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Introduction:  Models of the surface strain history 

of Mercury must be compatible with its thermal evolu-
tion [1-4], which suggested pervasive and ongoing 
planetary contraction. There is ample evidence that 
Mercury has contracted since the Late Heavy Bom-
bardment (LHB), which includes lobate scarps, wrin-
kle ridges, and high-relief ridges [3, 5-9]. The lobate 
scarps are believed to be asymmetric hanging wall 
anticlines atop a thrust fault [5, 8] and are larger than 
wrinkle ridges. Wrinkle ridges are a low relief feature 
that is an anticlinal fold that also sits above a blind 
thrust fault [11]. These two features have preserved the 
contraction that Mercury has undergone since the LHB 
and have been used to estimate a decrease in planetary 
radius of 1-7 km [5, 8-10].  

Another subtler consequence of global contraction 
may have been the formation of long-wavelength, low-
amplitude topography. This type of topography has 
been predicted to exist on Mercury, which is believed 
to have formed as a result of folding of the lithosphere 
[2-3]; however, it was not until the MESSENGER 
spacecraft began acquiring data of Mercury that the 
existence of long-wavelength topography was identi-
fied [11, 12]. For example, altimetry and gravity data 
acquired in the Caloris impact basin (~60°N/115°E) 
showed that the smooth plains interior to the Caloris 
impact basin display long-wavelength variations in 
topography [11, 13].  Portions of the northern floor of 
the basin lie higher in elevation than the basin rim, 
with variations in topography that can reach as high as 
3 km [11-13]. The northern portion of the Caloris floor 
has been observed to be part of a quasi-linear rise that 
trends west-southwest–east-northeast and extends over 
half of the circumference of Mercury, and only occurs 
at mid-latitudes [12]. The wavelength of the observed 
features has been estimated to be nearly 1000 km with 
an amplitude of ~3 km [14, 15]. Balcerski et al. (2012) 
also observed that the tilts of superimposed, volcani-
cally flooded impact craters were consistent with the 
modification of Mercury’s long-wavelength topogra-
phy that postdates both the volcanic plains emplace-
ment and the pre-LHB formation of the Caloris basin 
[14, 16]. 

Is this long-wavelength topography evidence of the 
predicted folding of the lithosphere? Here, we test this 
idea using a finite element approach than employs a 
more realistic elastic-viscous-plastic rheological model 
than the semi-analytic viscous-plastic model that was 
used in the previous assessment [2]. 

Methodology: For this work, we use the commer-
cially available MSC.Marc finite-element package, 
which has been well vetted in the study of lithospheres 
of icy satellites and rocky bodies [e.g., 17-19]. This 
code employs a rheological model more consistent 
with the observed deformation of geologic materials, 
where the response of the material is elastic on short 
time scales, viscous on long time scales, and with plas-
tic failure for stresses higher than the depth-dependent 
cohesion of the material. 

For each simulation, we begin with the construc-
tion of a finite element mesh, which contains between 
5000 and 15000 elements. Our initial meshes are a 
two-layer axisymmetric mesh of Mercury, approximat-
ing an unwrapped version of one-hemisphere of Mer-
cury (this approximation would not include membrane 
lithospheric resistance). We set the size of the mesh to 
be 3,835 km (¼ the circumference of Mercury) wide 
and 500 km deep (the depth of the mantle). The upper 
100 km is composed of crustal material, while the re-
maining 400 km is mantle material. Mesh resolution in 
the crust is 25 km horizontal and 10 km vertical. The 
mantle has a similar resolution, but a small vertical 
bias is applied to decrease resolution in the deep mesh 
away from the primary deformation. The crustal densi-
ty is 2900 kg m-3, and the mantle density was 3200 kg 
m-3. We apply the rheologies of dried Columbia dia-
base for the crustal material [23] and dried olivine for 
the mantle materials [24]. 

Planetary contraction is simulated by a forced lat-
eral displacement of the outer vertical boundary. We 
assume that the shortening that is associated with plan-
etary contraction is equivalent to a change in planetary 
radius of 1 km (surface strain of 0.026 %) every 100 
Myr, with a total run time of 300 Myr. This contraction 
results in the formation of a lithosphere whose thick-
ness is largely governed by the thermal state. We test 
three different thermal models: a constant surface tem-
perature of 440 K and surface heat flows of 6, 25, and 
40 mW m-2, which bound the range of expected values 
for Mercury [25-26].  

Unstable deformation (e.g., folding) amplifies ex-
isting perturbations. Thus in order to break the lateral 
homogeneity of the mesh, a small (10 m amplitude) 
harmonic perturbation in surface topography is ap-
plied, coupled with several scenarios for the crust-
mantle boundary: fully compensated (Airy), flat, and 
uniform crustal thickness. We test a range of wave-
lengths in order to identify the fastest-growing, domi-
nant wavelength. In our axisymmetric system that ap-
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proximates an unwrapped half of Mercury, our applied 
perturbations are equivalent to the even number zonal 
spherical harmonics at degrees 6-24. For reference, the 
observed long-wavelength topography on Mercury is 
equivalent to roughly degree 14. 

