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 Summary: Faults provide a record of a planet’s crustal 
stress state and interior dynamics, including volumetric chang-
es related to long-term cooling. Previous work has suggested 
that Mars experienced a pulse of large-scale global contraction 
during Hesperian time (3.1 Ga to 3.6 Ga).  Here we evaluate 
the evidence for Martian global contraction using a recent com-
pilation of both normal and thrust faults and show that, when 
fault-related strains are calculated, there is no evidence for a 
significant episode of compressional deformation from global 
contraction on Mars. In addition, when these values of fault-
related strain are compared to the surface strain predicted by 
thermal models, we find that the amount of global contraction 
predicted by thermal models is larger than what is recorded by 
the faults at the surface.
 Introduction: Mars has a complex geologic and tectonic 
history. Nearly 15,000 faults have been mapped globally [1] in 
all ages of rocks. A peak in volcanic eruptions has been suggest-
ed in the Early Hesperian (3.1 Ga to 3.6 Ga [2]), which has been 
linked to the formation of the extensive Hesperian ridged plains 
[3]. Rapid cooling of Mars may have resulted from the global 
effusion of lava, contributing to global contraction, which led 
to compressional tectonism at the surface [4]. A concentration 
of contractional structures occurs in the Early Hesperian across 
Mars [4,5], leading to the postulate that these structures had 
a single global origin [3, 4, 6-8]. The hypothesis that wrinkle 
ridges [9] and lobate scarps formed by global contraction [3,4, 
8, 10], or decrease in planetary radius, is tested here for the first 
time by calculating the horizontal crustal strain accommodated 
by the faults and converting it into planetary radius change, per-
mitting a quantitative comparison between fault-related strain 
and strain predicted by models of the thermal evolution of 
Mars.
 Previous tectonic models: The distribution of wrinkle 
ridges across the planet is uneven (Fig. 1, blue faults), with 
ridges being confined primarily to volcanic ridged plains units 
of Lower Hesperian age (3.1–3.6 Ga [2]), suggesting that ridge 
formation may have been concentrated during that time (3, 4, 
6, 7]. The largest concentration of contractional structures on 
Mars is located in the ridged plains surrounding Tharsis in the 
western hemisphere and is oriented approximately circumfer-
entially to the proposed center of activity [3, 4, 7, 11]. However, 
secondary concentrations of wrinkle ridges and lobate scarps 
are not circumferential to Tharsis and are found in both the 
eastern and western hemispheres (Fig. 1), including Lunae and 
Solis Plana, Memnonia, Noachis Terra, Hesperia Planum, Terra 
Cimmeria, Syrtis Major, Arabia Terra, and Elysium Planitia 
[4] perhaps suggesting multiple regional and/or global mecha-
nisms.
 Thermal history models: Patterns of global tectonic de-
formation on a planetary surface can be used as evidence of the 
global thermal evolution of the body [3, 12, 13]. For a planet 
with a one-plate lithosphere, such as Mars or Mercury, tempera-
ture changes in its interior can result in changes in its surface 
area [3]. For a cooling interior, horizontal contractional strain 

would accumulate in the lithosphere, and could create contrac-
tional faults, such as lobate scarps and wrinkle ridges [3]. Like 
Venus and Earth, the thermal history of Mars is that of secular 
cooling [3], so evidence of global contraction in the form of 
contractional faults should be observable at the surface as previ-
ous workers have inferred from qualitative grounds.

Figure 1.  Global distribution of faults on Mars. Red: Extensional 
faults, Blue: Contractional faults. Western hemisphere, left and east-
ern hemisphere, right. Data and figure courtesy of M. Knapmeyer, 
DLR and M. Weller, UNR.

 Methods: Faults mapped by [1, 5] were used in this study. 
These normal and thrust faults were mapped on 1 km/pixel 
Mars Orbiter Laser Altimeter (MOLA) digital elevation models 
and assigned maximum ages based on crater retention ages of 
the global 1:15,000,000 scale geologic maps of Mars [1, 5, 14-
16]. [1, 5] do not distinguish between thrust faults and wrinkle 
ridges, so both end-member cases are used here. 
 The strain and corresponding planetary radius change as-
sociated with faults scale with the amount of contraction or ex-
tension across them (the fault displacement, D). We calculate 
horizontal normal strain and radius change using displacement-
length (D/L) scaling, as has been done in previous studies for 
Mars and Mercury. Typical D/L ratios (γ) for normal faults, sur-
face-breaking thrust faults, and wrinkle ridges were used to cal-
culate the total horizontal normal strain for each set of fault ages 
(i.e. Noachian, Hesperian, etc.). Fault lengths of both normal 
and thrust faults were considered for two time intervals: Middle 
Noachian to Late Amazonian (0 – 4.0 Ga [2]), corresponding 
to the cumulative global cooling-related strain, and Late Noa-
chian to Early Hesperian (3.4 –3.8 Ga [2]), corresponding to 
the “Early Hesperian pulse”. Strain and corresponding radius 
change values were calculated for both an average thickness 
of the Martian lithosphere of T = 30 km [5] and T = 40 km. 
Fault lengths (L), fault dip (δ), D/L ratio (γ), and volume of the 
deformed layer (V = (4/3) π [Rp

