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Faults provide a record of a planet’s crustal stress state and interior dynamics, including volumetric
changes related to long-term cooling. Previous work has suggested that Mars experienced a pulse of
large-scale global contraction during Hesperian time. Here we evaluate the evidence for martian global
contraction using a recent compilation of thrust faults. Fault-related strains were calculated for wrinkle
ridges and lobate scarps to provide lower and upper bounds, respectively, on the magnitude of global
contraction from contractional structures observed on the surface of Mars. During the hypothesized pulse
of global contraction, contractional strain of �0.007% to �0.13% is indicated by the structures, corre-
sponding to decreases in planetary radius of 112 m to 2.24 km, respectively. By contrast, consideration
of all recognized thrust faults regardless of age produces a globally averaged contractional strain of
�0.011% to �0.22%, corresponding to a radius decrease of 188 m to 3.77 km since the Early Noachian.
The amount of global contraction predicted by thermal models is larger than what is recorded by the
faults at the surface, paralleling similar studies for Mercury and the Moon, which suggests that observa-
tions of fault populations at the surface may provide tighter bounds on planetary thermal evolution than
models alone.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The surface record of tectonic deformation provides a record of a
planet’s thermal and tectonic evolution (Solomon and Chaiken,
1976; Banerdt et al., 1992; Schubert et al., 1992; Watters, 1993;
Andrews-Hanna et al., 2008; Zuber et al., 2010). This relationship
has been used on Mercury, the Moon, Mars, and icy outer planet sat-
ellites in an attempt to understand and bound the thermal evolu-
tion of these bodies. Cooling of a planet’s interior would create a
net global contraction, which would induce global compressional
horizontal stress and contractional strain near the surface (Solomon
and Chaiken, 1976; Turcotte, 1983; Solomon, 1986; Banerdt et al.,
1992; Schubert et al., 1992; Hauck et al., 2004), potentially resulting
in the formation of contractional structures at the surface, such as
thrust faults (expressed as either wrinkle ridges or lobate scarps).
Wrinkle ridges consist of narrow, asymmetric ridges superimposed
on broad arches (Plescia and Golombek, 1986; Banerdt et al., 1992;
Watters, 1993) and are interpreted to be anticlines above blind
thrust faults (Schultz, 2000; Okubo and Schultz, 2004; Tanaka
ll rights reserved.
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et al., 2010). They are observed on all terrestrial bodies, including
Mercury, Venus, the Moon, and Mars (e.g., Watters 1988). On Mars,
wrinkle ridges are distributed globally and occur primarily in
Hesperian ridged plains (Hr) (Tanaka et al., 1991; Banerdt et al.,
1992; Watters, 1993; Mangold et al., 2000; Head et al., 2002).
Lobate scarps are interpreted to be the result of surface-breaking
thrust faults (Howard and Muehlberger, 1973; Strom et al., 1975;
Lucchitta, 1976; Cordell and Strom, 1977; Binder, 1982; Binder
and Gunga, 1985; Watters, 1993; Schultz, 2000; Hauck et al.,
2004) and are found on Mercury, Mars, and the Moon. On Mars,
the majority of lobate scarps occurs in older geologic terranes (in
units Npl1, Npl2, Npld) and they appear to be primarily Noachian
in age (Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka
et al., 1991; Watters, 1993; Mangold et al., 2000).

Theoretical considerations from thermal evolution models and
observations, such as the abundance of lobate scarps on the sur-
face, suggest that Mercury has undergone global contraction (e.g.,
Strom et al., 1975; Watters et al., 1998; Watters and Nimmo,
2010), with a minimum estimate of planetary radius decrease of
0.8 km (Watters et al., 2009) and a maximum estimate of 17 km,
resulting from the complete solidification of an initially molten
core (Solomon 1976). Similarly, models for the thermal evolution
of the Moon have been evaluated by using tectonic structures on
the surface (Golombek and McGill, 1983; Turcotte, 1983; Solomon,
ontraction on Mars from analysis of surface faults: Implications for martian
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1986). These studies conclude that there has been little or no de-
crease in lunar radius (<1 km) since the end of the heavy bombard-
ment and emplacement of the maria 3.8 byr ago (Solomon and
Chaiken, 1976; Cordell and Strom, 1977; Solomon, 1986; Solomon
and Head, 1979, 1980; Golombek and McGill, 1983; Watters and
Johnson, 2010). Recent work (Watters et al., 2010) has identified
a number of apparently young (<1 Ga) lobate scarps in the lunar
highlands. They suggest that the small-scale lobate scarps accom-
modate late-stage global contraction corresponding to a planetary
radius decrease of �100 m. The identification of these and poten-
tially other lobate scarps in the newly acquired imagery may place
additional constraints on thermal evolution models of the Moon.

Net global expansion is an important process for the outer planet
satellites. On icy satellites, ice phase transitions in the interior may
lead to satellite expansion. The phase change from liquid water to
ice I produces large tensile surface stresses (Cassen et al., 1979;
Squyres and Croft, 1986; Nimmo, 2004; Collins et al., 2010) and
extensional structures at the surface. The transition from ice V to
ice II may lead to an increase in surface area of 1% (Squyres and
Croft, 1986). Expansion as a result of this process may lead to sur-
face area increases of up to several percent given complete freezing
of small satellites (Squyres and Croft, 1986). Satellite differentiation
by movement of silicate material to the core and less dense ice to
the surface leads to a decrease in mean satellite density, requiring
an increase in volume (Squyres and Croft, 1986). On Ganymede
and Callisto, the total increase in surface area could be as much as
6% (Squyres, 1980; Squyres and Croft, 1986), and radius increases
have been inferred (Squyres, 1980; Mueller and McKinnon, 1988;
Collins et al., 2010) to have occurred as a result.

Thermal history models for Mars suggest that the planet was ini-
tially hot and subsequently cooled over geologic time (Schubert and
Spohn, 1990; Schubert et al., 1992). These models predict a long
period of global contraction as a result of the cooling of the interior,
although the rate of contraction was not necessarily constant; a glo-
bal array of contractional structures (wrinkle ridges and lobate
scarps) is cited as evidence of this global contraction (Schubert
and Spohn, 1990; Tanaka et al., 1991; Zimbelman et al., 1991;
Schubert et al., 1992; Watters, 1993; Golombek and Phillips, 2010).

