
 
 

WRINKLE RIDGE FORMATION IN MARE TRANQUILLITATIS: EVALUATION OF 
FLEXURAL LOADING AND RIFT COOLING SCENARIOS.  P. J. McGovern1 (3600 Bay Area Blvd., 
Houston, TX 77058; mcgovern@lpi.usra.edu),1 G. Y. Kramer2, and G. A. Neumann.3, 1Lunar and Planetary 
Institute/USRA, 2Planetary Science Institute, 3NASA Goddard Space Flight Center. 

 
Introduction:  Mare Tranquillitatis is anomalous: 

The mare units are amongst the oldest on the lunar 
surface [1], but the wrinkle ridges (contractional fault 
landforms) that deform these units are significantly 
younger [2], a temporal relationship differing from 
almost all other large lunar mare [3]. We have engaged 
in mechanical modeling of lithospheric flexural loading 
[4] and thermoelastic stress from intra-rift cooling [3] to 
evaluate simple scenarios for generation of rift 
topography and rift-parallel contractional faulting. Here 
we perform a detailed comparison of the mechanical 
implications of these two loading mechanisms, to infer 
the conditions that created modern Mare Tranquillitatis.  

Modeling Technique:  To examine scenarios for 
rift-parallel compression at Mare Tranquillitatis, we 
create Finite Element Method (FEM) models of the 
lunar lithosphere in COMSOL Multiphysics FEM 
package. We have previously reported results of the 
lithospheric response to emplacement of mare units in a 
rift setting [e.g., 5]  with initially isostatic rift valley 
topography, using two varieties of mechanical model: 
flexural stresses induced by loading from mare units [4], 
and thermoelastic stresses induced by cooling of a rift-
based thermal anomaly in the lunar interior [3, after 6]. 
Both types of model can produce stress states consistent 
with the rift-parallel thrust faulting seen at Mare 
Tranquillitatis. The former type of model (herein, 
“flexural”) has the advantages of a long heritage in 
geophysical modeling and an ability to easily generate 
large strains near the rift axis. The latter type (herein, 
“thermoelastic”) has the advantage of better accounting 
for the observed several hundred Myr temporal offset 
between Tranquillitatis mare unit emplacement [1] and 
wrinkle ridge formation [2]. Here, we revisit some of 
the mechanical implications of both types of models 
with an eye toward a definitive evaluation.  

For both classes of models, the Finite Element 
Method (FEM) represents the lunar crust and mantle 
and superposed mare units with a 2-D FEM grid. The 
simplest flexural model is configured as a 2-D elastic 
plate with mechanical properties (e.g., density, 
deformation modulus) representing those of the lunar 
crust, an on-axis surface depression represented by a 
super-gaussian flat-bottomed surface topographic 
profile [e.g., Wessel] with 6 km depth and 160 km 
width, and crustal base topography corresponding to 
isostatic compensation. The overall structure represents 
the mechanical effects of rift-axis thinning, and the 
surface depression is filled to the level of the 
surrounding surface by material with the properties of 

basalt. AWinkler-type spring basal foundation, 
represents the response of a fluid mantle. Such an 
approach does not explicitly model the timescale of 
viscoelastic response (the “Maxwell Time”, tM), which 
is determined by the ratio of viscosity to shear modulus. 
Timescales of response are typically span 105-107 yr, 
but with substantial fractions of the response occuring 
in the first 103-105 yr, a problem for reconciling mare 
and wrinkle ridge ages at Tranquillitatis [3]. Mantle 
contributions to elastic lithosphere are represented by a 
layer of constant thickness with appropriate mechanical 
properties appended to the bottom of the crust.   

In the thermoelastic models, a half-space 
formulation is used, with crustal and mare components 
as above, but with the lunar mantle represented by a 
domain extending to 900 km depth and 2700 km in 
width. The main stress-generating mechanism for such 
models is thermoelastic, from cooling of an initial 
smoothed rectangle (think “battery”) shaped thermal 
anomaly in the mantle at the rift axis, created by 
superposing super-gaussian profiles in the x- and y-
directions. Timescales for this response are set by the 
thermal diffusivity k of the lunar interior, itself 
determined by the ratio of thermal conductivity k to the 
product of density r and specific heat Cp. 

 
Figure 1. Elevation of the originally flat model 

surface (i.e., vertical deflection) for thermoelastic (A, 
top) and flexural (B, bottom) FEM rift models.  

