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Introduction:  The tectonic records of the terrestrial 

planets have been used in a number of studies to con-
strain the history of lithospheric strain and geodynam-
ics.  Such studies have examined the global contraction 
of Mars [1], the Moon [2], and Mercury [3], as well as 
the history of loading and flexure on Tharsis [4, 5]. 
These studies rely on a fundamental assumption: that 
tectonics provide an accurate and complete record of 
strain.  However, consideration of the tectonic record of 
Mars demonstrates this assumption to be fundamentally 
incorrect for ancient terrains. This study revisits the tec-
tonic evolution of Mars, showing a deficit in contrac-
tional structures on early and middle Noachian terrains 
that can only be explained if strain is accommodated by 
non-tectonic means. The early tectonic deficit calls into 
question interpretations that rely on the Noachian tec-
tonic record, with potential implications for the ancient 
tectonic record of other bodies as well.  

Observations: The preponderance of wrinkle ridges 
on Hesperian terrains and their comparative rarity in 
Noachian terrains has been interpreted as indicating a 
contractional event or pulse at that time [6, 7] rather than 
a prolonged history of cooling and contraction [8, 9]. 
However, for the simple case of global strain accumu-
lating uniformly on all surfaces, older terrains must rec-
ord a contractional strain greater than or equal to 
younger terrains. While a continuous uniform rate of 
contraction would predict a higher density of tectonic 
landforms in ancient terrains that is not observed, a 
pulse of contraction in the Hesperian would predict an 
equal density of structures in ancient terrains that is sim-
ilarly lacking. Equivalently, if Tharsis-induced tec-
tonism peaked sharply in the late Noachian to early Hes-
perian as suggested [4, 5], then early-middle Noachian 
surfaces should have accumulated an equal density of 
tectonic structures, which is again not observed. 

This study revisits the tectonic record of Mars using 
a recent global fault catalog [10] and geologic map [11] 
(Fig. 1). Previous studies have attempted to assign age 
constraints to individual structures based on cross-cut-
ting relationships. However, a given tectonic structure 
can be any age younger than the surfaces which it 
crosses, and structures that have experienced a long his-
tory of activity may have been active prior to emplace-
ment of any of the surface units that they cross. This 
study focuses instead on the total accumulated fault den-
sity on a given surface (total fault length per unit area) 
as a function of geological epoch.  Surfaces are only 
considered if they have been assigned to a discrete 

epoch: early (e), middle (m), or late (l); Noachian (N), 
Hesperian (H), or Amazonian (A).  

 
Figure 1. Overlay of compressional tectonic structures 
(black; [10]) over the global geologic map [11].  Only 
units with clearly defined ages are shown.  

 
Figure 2. Compressional fault density (length per unit 
area) as a function of geologic unit for defined regions 
of interest.  
 

Globally, the density of compressional structures 
increases steadily going back through the late Noachian 
(Fig. 2). Variability in the fault density in the Amazo-
nian is biased by the rarity of Early Amazonian units 
(dominated by a single region in central Utopia Planitia 
with minimal faulting) and the abundance of middle 
Amazonian units in outer Utopia where flexural tecton-
ics abound. In contrast, the density of structures in the 
early and middle Noachian drop to 15% and 22% of 
those in the late Noachian. A similar pattern is found for 
the eastern and western hemispheres of Mars (the anti-
Tharsis and Tharsis hemispheres), Tharsis itself, the 
southern highlands excluding large impact basins and 
volcanic provinces, the ancient terrain in Terra Cimme-
ria, and a region encompassing Hesperia Planum and the 
adjacent highlands. Across all regions, the fault density 
in the early-middle Noachian is an average of 6-21% of 
that in the late Noachian (range of 1-34%), showing a 
severe ancient strain deficit regardless of region.  
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Interpretations: Several possible interpretations 
may be invoked to explain the strain discrepancy be-
tween Noachian and Hesperian surfaces. 

