated during the entire
Hesperian and Early Amazonian periods with indicators of com-
pression and extension rates reaching their maximum during Late
Noachian and Early Hesperian. It is concluded that the compres-
sional tectonic activity became significant in stage 2 (Middle/Late
Noachian), prolongated in the Early Hesperian (stage 3). It mostly
ceased in the Late Hesperian (stage 4) but some activity persisted
until the early Amazonian. Compressional deformation is mostly
characterized by peripheral wrinkle ridges in the eastern part of
the Tharsis region, and appears to have migrated with time closer
to the Tharsis center (East of Tempe Terra and Thaumasia Planum
- stage 2 to the West of Tempe Terra and Solis Planum - stage 3).
This migration could be a real evolution in the tectonic or might be
an effect of the spatial distribution of units of different age. Judging
by the fault density, the amount of extensional deformation seems
to increase with time to peak in the stage 3 (Early Hesperian) and
decline during the Late Hesperian and Amazonian. These obser-
vations shift the Tharsis tectonic activity by ~100 Myr from the
Noachian to the Early Hesperian. This revision is explained in part
by the fact that the extensional features observed in Ceraunius and
Uranius Fossae, Noctis Fossae and in a part of Tempe Terra were
considered as Noachian by Anderson et al. (2001) whereas they

cross-cut Early and Late Hesperian Terrains according to the recent
map of Tanaka et al. (2014). Actually, the ages of these structures
were considered to be possibly Early Hesperian by Anderson et
al. (2001), despite being finally assigned to the Noachian stage in
their statistics. This shift by ~100 Myr, while seemingly small in
the sense of absolute time, is very important relative to the overall
evolution of Mars. Consequently, the growth of the Tharsis bulge is
contemporary to the valley network formation (Bouley and Crad-
dock, 2014) and its peak of activity during the Hesperian could
influence the shift from phyllosilicate to sulfate formation at the
Noachian-Hesperian boundary.

This tectonic history may be used to decipher the crustal
growth of Tharsis as a function of time. The stress pattern around
Tharsis depends on the mode of support of the topography of
Tharsis. The mode of support can be either isostatic compensation
(existence of a crustal root of lower density with respect to man-
tle density), flexural uplift (elastic deformation of the lithosphere
due to stresses exerty by a buoyant interior) or surface load (elas-
tic deformation of the lithosphere due to the load resulting from
the accumulation of basaltic flows) (Banerdt et al., 1982). Stress
distributions in the lithosphere were calculated for compensated
and flexural modes using the equations of the thick shell the-
ory (Banerdt et al., 1982). Comparison between model predictions
and tectonic observations available at this time (Scott and Carr,
1978) suggest a three-phase model, where isostatic compensation
is followed by two stages of flexural loading. Our observations
remain consistent with a formation dominated by extrusive and
intrusive volcanism accommodated by lithospheric flexure, but oc-
curring over a more extended period of time with a major phase
in the Early Hesperian. This scenario is consistent with a Hespe-
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Fig. 6. Map of compressional features in the Tharsis region with color-coded ages.

rian Tharsis-driven true polar wander, as argued by Bouley et al.
(2016) from the distribution of valley networks. Precise compari-
son of the results of these independent approaches would require a
better knowledge of the mode of construction of Tharsis as a func-
tion of time, since larger variation of the inertia tensor would be
produced by a flexural uplift than isostatic compensation. Indeed,
isostatic compensation may be achieved through internal differ-
entiation, producing a low density material and a dense residual,
where the mass of the entire column can be preserved, whereas
flexural deformation involves the addition (flexural loading) or re-
moval (flexural uplift) of mass to that column.

Several issues may be examined to refine further this tectonic
scenario. It is of note that the timing of wrinkle ridge deformation
was likely modulated by global stresses due to planetary cooling
and contraction (Mangold et al., 2000), even though the concen-
tric pattern around Tharsis is clearly influenced by Tharsis. Despite
Mangold et al. (2000) suggesting a global contraction event occur-
ring essentially in the Late Hesperian, we cannot exclude that some
wrinkle ridges are related to these global stresses and contribute
to the observed compression peak.

A more in-depth interpretation of cumulative fault length shall
consider the tectonic style which may vary between stage and may
not be systematically related to lithospheric loading. For instance,
extensional faults formed during the Early Hesperian to Early Ama-
zonian are longer than in the Noachian. Many of the later exten-
sional structures are associated with graben interpreted as overly-
ing giant dike swarms, which are naturally quite long (Mége and
Masson, 1996). Furthermore, a large part of Noachian tectonic fea-
tures are located in Claritas and Coracis Fossae and Thaumasia
Planum. Wilson and Head (2002) and Meége (2003) suggested that

these structures are part of a giant Tharsis-radial graben system
and could be the surface manifestation of mantle plume-related
dike intrusion complexes. Alternatively, several authors have in-
terpreted the topography of this region as localized pre-Tharsis
“orogenic belts” (Anguita et al., 2001, 2006; Dohm et al., 2009;
Nahm and Schultz, 2010), following the seminal ideas of Courtillot
et al. (1975). Therefore, the idea that high elevations of Thauma-
sia highlands and Claritas Fossae, clearly acquired in the Noachian,
could be extrapolated to the rest of the Tharsis region is not nec-
essarily supported. These extensional fractures then might be not
related to Tharsis, and do not have implications for constrain-
ing the timing of the emplacement of the Tharsis load. However,
other more scattered extensional features related to Tharsis for-
mation are observed in the Tempe Terra region that prove that
tectonic activity began in the Noachian at the periphery of the
dome.

Other limitations arise from uncertainties about the ages of tec-
tonic features. Further investigations may help to constrain the
intensity of the tectonic activity as a function of time. For in-
stance, the Noachian age of the tectonic features in Tempe Terra
may be confirmed using the buffered crater counting technique
(Kneissl et al., 2015). If successful on Tempe Terra, this approach
may be applied to the whole Tharsis region to provide more pre-
cise ages compared to the conventional stratigraphic approach.
Measuring the maximal displacement on the different faults with
high-resolution Digital Elevation Models could also help to com-
pare quantitatively the intensity of deformation affecting the dif-
ferent units. High-resolution data might be also useful to identify
the reactivation of ancient faults in more recent tectonic context,
which is ignored in past studies.
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5. Conclusion

Our analysis of tectonic features related to Tharsis based on the
revised ages of the several geological units by Tanaka et al. (2014)
implies a significant revision of the tectonic history of Tharsis. We
find that the tectonic deformation extended from the Noachian
through the Amazonian, with extensional and compressional ac-
tivity peaking in the Late Noachian to Early Hesperian. Since defor-
mation is related to crustal growth either in response to isostatic
uplift and flexural loading of Tharsis, we conclude that Tharsis has
several major growth phases or a single prolonged growth phase
from the Late Noachian to the Amazonian. This scenario is con-
sistent with a Hesperian reorientation of Mars that moves Tharsis
to its present equatorial position (Bouley et al., 2016). Far-reaching
consequences of a protracted growth of Tharsis on the evolution of
the topography of Mars should be carefully estimated by numeri-
cal simulations and considered as a new framework for geological
studies of early Mars.
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