The hypothesis that Mars underwent a period, or pulse, of en-
hanced global contraction during the Late Noachian (LN) through
the Early Hesperian (EH) was first made by Schubert et al. (1992)
as a likely explanation for the abundance of wrinkle ridges in
Hesperian-aged rocks (e.g., Tanaka et al., 1991). The Early Hesperian
basaltic plains units correspond to a global-scale volcanic resurfac-
ing event (Tanaka et al., 1988; Greeley and Schneid, 1991; Frey,
1992; Watters, 1993; Head et al., 2002). Since then, many studies
(e.g. Watters, 1993; Mangold et al., 2000; Andrews-Hanna et al.,
2008; Golombek and Phillips, 2010) have assumed a causal rela-
tionship between contractional structures on Mars and global con-
traction, yet the correspondence between the two has remained
only qualitative.

Several previous studies of tectonic and loading models of Tharsis
have invoked stresses related to global thermal contraction to fit the
location of the suite of wrinkle ridges surrounding Tharsis (Tanaka
et al., 1991; Watters, 1993; Dimitrova et al., 2008), the formation
of lobate scarps along the eastern dichotomy boundary (Watters,
2003a,b), and concentric thrust faults around Utopia Basin (Searls
and Phillips, 2007). Although a few studies have been conducted
on the amount of global contractional strain that should be predicted
from thermal models (Hauck et al., 2003; Andrews-Hanna et al.,
2008), to date the amount of global contractional strain accommo-
dated at the surface of Mars by thrust faults has not been quantified,
hindering a quantitative test of global contraction predictions.

The global contraction of Mars is hypothesized to have peaked
during the Late Noachian to Early Hesperian (3.8–3.6 Ga;
Hartmann and Neukum, 2001) based on the abundance of wrinkle
Please cite this article in press as: Nahm, A.L., Schultz, R.A. Magnitude of global c
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ridges found in rocks of this age (e.g., Tanaka et al., 1991; Watters,
1993). However, thermal evolution models (Schubert and Spohn,
1990; Schubert et al., 1992; Andrews-Hanna et al., 2008) imply
that secular cooling of Mars’ interior began in the Early Noachian
and continued through the present, predicting an increasing accu-
mulation of compressional stress and contractional strain at the
surface. These models also imply that if the compression was glo-
bal in extent as has been hypothesized, all units older than Early
Hesperian should contain contractional structures such as wrinkle
ridges.

The hypothesis that the wrinkle ridges and lobate scarps were
formed in association with global contraction on Mars is tested
here by calculating the horizontal crustal strain accommodated
by the contractional structures for two time periods. First, we test
the hypothesis of a pulse of global contraction during the Late Noa-
chian through the Early Hesperian. Then we test the cumulative
magnitude of global contraction from the Early Noachian through
the Late Amazonian. Strain for both scenarios is converted into
planetary radius change, permitting a quantitative comparison be-
tween fault-related strain and strain predicted by models of the
thermal evolution of Mars. We then discuss the implications of
our findings for the magnitudes of global contraction predicted
for Mars and for Mercury.
2. The global contraction hypothesis

Following the Mariner 9 mission in 1971, the view of Mars was
that its surface was dominated by extensional structures, such as
normal faults and graben (Schubert et al., 1992). Thermal history
models based on these early observations involved net global
warming and required planetary expansion over much of Mars’
history (Solomon and Chaiken, 1976; Schubert et al., 1992), consis-
tent with the extensive graben systems in Tharsis (Hartmann,
1973; Carr, 1974; Solomon and Chaiken, 1976; Schubert et al.,
1992) and elsewhere.

Following the imaging of numerous contractional structures by
Viking Orbiter, the view of martian geologic and thermal histories
changed significantly. The abundance of globally distributed con-
tractional structures has been cited as evidence for planetary con-
traction associated with net cooling of the martian interior
(Schubert and Spohn, 1990; Tanaka et al. 1991; Zimbelman et al.,
1991; Schubert et al., 1992; Watters, 1993; Golombek and Phillips,
2010). During planetary cooling predicted by the thermal models
(Schubert and Spohn, 1990; Schubert et al., 1992), the magnitude
of horizontal compressional stress at the surface would initially in-
crease in the Early Noachian, then decrease to a minimum at the
present time. This appears to be in qualitative agreement with
the temporal distribution of contractional structures, with a large
number inferred to have been formed in the Late Noachian to Early
Hesperian (Scott and Tanaka, 1986; Greeley and Guest, 1987;
Tanaka et al., 1991; Watters, 1993). Thermal history models addi-
tionally predict monotonically declining volcanism (Schubert and
Spohn, 1990; Schubert et al., 1992), in contrast with an apparent
pulse in the total area and average rate of volcanism in the Early
Hesperian (Zimbelman et al., 1991; Frey, 1992; Watters, 1993).

Hauck et al. (2003) calculated the surface horizontal contrac-
tional strain for several scenarios. For global thermal contraction
due to planetary heat loss and core growth, they calculate strain
rates on the order of 10�20 s�1 in the Hesperian, corresponding to
an average value of �0.003% contractional strain (Hauck et al.,
2003). For contraction due to extensive Hesperian volcanism
(Tanaka et al., 1988; Greeley and Schneid, 1991; Frey, 1992;
Watters, 1993; Head et al., 2002), they calculate �0.0005%
surface contractional strain (Hauck et al., 2003). More recently,
Andrews-Hanna et al. (2008) used the thermal evolution model
ontraction on Mars from analysis of surface faults: Implications for martian
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of Hauck and Phillips (2002) to calculate the magnitude of accumu-
lated global contractional strain for several contributing factors.
For thermal contractional strain from planetary cooling alone, they
calculate �0.015% strain for the Late Noachian–Early Hesperian
(LN–EH). Contractional strain from olivine–spinel phase changes
in the mantle is calculated to be �0.0022% and for the volume
reduction from volcanic eruptions from Tharsis the contractional
strain is �0.016% for the same time period. They find the total con-
tractional strain from all sources considered for the Late Noachian–
Early Hesperian to be �0.033%, which is approximately 11 times
larger than the estimate by Hauck et al. (2003). The difference be-
tween these estimates is likely due to the combination of differing
timescales used in each study (100 Myr [Hauck et al., 2003] vs.
250 Myr [Andrews-Hanna et al., 2008]) and the inclusion of more
sources of strain in the Andrews-Hanna et al. (2008) model.