Results: Thermoelastic models show broad 
depressions of order km depth centered on the rift axis 
(distance = 0 in Fig. 1), with wavelengths similar to 
those of a representative topographic profile through 
Tranquillitatis (along the 5° N parallel:  purple line in 
Fig. 1A).  Thermal anomaly width and magnitude trade 
off to some extent such that a narrow (ra = 100 km) 
anomaly with peak magnitude 400 K and a wide 
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anomaly (ra = 200 km) with peak magnitude 200 K yield 
broadly similar vertical deflections (blue and brown 
lines in Fig. 1A, respectively). However, strain patterns 
are markedly different, with the narrow/high anomaly 
model producing a centrally peaked strain profile while 
the wide/low anomaly model produces a centrally flat 
strain profile of lateral extent corresponding to that of 
the model mare unit (Fig. 2A). A model with wide 
anomaly and high magnitude (400 K) increases the 
magnitudes of deflection and strain, but maintains 
shapes similar to those of the equivalent low-magnitude 
model (compare gold and brown lines in Figs. 1A, 2A).  

Flexural models loaded by mare infill of the crustal 
rift yield central deflections of depth several km. The 
model with the lithosphere contained entirely within the 
crust produces deflections with the greatest magnitude 
and shortest wavelength (blue curve in Fig. 1B). Adding 
increasing amounts of mantle lithosphere reduces the 
magnitudes and increases the wavelengths of the 
deflections (brown, gold, and purple lines in Fig. 1B). 
Strain patterns exhibit similar properties as functions of 
distance from the rift axis, with only the thickest-
lithosphere model showing a slight flattening over the 
mare section (Fig. 2B, purple line) as seen much more 
strongly in the wide thermal anomaly models (Fig. 2A, 
brown and gold lines).  

 
Fig. 2. Microstrain (strain x 103) for thermoelastic 

(A, top) and flexural (B, bottom) FEM rift models  
Discussion: The characteristic wavelengths of 

displacement and strain responses are crucial 
discriminants of the various models shown in Figs. 1 
and 2. The deflection wavelengths for the thermoelastic 
models are broader than the equivalents for all but the 
thickest lithospheres of the flexural models (compare 
Figs. 1A and 1B). These wavelengths are primarily 
controlled by the thermal anomaly width. The 
deflections of the narrow/high and wide/low 
thermoelastic models (blue and brown lines in Fig. 1A) 
are straddled by the topographic profile (purple line in 
Fig. 1A), but the rift-axis deflection is best matched by 
the wide/high model (gold line in Fig. 1A).  The 

thermoelastic model strain curves show a much stronger 
influence of anomaly width via two effects seen in the 
wide anomaly models: 1) a increase in wavelength 
relative to the narrow anomaly models; and 2) a near-
constant contractional strain magnitude localized over 
the mare region, showing that the high-stiffness mare 
acts as a “strain guide” relative to the lower-stiffness 
crust (but only when the decaying thermal anomaly is 
wide enough to trigger a whole-mare response). The 
near-constant contractional strain finding is consistent 
with the broad distribution of wrinkle ridges in Mare 
Tranquillitatis. Further, the mare strain “plateau” for the 
wide/high model (gold line in Fig. 2A) is of sufficient 
magnitude to account for the amount of contraction 
(~0.86 km) inferred from wrinkle ridge throws on the 
topographic profile shown in Fig. 1).  

For flexural models, the lithospheric thickness 
controls the wavelengths of deflection and strain 
responses. The model with shortest wavelength 
deflection response (crust-only, blue line in Fig. 1B) 
arguably matches the far-field topography (green line in 
Fig. 1B) but falls far short of matching the near-rift 
topography. Conversely, the model with longest-
wavelength deflection response (crust + 40 km mantle, 
purple line in Fig. 1B) has a wavelength far too long to 
match the topography, even if the magnitude is the most 
comparable of all models. Further, models with large 
mantle components are likely incompatible with both 
the elevated temperatures required at a rift setting and 
expected lunar thermal gradients in the 4-3 Ga era of 
Tranquillitatis activity. The flexural model strain 
calculations present more difficulties: the outermost 
mare (distance > 100 km) experience very low 
magnitude contraction or even extension, at variance 
with the broad distribution of wrinkle ridges in Mare 
Tranquillitatis. Thus, the strain at the mare surface for 
flexure models falls short of accounting for the amount 
of contraction inferred from wrinkle ridge fault throws.  

Of the models presented here, the thermoelastic 
models provide a better fit to observed surface 
topography magnitudes and wavelengths, and also a 
magnitude and distribution of strain that is more 
compatible with observed fault distributions, than the 
mare flexural loading models. Given the previous 
finding that thermoelastic rift-cooling models provide a 
far superior accounting for the difference between mare 
unit ages and wrinkle ridge ages [3], we strongly favor 
such models for the evolution of Tranquillitatis.  
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