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Introduction: The formation of wrinkle ridges on 

early Hesperian volcanic plains constituted the most 
significant episode of contractional deformation in the 
history of Mars.  Current hypotheses for the source of 
this deformation, based largely on photogeological 
mapping and basic physiographic relations, run the 
gamut from local and regional [e.g., 1, 2] to global 
mechanisms [e.g., 3].  Here we review the potential 
contribution to contractional strain of a variety of 
mechanisms in order to exclude those processes 
unlikely to be important and to isolate those worthy of 
further study. 

Background: Volcanic plains materials of early 
Hesperian age occupy ~30% of the surface of Mars 
[e.g., 4].  Subsequent contractional deformation 
formed wrinkle ridges on these units [1-6].  While the 
characteristics of these ridges have formed the basis 
for studies of Martian lithospheric structure [1, 5, 7, 8], 
the source(s) of contractional deformation remains an 
open question [1-3].  Most of the ridges are generally 
concentric to Tharsis, implying a contribution from the 
long-wavelength stress field associated with support of 
the Tharsis rise, but the relative importance of Tharsis 
loading to local loading by the plains themselves, and 
global effects has not yet been quantified. 

Potential Mechanisms:  We divide sources for con-
tractional tectonic features on Mars broadly into two 
categories: global and local/regional.  Examples of 
global processes include: (i) global contraction due to 
long-term cooling of the interior [e.g., 9], (ii) cooling 
of the mantle via extraction of heat during an episode 
of high volcanic flux, and (iii) a large excursion in sur-
face temperature [e.g., 10].  Possible local and regional 
sources include: (iv) loading of the lithosphere by the 
volcanic plains [e.g., 1], (v) response to loading by 
bodies of standing water [e.g., 11], and (vi) a response 
to loading by ice during a large change in obliquity 
[e.g., 12.]. A process with both global and regional at-
tributes is (vii) response to loading of the lithosphere 
by the Tharsis rise [e.g., 2]. 

Analysis: (i) Global Thermal Contraction. � With a 
parameterized model of convection [13] for Martian 
thermal evolution that is coupled to a tectonic model of 
an elastic shell overlying an inviscid core [14] we cal-
culate the amount of surface horizontal strain and 
strain rates through time due to planetary heat loss and 
inner core growth.  Results from a suite of model runs 
that include a temperature- and pressure-dependent, 

wet- olivine mantle rheology, the effects of crustal 
generation, and a range in core sulfur contents of 0-15 
wt % suggest maximum secular strain rates of order 
10-20 s-1 in the Hesperian.  This rate gives ~0.003% 
strain in 100 Myr. The effects of solid-solid phase 
changes in the mantle (e.g., basalt-eclogite) are less by 
two orders of magnitude.  Turning the global contrac-
tion problem around: if the 0.3% strain recorded in 
Lunae Planum wrinkle ridges [5] is equivalent to the 
global average contractional strain at the time of for-
mation and were due solely to inner core growth, that 
would imply an 18% change in core volume (e.g., 
change in fractional inner core radius from 0 to 0.56) 
would be required during the Hesperian.   

(ii) Contraction Due to an Hesperian Volcanic 
Pulse. � The substantial volcanism experienced in the 
Hesperian [e.g., 4, 15] suggests that secular cooling of 
the interior may have been punctuated by distinct 
events.  An approximate calculation of the average 
drop in mantle temperature due to the extraction of 
partial melt can be made from: 
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where L (600 kJ kg-1) is the latent heat of melting, Cp 
(1200 J kg-1 K-1) the heat capacity, and Vv/Vm is the 
fraction of the mantle extruded to the crust during the 
volcanic pulse.  Assuming a 1 km thick global layer of 
magma, (1) predicts a ~0.5 K decrease in mantle tem-
perature.  This result leads to approximately ~0.0005% 
surface contractional strain from: 

 1
3 v Tε α≈ ∆  (2) 

where αv (3x10-5 K-1) is the volumetric coefficient of 
thermal expansion. 