The distribution of wrinkle ridges across Mars is uneven, with the
structures being confined primarily to volcanic ridged plains units of
Early Hesperian age, suggesting that ridge formation may have
occurred preferentially during that time (Watters and Maxwell,
1983, 1986; Schubert et al., 1992; Watters, 1993; Mangold et al.,
2000). The largest concentration of wrinkle ridges is located in the
ridged plains surrounding Tharsis in the western hemisphere,
where the structures are oriented approximately circumferentially
to the center of the load (Wise et al., 1979; Watters and Maxwell,
1986) (Fig. 1). Secondary concentrations of wrinkle ridges and
lobate scarps in the western hemisphere are not circumferential to
Tharsis and include Memnonia and Noachis Terra (Watters, 1993)
(Fig. 1). In the eastern hemisphere, contractional structures do not
exhibit hemisphere-scale patterns, but instead show local- and re-
gional-scale trends (Watters, 1993). The largest concentrations of
contractional structures in the eastern hemisphere occur in Hespe-
ria Planum, Terra Cimmeria, Syrtis Major, Arabia Terra, Elysium
Planitia (Watters, 1993), and the Utopia and Isidis basins (Golombek
and Phillips, 2010) (Fig. 1). However, global contraction has been
suggested to be a necessary contributor to the formation of contrac-
tional structures everywhere on the planet (e.g., Golombek and
Phillips, 2010) but not to fault orientation, which is controlled by
regional or local stresses as well as crustal thickness variations
(Beuthe, 2010).

3. Evaluation of global contraction

3.1. Strain and radius change predicted by thermal models

Quantitative predictions of surface contractional strain as a
function of time are available from Andrews-Hanna et al. (2008)
Fig. 1. Global distribution of faults on Mars; data from Knapmeyer et al. (2008). Red: e
hemisphere, right. (For interpretation of the references to color in this figure legend, th
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using the thermal evolution model of Hauck and Phillips (2002).
Andrews-Hanna et al. (2008) calculate the magnitude of accumu-
lated global contractional stress and strain inferred from the loca-
tions of strike-slip faults near Tharsis. They use both the
compositional model of Lodders and Fegley (1997) (hereafter re-
ferred to as L&F) for Mars enriched in 40K and a chondritic radionu-
clide abundance following the compositional model of Wänke and
Dreibus (1994) (hereafter referred to as W&D) in the thermal evo-
lution model of Hauck and Phillips (2002) to calculate the accumu-
lated contractional strain through time. Both thermal models begin
at 4.5 Ga, shortly after differentiation of the planet and magma-
ocean overturn would be expected to be complete (Lee and
Halliday, 1997; Elkins-Tanton et al., 2005; Andrews-Hanna et al.,
2008) and an initially thin lithosphere would have begun to form
(Andrews-Hanna et al., 2008). For the W&D model, there is an in-
crease in the thermal contractional strain at the planetary surface
up to �0.227% due solely to planetary cooling after 4.5 Gyr (i.e., to
the present time), while the L&F model predicts early heating
(from 4.28 to 4.5 Ga) and volumetric expansion due to the heat flux
from 40K decay (Andrews-Hanna et al., 2008). Andrews-Hanna
et al. (2008) use the convention that contractional strain is posi-
tive, so the planetary expansion predicted during this time by
the L&F model is shown as negative values in Fig. 2. After the early
period of expansion, the contractional strain history of the L&F
model is similar to the W&D model, with a cumulative contrac-
tional strain from planetary cooling at the surface of �0.236% after
4.5 Gyr (Andrews-Hanna et al., 2008) (Fig. 2).

In addition to thermal contraction from the cooling of the pla-
net, olivine–spinel phase changes within the mantle lead to further
contraction (Andrews-Hanna et al., 2008). The phase change con-
tractional strain of 0.016% is in addition to that due to cooling of
the mantle (Andrews-Hanna et al., 2008). Another likely source
of contraction is plume-induced volcanic activity during the forma-
tion of Tharsis (Tanaka et al., 1991; Andrews-Hanna et al., 2008),
since the rise of mantle plumes would have removed a large
volume of partial melt from the mantle while transferring a sub-
stantial amount of heat to the surface (Andrews-Hanna et al.,
2008). This component results in additional contractional strain
of 0.06% due to the formation of Tharsis between 4.5 and 3.7 Ga
(Andrews-Hanna et al., 2008).

The total contractional strain predicted by the thermal evolu-
tion models as a function of time, including all three components
discussed above, is shown in Fig. 2, with the grey dotted line being
the L&F compositional model and the black solid line representing
the W&D compositional model. The strain accumulated at the sur-
face during the time of the hypothesized Hesperian pulse of global
xtensional faults, Blue: contractional faults. Western hemisphere, left and eastern
e reader is referred to the web version of this article.)

ontraction on Mars from analysis of surface faults: Implications for martian
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Fig. 2. Total predicted contractional strain, in percent, as a function of time, from thermal history models (after Andrews-Hanna et al. (2008)). EN: Early Noachian, LN: Late
Noachian, EH: Early Hesperian, LH: Late Hesperian (dates from Hartmann and Neukum (2001)). Contractional strain is positive, extensional strain is negative; Black solid line:
W&D model; Grey dashed line: L&F model; DeH: amount of contractional strain accumulated during the hypothesized pulse of global contraction (LN–EH);

P
e: amount of

contractional strain accumulated since the age of the oldest thrust faults;
P

emax: total amount of contractional strain predicted by thermal models.
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contraction is DeH = 0.033% (Fig. 2), which is the same for either
compositional model. The total amount of contractional strain
accumulated since the Early Noachian (EN), the age of the earliest
thrust faults identified on Mars’ surface (Knapmeyer et al. 2008), is
shown by

P
e = �0.3% (Fig. 2). An upper limit on the value of pre-

dicted cumulative contractional strain (
P

emax) i.e., from the Early
Noachian to the Late Amazonian, is �0.4% for both models, ob-
tained by including the earliest period of martian history that pre-
dates the recognized surface geology.

