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     Summary: Using digital elevation models (DEM) 
we identify the relative ages of the two sequential sets 
of wrinkle ridges in Hesperia Planum. By resolving 
Coulomb failure stress changes (∆CFS) from a source 
fault along a preexisting perpendicular receiver fault 
we find that the stresses produced by a source fault are 
likely to initiate slip in an orthogonal direction.  There-
fore the stress state in Hesperia Planum has rotated 
approximately 90° between the formation of the older, 
Noachian NE-trending, and younger, Late Noachian/ 
Hesperian NW-trending, sets of wrinkle ridges. 
     Introduction: Hesperia Planum (20ºS, 250°W) is 
the basis for the Hesperian Epoch [1], and contains 
wrinkle ridges which show a bimodal distribution of 
orientations [2, 3]. Over the past 20 years the temporal 
relationship between each set of wrinkle ridges and 
with Tyrrhena Patera has been ambiguous, with the 
cross-cutting relationships in the western portion of 
Hesperia Planum indicating that the NW-trending 
wrinkle ridges are younger than the NE ridges and 
contemporaneous with the emplacement of Tyrrhena 
Patera [4]. In eastern Hesperia Planum no such pattern 
was found [5]. Throughout all of Hesperia Planum, a 
larger number of older wrinkle ridges is observed in 
the NW-trending direction. The wrinkle ridges in this 
area are interpreted to result from two temporally dis-
tinct events [3, 6]. 
     We reevaluate timing relationships between the 
wrinkle ridges and Tyrrhena Patera in order to evaluate 
timing, orientations, thrust fault dip directions, and the 
Late Noachian regional stress state. We show that 
wrinkle ridge intersections observed in Hesperia 
Planum are due to reactivation of the older wrinkle 
ridge thrust faults by the younger set, similar to terres-
trial observations of fault reactivation during earth-
quakes [e.g., 7, 8]. 
     Observations: DEMs of Hesperia Planum were 
created using Mars Orbiter Laser Altimeter (MOLA) 
data. A consistent relationship of topographically 
lower NE-trending wrinkle ridges is now observed 
throughout Hesperia Planum (Fig. 1). The NW wrinkle 
ridges override the NE wrinkle ridges and are inter-
preted to be younger based on this relationship (Fig. 
1). These findings are not readily apparent in the Vi-
king Orbiter and MOC images used in previous stud-
ies, because the DEMs provide an opportunity to view 
a larger area than the MOC images with a higher reso-
lution than the Viking Orbiter images [2−6]. 

     The broad rise of the younger NW-trending wrinkle 
ridges is developed consistently on the SW side of the 
ridge, and is apparent on the DEM (Fig. 1A) as well as 
in individual MOLA profiles. The position and topog-
raphy of the broad rise is consistent with a thrust fault 
dipping toward the SW beneath the wrinkle ridge [9, 
and references therein]. The older NE-trending wrinkle 
ridges have thrusts that consistently dip in the NW-
direction (Fig. 1A). This suggests that the stress field 
in all of Hesperia Planum has rotated roughly 90º be-
tween the formations of the two sets of wrinkle ridges.  
     We also find that morphology between each set of 
wrinkle ridges is different.  An echelon pattern is dis-
played in the older wrinkle ridges that is not observed 
in the younger wrinkle ridges (Fig. 1).  Older wrinkle 
ridges also parallel thrust fault scarps outside of Hes-
peria Planum [e.g., 10, 11].  Therefore, we investigate 
the possibility of younger wrinkle ridges reactivating 
preexisting buried Noachian thrust faults. 
     Methods: Reactivation in the NE direction is tested 
by calculating the Coulomb failure stress changes 
(∆CFS) along a preexisting receiver fault, correspond-
ing to the older thrust faults, due to slip on a younger, 
crosscutting source fault [e.g. 7, 8]. The relative dip 
directions of the source and receiver faults are ob-
tained from the DEM. An elliptical slip distribution is 
prescribed along the source fault and the attendant 
values of ∆CFS are calculated along the plane of the 
receiver fault. Positive ∆CFS promotes frictional slid-
ing along the receiver fault, while negative ∆CFS hin-
ders slip [7, 8]. ∆CFS is calculated along the receiver 
fault for cases in which the source fault is at a dis-
tances of 0 km, 5 km 10 km (Fig. 2), simulating 
growth of the younger wrinkle ridge thrust faults to-
ward, and across, the preexisting thrust fault. These 
values are determined for 20 slip patches on the re-
ceiver fault by resolving the induced stress onto the 
frictional slip surfaces.   
     Results: All receiver faults show a positive ∆CFS 
close to the source fault that diminishes with distance 
from the source fault (Fig. 2). ∆CFS is generally larger 
where the receiver fault intersects the source fault. 
Negative ∆CFS, associated with slip impedance, exist 
in areas perpendicular to the source fault at distances 
greater than 40 km from the source fault. This means 
that in all cases, slip along the source fault is predicted 
to induce slip along the receiver fault once the younger 
fault closes to within 40 km of the preexisting fault.  
Therefore, Late Noachian slip along the younger NW 
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trending wrinkle ridges likely triggered slip and wrin-
kle ridge growth along the older NE trending thrust 
faults. 
     Conclusions and Implications: The results of this 
study identify three temporally distinct deformational 
events in Hesperia Planum: 1. deformation resulting in 
the formation of the NE-trending faults; 2. deformation 
resulting in the NW-trending thrust faults and wrinkle 
ridges, and 3. reactivation of the thrust faults in the NE 
direction, producing the NE set of wrinkle ridges 
above them. Porter and others (1991) found the (older) 
NE-striking wrinkle ridges are either older or tempo-
rally inseparable from the Tyrrhena Patera flank flow 
unit.  Greeley and Crown (1990) suggest several large 
linear tectonic structures control lava channels and are 
consistently parallel to the NE-trending wrinkle ridges 
[12]. Therefore, since Tyrrhena Patera formed in the 
Noachian [13] the NE-trending wrinkle ridges formed 
no later than the Late Noachian/ Early Hesperian [4, 
12, 13]. We infer that the most compressive regional 
stress during the Late Noachian/ Early Hesperian was 
oriented NW-SE, subsequently a NE-SW oriented re-
gional compressive stress during the Early Hesperian 
led to formation of new NW-trending wrinkle ridges, 
and reactivated some older NE-trending faults in Hes-
peria Planum. 
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Figure 1.  A) An enlarged portion of Hesperia Planum show-
ing the cross-cutting relations of the younger and older wrin-
kle ridges. B) DEM of the eastern portion of Hesperia 
Planum showing older NE-trending wrinkle ridges and 
younger NW-trending wrinkle ridges.  An older wrinkle 
ridge continues along strike as a fault scarp in the upper part 
of the image. Blue indicates topographic lows and red indi-
cates topographic highs.  
 

 
 
Figure 2. Change in Coulomb failure stress on a receiver 
fault A) intersecting source fault, B) 5 km from source fault, 
and C) 10 km from source fault. All panels indicate reactiva-
tion of the older, pre-existing NE thrust faults (receiver 
faults) by slip along the younger, crosscutting wrinkle ridge 
thrust faults of the NW set. 
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