Results: For each of our 90 simulations (permuta-
tions of heat flow [3 cases], wavelength [10 cases], and 
scenario for the crust-mantle boundary [3 cases]), we 
calculate the amplification factor as a ratio of the final 
to initial surface topographic amplitudes. In the majori-
ty of our simulations (82/90), no positive amplification 
was observed (amplification < 1). In eight of our simu-
lations, the amplification was only marginally greater 
than one (1.01-1.07). These simulations are for the 
spherical harmonic degrees 10-24 in fully compensated 
initial topography with a heat flow of 6 mW m-2, with 
peak amplification occurring at the degree-12 harmon-
ic. Extrapolating these results to several billions of 
years of horizontal shortening yields less than a dou-
bling of the initial topographic amplitude. 

Discussion:  Our results demonstrate that an origin 
for the long wavelength topography on Mercury via 
lithospheric folding is unlikely, in contrast to the pre-
dictions from semi-analytic models using a more sim-
plistic rheology [2]. Amplifications using this more 
realistic rheology are significantly lower, consistent 
with recent work exploring periodic topography in the 
outer solar system [27]. Indeed, our low amplification 
factors imply a kilometer scale perturbation to yield 
the observed 3 km of topographic amplitude, which is 
of course unlikely. The resolution to this paradox in 
the outer solar system is to necessitate larger amounts 
of horizontal shortening (levels > 10%) in order to 
amplify a reasonable perturbation into observable to-
pography [27]. We test some of our simulations with 
significantly higher degrees of shortening (10 %) at 
much higher strain rates (though we find little sensitiv-
ity to strain rate). We find much greater amplification 
(~10 times), but there is no physical evidence or theo-
retical reason for Mercury to have shrunk by the requi-
site 244 km needed for this degree of horizontal short-
ening.  

These results imply that there must be an alterna-
tive mechanism for the formation of the observed long-
wavelength topography within and around Caloris. A 
corollary is that decreasing amplitudes of all cases ex-
cept for the lowest heat flow under initial compensa-
tion, including the near complete collapse of our con-
stant crustal thickness scenarios, indicate that the litho-
sphere of Mercury cannot support topography at this 
horizontal scale without buoyant support. Indeed, the 
observed gravity anomalies of Mercury are consistent 
with isostatic support of this topography [28]. Thus, 
future work should be directed at understanding mech-

anisms to produce compensated high topography at 
large horizontal scales. To end on pure speculation, we 
suggest extensive magmatic thickening of the crust 
over sheet-like convective upwellings in the mantle. 

References: [1] Solomon S.C. (1976) Icarus, 28, 
509-521. [2] Dombard A.J. et al. (2001) LPS XXXII, 
Abstract #2035. [3] Hauck S.A. et al (2004) EPSL, 
222, 713-728. [4] Dombard A.J. and Hauck S.A. 
(2008) Icarus, 198, 274-276. [5] Strom R.G. et al. 
(1975) JGR, 80, 2478-2507. [6] Melosh H.J. and 
McKinnon W.B. (1988) Mercury, University of Arizo-
na Press. [7] Watters T.R. (1998) Geology, 26, 991-
994. [8] Watters T.R. (2004) GRL, 31, L04701. [9] 
Watters T.R. (2009) EPSL, 285, 283-296. [10]. Byrne 
P.K. (2014) Nature Geoscience, 7, 301-307. [11] Smith 
D.E. et al. (2012) Science 336, 214-217. [12] Solomon 
S.C. (2012) Icarus, 28, 509-521. [13] Zuber M.T. 
(2012) Science 336, 217-220. [14] Balcerski J. A. et al. 
(2012) LPS XLIII Abstract #1850. [15] Klimczak C. et 
al. (2013) JGRP 118, 2030-2044. [16] Head J.W. et al. 
(2008) Science, 321, 69-72. [17] Dombard A.J. and 
McKinnon W.B. (2006a) JGR, 111, E01001. [18] 
Dombard A.J. and McKinnon W.B. (2006b) JSG. 28, 
2259- 2269. [19] Karimi S. et al. (2016) Icarus 272, 
102-113. [20] Gammon P.H. et al. (1983) JPC 87, 
4025-4029. [21] Beeman M. (1988) JGRSE 93, 7625-
7633. [22] Goldsby D.L. and Kohlstedt D.L. (2001) 
JGRSE 106, 11017-11030. [23] Mackwell S. J. et al. 
(1998) JGR, 103, 975-984. [24] Karato S. and Wu P. 
(1993), Science, 260, 771-778. [25] Hauck S. A. et al. 
(2000) Eos Trans. AGU, 81, S296. [26] Nimmo F. and 
Watters T.R. (2004) GRL, 31, L02701. [27] Bland 
M.T. et al. (2015) Icarus, 260, 232-245. [28] James 
P.B. et al. (2015) JGR, 120, 287-310.  

 

1657.pdfLunar and Planetary Science XLVIII (2017)