3.2. Contractional strain from structures

3.2.1. Fault database
The recent comprehensive database of faults obtained by

Knapmeyer et al. (2006, 2008) was used in this study. These normal
and thrust faults were mapped for their database on 1 km/pixel
Mars Orbiter Laser Altimeter (MOLA) digital elevation models and
were assigned maximum ages based on crater retention ages of
the global 1:15,000,000 scale geologic maps of Mars (Scott and
Tanaka, 1986; Scott et al., 1987a, b; Knapmeyer et al., 2006,
2008). Nearly 15,000 faults have been mapped globally (Knapmeyer
et al., 2008) in all ages of rocks (Fig. 1). More than half of these
structures are normal faults, ranging in length from �600 m to
more than 1400 km (Knapmeyer et al., 2008). The remainder of
these structures is classified as thrust faults, which range in length
from �7 km to approximately 650 km (Knapmeyer et al., 2008).
Knapmeyer et al. (2006, 2008) did not distinguish between lobate
scarps and wrinkle ridges in their dataset.

The Knapmeyer et al. (2006, 2008) database is divided into nor-
mal faults (N = 9675) and thrust faults (N = 5142) ranging in age
from Early Noachian to Late Amazonian. Of the faults mapped by
Knapmeyer et al. (2006, 2008), 6% of normal faults and 1.8% of
thrust faults are classified as Early Noachian in age (3.99–
3.95 Ga; Hartmann and Neukum, 2001), 41.8% of normal faults
and 21.9% of thrust faults are classified as Middle Noachian
(3.95–3.8 Ga), 22.8% of normal faults and 48.4% of thrust faults
are classified as Late Noachian (3.8–3.7 Ga), 4.8% of normal faults
and 13.2% of thrust faults are classified as Early Hesperian
Please cite this article in press as: Nahm, A.L., Schultz, R.A. Magnitude of global c
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(3.7–3.6 Ga), 11.4% of normal faults and 10.3% of thrust faults are
classified as Late Hesperian (3.6–3.15 Ga), 9.8% of normal faults
and 1.8% of thrust faults are classified as Amazonian (3.15–0 Ga),
and the remaining 3.4% and 2.5%, respectively, were not assigned
an age and consequently were not used in this study.

3.2.2. Strain and radius change calculated from structures
To quantitatively test the hypothesis that Mars underwent a

period of global contraction, the fault-related strains and corre-
sponding radius changes must be calculated. For this study, the
Knapmeyer et al. (2006, 2008) fault database was divided into
two time periods: Early Noachian to Late Amazonian (0–3.99 Ga;
Hartmann and Neukum, 2001), corresponding to the cumulative
global cooling-related strain and Late Noachian to Early Hesperian
(3.6–3.8 Ga), corresponding to the Early Hesperian pulse. Fault
lengths of both normal and thrust faults were considered for these
two time intervals.

The calculations carried out in this study are divided into sev-
eral cases (Tables 1 and 2), with a range of plausible fault scaling
relationships (described below). Case 1 tests the hypothesis of a
pulse of global contraction during the Late Noachian–Early Hespe-
rian (LN–EH). Case 1a considered all thrust faults in the Knapmeyer
et al. (2008) database to be wrinkle ridges, providing a lower
bound to the contractional strain and planetary radius decrease
accommodated by the contractional structures, while case 1b con-
siders all thrust faults to be lobate scarps, thus providing an upper
bound on the contractional strain and planetary radius decrease for
this time period. Case 2 tests the total predicted global contraction
against the complete geologic record of contractional structures.
Case 2a also considered all thrust faults in the Knapmeyer et al.
(2008) database to be wrinkle ridges, providing a lower bound to
the contractional strain and planetary radius decrease during Early
Noachian–Late Amazonian time. Case 2b considers the thrust faults
to be lobate scarps, providing an upper bound to values of strain
and radius decrease calculated for this time interval. Thus, the hor-
izontal normal strains and corresponding radius decreases were
calculated for thrust faults as wrinkle ridges and as lobate scarps
for the LN–EH and EN–LA (Tables 1 and 2).
ontraction on Mars from analysis of surface faults: Implications for martian
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Table 1
Results of the strain and radius change calculations, calculated with cavg for lobate scarps: 2.5 � 10�3, cavg for normal faults: 5 � 10�4, and
cavg for wrinkle ridges: 2.5 � 10�4. Negative values, contractional strain and radius decrease; positive values, extensional strain and radius
increase. EN: Early Noachian; LN: Late Noachian; EH: Early Hesperian; LA: Late Amazonian; en: horizontal normal strain. WR: wrinkle
ridges; LS: lobate scarps; NF: normal faults.

Case Time interval Structure type % Strain (en) Radius change (km) Net radius change (km)

1a LN–EH WR �0.007 �0.112 0.68
NF 0.046 0.787

1b LS �0.066 �1.12 �0.33
NF 0.046 0.787

2a EN–LA WR �0.011 �0.188 1.49
NF 0.099 1.68

2b LS �0.111 �1.89 �0.21
NF 0.099 1.68

Table 2
Results of the strain and radius change calculations, calculated with cavg for lobate scarps: 5 � 10�3, cavg for normal faults: 5 � 10�3, and
cavg for wrinkle ridges: 5 � 10�4. Negative values, contractional strain and radius decrease; positive values, extensional strain and radius
increase. EN: Early Noachian; LN: Late Noachian; EH: Early Hesperian; LA: Late Amazonian; en: horizontal normal strain. WR: wrinkle
ridges; LS: lobate scarps; NF: normal faults.