3 – (Rp
3 – T)]3 (1)) were used 

in Kostrov’s formula, εn = [(γ sinδ cosδ)/2V] Σ L
3 (2) [17], to 

determine the total strain accommodated by the faults for all 4 
cases (Table 1). Dip angles considered are 60° for normal faults 
and 30° for the thrust faults beneath wrinkle ridges and lobate 
scarps. The deformed volume was calculated by using depths 
of faulting T obtained from mechanical modeling of the struc-
tural topography. The values of strain were used to calculate the 
change in radius using ΔR = Rp – √[Rp

2/(εn + 1)] (3), where ΔR is 
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ing’ global contraction for all of Mars’ history are similar to 
these values (~1.2 km and ~1 km for wrinkle ridges and lobate 
scarps, respectively).

Model Hesperian MN–LA

St
ra

in
 ra

tio

W&D/WR 14.9 15.6

W&D/LS 6.5 6.8

L&F/WR 15.2 16.7

L&F/LS 7.6 8.3

ΔR
 (m

)

W&D - WR 1011 1156

W&D - LS 939 1077

L&F - WR 1031 1238

L&F - LS 959 1159
Table 2. Comparison between fault-related strain and strain predicted by the 
thermal models and corresponding radius change. W&D: Wänke and Dreibus, 
(1994) model [19]; L&F: Lodders and Fegley, (1997) model [20]; WR: strain 
from wrinkle ridges; LS: strain from lobate scarps; MN: Middle Noachian, LA; 
Late Amazonian; Strain ratio: ratio of predicted thermal strain to fault-related 
strain; ΔR: calculated change in radius [18] based on the difference between pre-
dicted thermal strain and fault-related strain for both models (W&D and L&F) 
and lobate scarps and wrinkle ridges. Values show the amount of strain or radius 
change over-predicted by the thermal models.

 Conclusions: The results show that the cumulative con-
tractional strains at the Martian surface predicted by thermal 
history models exceed those recorded by contractional struc-
tures by a factor of ~7.5 (assuming all structures are wrinkle 
ridges) or ~3.5 (assuming all are lobate scarps). We also find 
no evidence for a “pulse” of enhanced contractional strain dur-
ing the Hesperian as has been previously hypothesized. The 
observations of contractional deformation support a smaller 
degree of strain and radius change than thermal history models 
of Mars currently predict.
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the change in the Martian radius, Rp is the current radius (3397 
km), and εn is the horizontal normal strain [18]. Values for the 
net radius change were calculated by subtracting the radius de-
crease (from contraction) from the radius increase (from exten-
sion) (Table 1). Calculated values for strain and radius change 
for T = 40 km are not shown and are 33% larger (more positive 
or negative) than values for T = 30 km.
   

% Strain (εn)
Radius 

change (m)
Net radius 
change (m)

Normal faults, 
MN-LA 0.0879 1492.0

1176.8
Wrinkle ridges, 
MN-LA -0.0186 -315.2

Normal faults, 
LN-EH 0.00561 95.3

32.8
Wrinkle ridges, 
LN-EH -0.00368 -62.5

Normal faults, 
MN-LA 0.0879 1492.0

861.5
Lobate scarps, 
MN-LA -0.0371 -630.5

Normal faults, 
LN-EH 0.00561 95.3

-29.8
Lobate scarps, 
LN-EH -0.00736 -125.1

Table 1. Results of the strain and radius change calculations for T = 30 km. 
Negative values, contractional strain and radius decrease; Positive values, ex-
tensional strain and radius increase. MN: Middle Noachian; LN: Late Noachian; 
EH: Early Hesperian; LA: Late Amazonian; εn  horizontal normal strain.

 To compare the observable strain recorded by the surface 
faults to the values of strain predicted by thermal models, we 
subtracted the calculated values of strain (only for thrust faults 
or wrinkle ridges) for the Hesperian-aged faults and for faults of 
all ages (Table 1) from calculated values of total contractional 
strain [13] for two thermal models (W&D [19], L&F [20]) for 
both time intervals considered. These values of strain were con-
verted to values of radius change by using equation (3).
 Results:  We find that Martian radius decreases occur for 
only 1 of 4 cases (Table 1), which requires the compressional 
structures to all be lobate scarps, rather than the lower-strain 
wrinkle ridges, in conflict with observations [21]. A radius de-
crease of only ~30 m occurs during the Late Noachian to Early 
Hesperian, for which the pulse of global contraction has been 
hypothesized based on the observed concentration of contrac-
tional faults in rocks of this age. Assuming only contractional 
faults, radius decreases range from 62.5 m to 630 m for T = 
30 km and δ = 30º (Table 1). However, since extensional faults 
also formed during these times, resulting in a corresponding 
average increase of the planet’s radius, these faults cannot be 
neglected, and the net radius change is more representative of 
the total fault-related strains. 
 In all cases, comparisons of the observed fault-related 
strain with strains predicted by the thermal models show that 
the thermal models predict substantially more strain than is 
recorded by the faults. For both thermal models, the radius 
decrease is over-predicted by ~1 km for both wrinkle ridges 
and lobate scarps during the Hesperian; the values for ‘miss-
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