A discrete episode of contraction occurred in the 
late Noachian to early Hesperian.  This possibility is 
ruled out as incompatible with the dearth of tectonic 
structures in older terrains, as discussed above. 

Contractional tectonism is a shallow phenomenon in 
younger materials.  If the wrinkle ridges found in Hes-
perian plains do not penetrate into the underlying Noa-
chian basement, then the observed contractional strain 
may be confined to the upper volcanic materials (e.g. 
due to volume change in the lavas).  However, inversion 
of wrinkle ridge topography in volcanic plains shows 
that wrinkle ridge thrust faults penetrate to depths of 29-
37 km in the lowlands (Fig. 3) and 8-17 km in the high-
lands, extending deep into the underlying crust [12]. 
The horizontal strain reaches a maximum near the base 
of the volcanic materials, and extends deep into the un-
derlying ancient basement.  

 
Figure 3. Topography (black) and best-fit model (red) 
for a wrinkle ridge in Chryse Planitia with a maximum 
depth of faulting of 29 km. 
  

Contractional strain is a local phenomenon.  Large 
volcanic loads such as Tharsis and, to a lesser extent, 
Hesperia Planum generate their own compressional 
stress fields through flexural subsidence. Thus, the lack 
of ancient compressional structures on Mars may indi-
cate that the majority of compressional structures are a 
result of younger regional stress fields from volcanic 
loading. However, large populations of wrinkle ridges 
are found surrounding Tharsis in regions predicted to be 
extensional by loading alone, and require added stress 
from global contraction [13]. Furthermore, a large frac-
tion of the wrinkle-ridge-covered late Noachian terrain 
in the southern highlands is in the form of small units 
that are incapable of generating substantial flexural sub-
sidence. The deficit of early-middle Noachian contrac-
tional structures relative to late Noachian structures in 
the southern highlands cannot reflect local stress fields. 

Contraction in ancient terrains is accommodated by 
non-tectonic mechanisms, unless capped by competent 
(e.g., volcanic) materials. The remaining possibility is 
likely the correct one. In exposed ancient terrains, the 
high porosity (10-23%) of at least the upper crust [14] 

may allow for distributed non-tectonic compaction. The 
total strain that must be accommodated is quite small 
(0.4-0.7%) by comparison [13]. However, strain within 
a strong capping material must be accommodated tec-
tonically, and those faults naturally propagate into the 
underlying basement and become the preferred mecha-
nism for strain accommodation there. This also illumi-
nates the details of wrinkle ridge tectonism, indicating 
that faults nucleate in the layered volcanic materials and 
propagate into the underlying basement. 

Implications:  The simplest and most important im-
plication of this analysis is that the absence of evidence 
for strain in early and middle Noachian terrains cannot 
be taken as evidence for the absence of strain. Early and 
middle Noachian terrains must have accommodated 
large amounts of strain by non-tectonic means.  The use 
of compressional tectonics as a record of strain cannot 
be extended earlier than the late Noachian, and the fi-
delity of the record in late Noachian terrains must be 
questioned as well. Thus, while Tharsis-related tectonic 
structures may peak in the late Noachian to early Hes-
perian, this does not necessarily mean that substantial 
Tharsis formation and associated strain did not occur in 
earlier epochs.  Similarly, while evidence of global con-
traction is most abundant in late Noachian to early Hes-
perian terrains, this does not conflict with theoretical 
predictions of a peak rate of contraction at earlier times.    

Ancient martian terrains accommodated large 
amounts of strain with little tectonic deformation – but 
is Mars unique in this respect? Mars and the Moon both 
have high porosity upper crusts extending to substantial 
depths that may be capable of accommodation of strain, 
and the Moon also exhibits a notable deficit of contrac-
tional tectonic landforms in ancient terrains [2]. In con-
trast, the thin, dense crust of Mercury [15] may exhibit 
a strength more similar to volcanic terrains on Mars and 
the Moon, consistent with the large number of contrac-
tional tectonic structures on that body.  
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