Case Time interval Structure type % Strain (en) Radius change (km) Net radius change (km)

1a LN–EH WR �0.013 �0.22 7.62
NF 0.463 7.85

1b LS �0.132 �2.24 5.61
NF 0.463 7.85

2a EN–LA WR �0.022 �0.38 16.34
NF 0.987 16.72

2b LS �0.222 �3.77 12.95
NF 0.987 16.72
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Horizontal normal strain and planetary radius increases due to
normal faulting were also calculated for both the LN–EH and EN–
LA periods (Tables 1 and 2). Since the net radius change may be
more representative of the total global fault-related strains, as
has been shown for both the Moon (e.g. Golombek and McGill,
1983) and for icy outer planet satellites (e.g., Squyres, 1980;
Mueller and McKinnon, 1988; Collins et al., 2010), values for the
net radius change for Mars were calculated by subtracting the
radius decrease (from contraction) from the radius increase (from
extension).

Unlike the icy satellites, the stresses that formed the exten-
sional structures (normal faults and graben) on Mars likely did
not result from a global expansion event, but rather from regional
or local sources. As many extensional structures are present on and
around Tharsis and Alba Patera (Fig. 1), it is likely that their forma-
tion is related to a variety of volcanomagmatic processes (e.g.,
Banerdt et al., 1992; Mège and Masson, 1996; McGovern et al.,
1999, 2001; Scott et al., 2002; Hauber and Kronberg, 2001, 2005;
Wilson and Head, 2002; Cailleau et al., 2003; Ivanov and Head,
2006; Hauber et al., 2010). The large values of apparent global
expansion we obtain in this paper attest instead to the importance
of local and regional sources of extensional strains.

The surface strain and corresponding planetary radius change
associated with faults scale with the maximum fault offset or dis-
placement (Dmax). We calculate horizontal normal strain (i.e., fault-
normal extension or contraction, or heave) and radius change using
displacement–length (Dmax/L) scaling, in parallel to what has been
done in previous studies for Mercury (e.g. Watters et al., 1998,
2009) and the Moon (e.g., Watters and Nimmo, 2010) by using
standard methods (e.g., Scholz and Cowie, 1990; Scholz, 1997;
Schultz et al., 2010). Representative Dmax/L ratios (c) for normal
faults, surface-breaking thrust faults (lobate scarps), and wrinkle
Please cite this article in press as: Nahm, A.L., Schultz, R.A. Magnitude of global c
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ridges were used to calculate the total horizontal normal strain
for each set of fault ages (LN–EH and EN–LA).

When compared to typical terrestrial Dmax/L values, less dis-
placement per unit length is accommodated along martian faults
(Schultz et al., 2006), resulting in lower D/L ratios. For example,
martian Dmax/L ratios for thrust faults range between �2 � 10�3

and 7.5 � 10�3 (Schultz et al., 2006), where typical values of c for
terrestrial thrust faults are between �5 � 10�3 and �5 � 10�2

(Bergen and Shaw, 2010). For martian normal faults, c ranges be-
tween �1 � 10�2 and 3 � 10�3 (Schultz et al., 2006; Polit et al.,
2009); c for terrestrial normal faults ranges from �2 � 10�2 to
�5 � 10�2 (Bergen and Shaw, 2010). Based on the values listed
above, we adopt Dmax/L values of 5 � 10�3 and 1 � 10�2 for sur-
face-breaking thrust faults and 1 � 10�3 and 1 � 10�2 for normal
faults to bound values of calculated strain and corresponding ra-
dius change.

Mechanical modeling shows that a reduction in fault displace-
ment by an order of magnitude reduces the amplitude of the anti-
cline that forms above the fault tip by a comparable amount,
thereby supporting the reduction of the D/L ratio by an order of
magnitude for wrinkle ridges. Interestingly, wrinkle ridges in much
of the Tharsis region lack wrinkles (Okubo and Schultz, 2004), indi-
cating that flexural slip folding was not important for these struc-
tures. Instead, smaller anticline amplitudes must be related to
reduced fault displacements relative to lobate thrust-fault scarps,
probably due to material differences or stress magnitudes between
wrinkle ridges and lobate scarp terranes. Therefore, values for the
Dmax/L ratio for wrinkle ridges in this study are taken to be those
for lobate scarps reduced by one order of magnitude, i.e.,
5 � 10�4 and 1 � 10�3.

The magnitude of radius change based on these calculations is
sensitive to lithospheric thickness or faulting depth T, which has
ontraction on Mars from analysis of surface faults: Implications for martian
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been inferred to have increased through time as Mars cooled, to a
maximum lithospheric thickness of �100 km presently in Syria
Planum (Zuber et al., 2000). For example, Beuthe (2010) showed
that lithospheric thickness at the time of contraction (or expan-
sion) has an effect on the deformation. He showed that east–west
striking thrust faults are predicted to form preferentially where the
lithosphere was modeled to be thinnest. Additionally, strain mag-
nitude and radius change are related to the depth of faulting T. As T
increases, the magnitude of the radius change decreases for all
fault types. However, given that the majority of faults used in this
study (>90%) formed between the Early Noachian and Late Hespe-
rian, values for faulting depth determined from forward mechani-
cal modeling of structural topography of individual faults (see
Schultz et al. (2010) for a review) that formed during this time
are assumed to be representative values for the faults in the cata-
log. Therefore, strain and corresponding radius change values were
calculated for faulting depths T of 30 km for lobate scarps (Schultz
and Watters, 2001; Grott et al., 2007), 30 km for wrinkle ridges
(Okubo and Schultz, 2004), and 15 km for normal faults (Wilkins
et al., 2002; Polit et al., 2009) as determined by inversion of
fault-related topography.

Brittle strain is the inelastic deformation produced by tectonic
activity at the surface. The average brittle strain in a region is
determined by summing the deformation accommodated by all
faults in the region during any given time interval (Scholz, 1997).
For a volume V containing a population of faults, the resultant brit-
tle horizontal normal strain en is given by Kostrov’s relation (see
Scholz, 1997; Schultz et al., 2010),

en ¼
sin d cos d

V

XN

i¼1

DiLiHi ð1Þ

where the volume of the deformed region V is defined as

V ¼ 4
3
p R3

p � Rp � T
� �3

h i
ð2Þ

and where d is the fault dip angle (d = 60� for normal faults and
d = 30� for thrust faults beneath lobate scarps and wrinkle ridges),
N is the total number of faults in the population, D is the fault dis-
placement (positive for extension, negative for contraction), L is the
fault length, H is the down dip fault height, and Rp is the current
average radius of Mars (3397 km).