(iii) Global Climate Change. � Rather than an inter-
nally-driven mechanism, an externally-forced, posi-
tive, change in surface temperature could drive surface 
contraction [10].  From (2) a 50 K temperature change 
provides ~0.05% strain.  The major limiting factors for 
this source of deformation are the magnitude and dura-
tion of excursions in surface temperature (e.g., driven 
by major impacts or volcanic eruptions).  An upper 
bound on possible surface temperature excursions 
comes from a recent estimate of the climatic effects of 
a large impact on Mars [16], which suggests a maxi-
mum surface temperature change of ~500 K.  The lim-
ited duration of that change (10 years), though, means 
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that the diffusion depth for even ~10% of that tempera-
ture change (50 K) is only 40 m depth.   

(iv-vi) Local Loading. � One indication that local-
scale mechanisms are at work in the genesis of Hespe-
rian wrinkle ridges is the pattern of ridges in the Uto-
pia basin [6, 17], which is reminiscent of models of 
loading of lunar impact basins by mare volcanic mate-
rial [e.g., 18].  An approximate estimate of the effect 
loading of the lithosphere on Mars by Hesperian plains 
can be gained from the solution [19] for deformation 
of an elastic shell with membrane stresses having a 
surface load that decays exponentially with distance 
from the center of the load.  With ρm=3400 kg m-3 for 
mantle density, ρv=3000 kg m-3 for the density of vol-
canic material, a 35 km thick elastic shell, and a 
maximum load thickness of 1 km, the lithosphere de-
flects by 750 m.  Deflections scale linearly with the 
maximum load thickness, so a 2- to 3-km-thick load 
will result in 2-3 times larger deflections.  However, 
external to a volcanic plains unit radial extensional 
stress is expected.  The general absence of extensional 
features concentric to the Hesperian plains therefore 
constrains the magnitude of this effect. 

The effects of lithospheric loading by ice and water 
can be estimated by analogy to the above results.  Ice 
and water (ρ = 1000 kg m-3) are one-third as dense as 
rock, so deflections and strains for the same load 
thickness are one-third as large.  In the northern low-
lands, the maximum water depth could have been ~1.5 
km [11], resulting in a load of approximately one-half 
that of the volcanically loaded case.  Alternatively, 
loading by the plains plus water would be ~1.5 times 
that for the plains load alone.  However, the lack of 
observable shoreline features in high-resolution im-
agery [20] and the large variation in elevation of puta-
tive shorelines [11] makes estimates of water depth 
uncertain at best.  An approximate estimate of the 
available ice load due to low-latitude, surficial ice de-
posits [21] can be made by calculating the thickness of 
ice if the polar deposits were spread in a layer within 
1000 km of the equator.  Using a polar volume esti-
mate of 4 x 1015 m3 [22] results in an equivalent layer 
thickness of ~90 m. 

(vii) Tharsis. � The response to the Tharsis rise must 
have been an important influence on the generation of 
wrinkle ridges on Mars on the grounds of their gener-
ally circum-Tharsis orientations.  Considerable effort 
has gone into modeling the effects of Tharsis on the 
Martian lithosphere [2, 23, 24].  With the most recent 
gravity and topography data as constraints on litho-
spheric loading [24], model results are consistent with 
observed strain estimates in Lunae Planum [5].  How-
ever, what controlled the timing of ridge formation and 

their concentration in Hesperian plains units remains 
unclear. 

Discussion: A variety of mechanisms may have 
played a role in the development of wrinkle ridges on 
Hesperian plains materials on Mars.  Although global 
cooling and contraction result in the proper sign of 
strain, this process generally predicts low amounts of 
strain and low strain rates.  Among the thermally-
driven hypotheses (i-iii) global climate change can 
produce the greatest contractional strains, but a large, 
positive surface temperature excursion would have to 
be sustained for more than 106 years to produce the 
scale of features visible seen on Mars (although raising 
surface temperatures by lesser amounts for longer 
times could have been an important contributor to 
strain).  Lithospheric loading by the Hesperian plains 
can localize the deformation and the time of formation, 
but the general absence of extensional features exterior 
to the ridged plains limits the contribution of this proc-
ess.  One key to separating the roles of potential 
sources of contractional strain will be further refining 
the time interval between wrinkle ridge formation and 
emplacement of the Hesperian plains [1, 3].  A second 
will be to isolate the effects on the Hesperian plains of 
the Tharsis load and the polyphase deformation it pro-
duced [25, 26] so that the importance of local and 
global effects might be better assessed.  
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