Following Scholz and Cowie (1990), Scholz (1997), Schultz
(2003), and Manighetti et al. (2005), the average displacement (Davg)
rather than Dmax is used to calculate fault-related strain. The shape
of the fault displacement profile (taken along strike) influences the
value of the maximum displacement. Displacement profiles for sur-
face-breaking thrust and normal faults are commonly peaked,
where the displacement decreases linearly from Dmax down to zero
displacement at the fault tips (e.g., Dawers et al., 1993; Manighetti
et al., 2005), so the average displacement is Davg = 0.5Dmax (Scholz
and Cowie, 1990; Schultz, 2003; Manighetti et al., 2005). This
decrease in displacement is incorporated into the strain calculations
by using cavg = 0.5(Dmax/L). Assuming a constant L/H = 2 (e.g., Polit
et al., 2009) and cavg = 0.5(Dmax/L), Eq. (1) becomes

en;avg ¼
cavg sin d cos d

2V

XN

i¼1

L3
i ð3Þ

where values for cavg for normal faults are 5 � 10�3 and 5 � 10�4,
for thrust faults cavg values are 5 � 10�3 and 2.5 � 10�3, and cavg

values for wrinkle ridges are 5 � 10�4 and 2.5 � 10�4.
In this analysis, we assume that the faults in the catalog are

small, or nonrestricted, faults. This assumption is supported by
constant (linear) D/L ratios for lobate scarps for Mars and for thrust
faults on Earth (Schultz et al., 2006 and references therein).
Vertically restricted faults (i.e., faults bounded at depth either by
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stratigraphy or thermal gradient) show exponential length–fre-
quency distributions, where D decreases as L increases with con-
stant T or H (e.g. Soliva et al., 2005; Polit et al., 2009). Terrestrial
earthquake populations define two groups, depending on whether
the entire seismogenic thickness is ruptured (large earthquakes) or
not (small earthquakes) (Scholz, 1982, 2002). These events are well
characterized using nonlinear scaling relationships (Wilkins and
Schultz, 2005). The topography of surface-breaking faults is re-
lated, in part, to the distribution of earthquake slip at depth (e.g.,
Cohen, 1999), implying a relationship between fault displacement
distribution and seismogenic layer thickness (i.e. the depth to the
lower stability transition (LST)). The seismic cycle and the accumu-
lation of fault displacement are not complete without also consid-
ering stable creep along the fault at depths greater than the LST
between earthquakes (e.g., Tse and Rice, 1986; Marone, 1998).
Therefore, although seismicity and coseismic slip may be restricted
by the seismogenic thickness, the cumulative fault displacement D
may not be, consistent with linear D/L scaling relationships docu-
mented for large-scale planetary faults on Earth, Mars, and Mer-
cury. This motivates the use of the nonrestricted, small-fault
form of the Kostrov relation (1).

The discrepancy between the small and large-fault solutions for
contractional strain can be estimated by comparing the equations
for strain due to small and large faults (see Scholz, 1998; Schultz
et al., 2010) as

esmall

elarge

� �
¼

sin d cos d
V

� � c0
2

� �PN
i L3

i

sin d cos d
V

� � cr T
sin d

� �PN
i L2

i

ð4Þ

which simplifies to become

esmall

elarge

� �
¼ c0

cr

� �
sin d
2T

� �PN
i L3

iPN
i L2

i

ð5Þ

where esmall is the strain accommodated by small faults, elarge is the
strain accommodated for large faults, c0 is the D/L ratio for unre-
stricted faults, and cr is the D/L ratio for stratigraphically restricted
faults. Using the values for martian lobate thrust-fault scarps and
c0 = cr, (4) equals 0.532. Values of c0 and cr are available from data-
sets from Earth (Fumanyá, near Barcelona, Spain; Soliva et al., 2005)
and the northern plains of Mars (Polit et al., 2009). For Fumanyá, c0/
cr = 0.04/0.011 = 3.64; for Mars, c0/cr = 0.001/0.0005 = 2.0. Although
cr is not a constant, these are its minimum values for these two
datasets and they provide an estimate of the maximum difference
between the two strain solutions for these cases. Using these values
in (5), the ratio of small-fault strain to large-fault strain for the mar-
tian lobate scarp dataset is 1.1–1.9, meaning that the large-fault
solution to calculate contractional strain and planetary radius de-
crease is comparable to, or perhaps half of, the actual value that is
implied by a constant D/L ratio and the small-fault form of Kostrov’s
equation. Therefore, the use of the nonrestricted, small-fault form of
Kostrov’s equation provides a useful upper bound to the horizontal
contractional strain that is also consistent with linear D/L scaling of
martian lobate scarps.

The values of horizontal normal strain were used to calculate
the change in planetary radius using

DR ¼ Rp �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

p

en þ 1

s
ð6Þ

where DR is the change in the martian radius following Watters and
Nimmo’s (2010) work on the global contraction of Mercury. For
contractional faulting, negative values of en yield radius decreases
(negative), while positive values of en from extensional faulting
yield radius increases (positive).
ontraction on Mars from analysis of surface faults: Implications for martian
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Table 3
Comparison between fault-related strain and strain predicted by the thermal models
and corresponding radius change, calculated with cavg for lobate scarps: 5 � 10�4, cavg

for normal faults: 2.5 � 10�3, and cavg for wrinkle ridges: 2.5 � 10�4. W&D: Wänke
and Dreibus (1994) model; L&F: Lodders and Fegley (1997) model; WR: wrinkle
ridges; LS: lobate scarps; LN: Late Noachian; EN: Early Noachian, EH: Early Hesperian;
LA; Late Amazonian; Strain ratio: ratio of predicted thermal strain to fault-related
strain; strain ratios > 1 mean strain from thermal models > fault-related strain; DR:
calculated change in radius (Watters and Nimmo, 2010) based on the difference
between predicted thermal strain and fault-related strain for both models (W&D and
L&F) and lobate scarps and wrinkle ridges; positive values indicate that more strain is
predicted by the thermal models than is calculated for the faults.

Case Time interval Structure type Model Strain ratio DR (km)

1a LN–EH WR W&D 9.32 0.42
WR L&F 9.70 0.44

1b LS W&D 0.93 �0.59
LS L&F 0.97 �0.57

2a EN–LA WR W&D 26.2 4.74
WR L&F 27.9 5.06

2b LS W&D 2.6 3.05
LS L&F 2.8 3.37

Table 4
Comparison between fault-related strain and strain predicted by the thermal models
and corresponding radius change, calculated with cavg for lobate scarps: 5 � 10�3, cavg

for normal faults: 5 � 10�3, and cavg for wrinkle ridges: 5 � 10�4. W&D: Wänke and
Dreibus (1994) model; L&F: Lodders and Fegley (1997) model; WR: wrinkle ridges;
LS: lobate scarps; LN: Late Noachian; EN: Early Noachian, EH: Early Hesperian; LA;
Late Amazonian; Strain ratio: ratio of predicted thermal strain to fault-related strain;
strain ratios > 1 mean strain from thermal models > fault-related strain; DR: calcu-
lated change in radius (Watters and Nimmo, 2010) based on the difference between
predicted thermal strain and fault-related strain for both models (W&D and L&F) and
lobate scarps and wrinkle ridges; positive values indicate that more strain is predicted
by the thermal models than is calculated for the faults.

Case Time interval Structure type Model Strain ratio DR (km)

1a LN–EH WR W&D 4.66 0.31
WR L&F 4.85 0.33

1b LS W&D 0.47 �1.71
LS L&F 0.49 �1.68

2a EN–LA WR W&D 13.1 4.55
WR L&F 14.0 4.87

2b LS W&D 1.3 1.17
LS L&F 1.4 1.49
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3.2.3. Results
The results of the horizontal normal strain calculations are

listed in Tables 1 and 2. Table 1 shows values calculated using
the lower cavg (lobate scarps: 2.5 � 10�3, wrinkle ridges:
2.5 � 10�4, normal faults: 5 � 10�4), while Table 2 displays the val-
ues calculated using the upper cavg (lobate scarps: 5 � 10�3, wrin-
kle ridges: 5 � 10�4, normal faults: 5 � 10�3). For the hypothesized
pulse of global contraction (LN–EH time interval), the calculated
horizontal normal strain for case 1a is �0.007% (assuming all
mapped thrust faults are wrinkle ridges) and �0.066% for case 1b
(assuming all mapped thrust faults are lobate scarps) (Table 1).
Strain for case 2 (i.e., the observed geologic record, EN–LA) was cal-
culated to be �0.011% for the wrinkle ridge case and �0.111% for
the lobate scarp case. As shown in Table 2, all values calculated
for normal faults using the larger cavg are 10 times higher than
those calculated using the smaller cavg (Table 1); values calculated
for thrust faults (lobate scarps or wrinkle ridges) are two times
higher than those shown in Table 1.

These values of strain were converted to values of martian
radius change by using Eq. (6), which yields radius decreases
of 112 m and 1.12 km for the wrinkle ridge and lobate thrust-
fault scarp cases, respectively, during the LN–EH. For the EN–
LA, strains reported above correspond to radius decreases of
188 m and 1.89 km for wrinkle ridges and lobate scarps,
respectively.

The net radius changes for both cases using two values for cavg

were also calculated. For the normal fault and the wrinkle ridge
case for the LN–EH pulse using the lower cavg, we find a net in-
crease in radius of 675 m; for the normal fault and the lobate scarp
case, we find a net decrease of 331 m (Table 1); however, using the
upper cavg, we calculate net radius increases for all cases (Table 2).
The net radius increases are calculated to be 7.62 km for wrinkle
ridges (1a) and 5.61 km for lobate scarps (1b).

For the EN–LA time interval, we find net radius increases of
1.49 km for the wrinkle ridge case and a decrease of 210 m for
the lobate scarp case (Table 1); using the larger cavg, net radius in-
creases of 16.34 km (2a) and 12.95 km (2b) are calculated (Table 2).
These net increases are obtained from extensional structures and
converted into a global average increase in planetary radius as
has been done for the contractional structures in this study and
for Mercury (Strom et al., 1975; Watters et al., 1998; Watters
and Nimmo, 2010), and extensional structures on the Moon
(Golombek and McGill, 1983) and icy outer planet satellites
(Squyres, 1980; Mueller and McKinnon, 1988; Collins et al.,
2010), while noting that they likely are associated with local or re-
gional scale uplifts.

Comparison of the calculated fault-related strain with strain
predicted by the thermal models (Andrews-Hanna et al., 2008)
shows that the thermal models predict substantially more con-
tractional strain than is recorded by the faults in most cases
(Tables 3 and 4). Cumulative contractional strains at the martian
surface predicted by thermal evolution models exceed those re-
corded by contractional structures by factors of 4.7–9.7 during
the Late Noachian to Early Hesperian pulse and 1.3–27.9 during
the Early Noachian to Late Amazonian (Tables 3 and 4). How-
ever, for case 1b (normal faults and lobate scarps during the
LN–EH), the strain ratios are less than 1, meaning that calculated
fault-related strain is larger than what is predicted by the ther-
mal models (Tables 3 and 4). Although this case appears to
remedy the discrepancy between the thermal models and
fault-related strain, this result again indicates that the thermal
models generally over-predict the magnitude of contractional
strain and radius change for Mars. This is due to the observation
that most thrust faults are manifested at the surface as wrinkle
ridges (Tanaka et al., 1991), meaning that case 1b is unlikely to
be realistic.
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4. Discussion and implications

4.1. Implications for Mars

4.1.1. Hesperian pulse
A decrease in planetary radius of 112 m to 1.12 km is indicated

by contractional structures for the Late Noachian–Early Hesperian
time (Table 1); using an upper limit of cavg, decreases of 224 m to
2.24 km are calculated (Table 2). Comparison between the fault-re-
lated strain and predicted strain from thermal models shows a dis-
crepancy between these observations and predictions, where the
thermal models predict between 4.7 and 9.7 times more contrac-
tional strain than is accommodated by wrinkle ridges (Tables 3
and 4).

When the contractional strain magnitude for the pulse is di-
vided by the total cumulative contractional strain for Mars’ history,
we find that the pulse makes up �59% of the total contractional
strain for Mars. This suggests that a pulse of enhanced contrac-
tional deformation occurred during this time, although it may re-
flect instead that basalt erupted during the Hesperian was
preferentially deformed by wrinkle ridges due to regional pro-
cesses in Tharsis and elsewhere.
ontraction on Mars from analysis of surface faults: Implications for martian
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The strain rate during the pulse is calculated by using the LN–
EH time interval, or 200 Myr, to be between 2.06 � 10�20 s�1 and
2.06 � 10�19 s�1 (Table 5), while the strain rate for this time period
predicted by thermal models is �5.12 � 10�20 s�1, about three
times slower (for lobate scarps) and �3 times faster (for wrinkle
ridges) than what was accommodated by the faults. The average
slip rate on thrust faults beneath martian wrinkle ridges was thus
faster than what would be predicted by models of global cooling
alone, supporting additional sources of stress such as Tharsis.

Andrews-Hanna et al. (2008) suggested that wrinkle ridge for-
mation would not have coincided with a peak in the rate of global
contraction, as implied by the hypothesis of an Early Hesperian
pulse. Instead, formation of wrinkle ridges would have begun once
the accumulated contractional stresses were large enough in mag-
nitude to change the faulting regime from predominantly exten-
sional surrounding Tharsis to one that favors thrust faulting
(Andrews-Hanna et al., 2008). As global contractional strain accu-
mulated through time, wrinkle ridges would likely have continued
to grow (Andrews-Hanna et al., 2008) and new structures may also
have formed. Our results suggest that global contraction changed
the stress state around Tharsis to predominantly contractional be-
fore the end of Noachian time.

4.1.2. Cumulative contraction
We calculated the cumulative contractional strain and corre-

sponding radius decreases for all of Mars’ recorded geologic history
(Early Noachian to Late Amazonian). A decrease in planetary radius
of 188 m to 3.77 km is indicated by contractional structures for this
time period (Tables 1 and 2). The values are, again, in most cases,
several times smaller than those predicted by thermal models
(Tables 3 and 4). Strain rates were also calculated for this time per-
iod and range from 8.74 � 10�22 s�1 to 1.76 � 10�20 s�1 (Table 5).
The average strain rate for this time period predicted by the ther-
mal models is �8.11 � 10�21 s�1, �6 times higher for wrinkle
ridges and �1.6 times slower for lobate scarps than the calculated
strain rate. This result may indicate that local and regional sources
of stress associated with contractional deformation on Mars waned
early in martian history (i.e., by Early Hesperian time), leading to a
better correspondence between the long-term average contrac-
tional strain magnitude and that predicted by global cooling
models.

The existing thermal models for Mars generally over-predict the
amount of contractional strain that is accommodated by the con-
tractional structures (except for case 1b, which assumes an obser-
vationally unlikely upper limit to fault-related strain; Tables 3 and
4). The discrepancy between strain predicted by the thermal mod-
els and the calculated fault-related strain may be evaluated by sev-
eral possible scenarios. First, the differences between the predicted
strain from the thermal models and the calculated fault-related
strains were used in Eq. (6) to calculate the amount of radius
Table 5
Calculated strain rates for lobate scarps and wrinkle ridges during time intervals of
interest. LN: Late Noachian; EH: Early Hesperian; EN: Early Noachian; LA: Late
Amazonian; duration of LN–EH: 200 Myr; duration of EN–LA: 3.99 Gyr; WR: wrinkle
ridge; LS: lobate scarp; cavg: Davg/L used to calculate fault-related strain; values
calculated from fault-related strains calculated in this study.

Time interval Structure type cavg value Strain rate (s�1)

LN–EH WR 2.5 � 10�4 1.11 � 10�20

WR 5 � 10�4 2.06 � 10�20

LS 2.5 � 10�3 1.05 � 10�19

LS 5 � 10�3 2.06 � 10�19

EN–LA WR 2.5 � 10�4 8.74 � 10�22

WR 5 � 10�4 1.75 � 10�21

LS 2.5 � 10�3 8.74 � 10�21

LS 5 � 10�3 1.76 � 10�20
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decrease the planet would have had to have undergone in order
for the fault-related strains to match the thermal history predic-
tions. For the LN–EH pulse (wrinkle ridges, case 1a), the thermal
models generally predict �330–440 m more decrease in radius
than is accommodated by the observed faults (Tables 3 and 4).
For recorded geologic time (EN–LA, case 2), the additional radius
decreases required for this period generally range from 1.17 km
to 5.06 km (Tables 3 and 4).

Second, during the Early Hesperian, extensive volcanic resurfac-
ing of Mars (>37%) occurred (Tanaka et al., 1988; Greeley and
Schneid, 1991; Frey, 1992). It is possible that this resurfacing event
covered many Noachian structures that formed as a result of global
contraction. Additionally, Amazonian materials overlie older units,
covering an additional 1/4 of the surface (Tanaka et al., 1988),
which means that approximately 60% of the exposed surface is
Early Hesperian or younger. If we assume that the amount of strain
from buried thrust faults corresponds to the additional Early
Noachian contractional strain predicted by the thermal models
(
P

emax �
P

e) of 0.1% (Fig. 2), this results in an additional
�1.7 km of radius decrease. The total amount of radius decrease
then would be the sum of the value for the buried thrust faults
and the value of the observed fault-related radius decrease, which
is 1.89–2.08 km for case 2a (wrinkle ridges) and 3.59–5.47 km for
case 2b (lobate scarps). These values are �1.2–10 times larger than
the values of radius decrease during the Early Noachian–Late Ama-
zonian time interval (i.e., 188 m to 3.77 km) (Tables 1 and 2). For
the fault-related strain to match the predictions of the thermal
models, this extra �1.7 km would have to be buried in an area
�2/3 the surface area of the planet (based on the approximate sur-
face area of Hesperian and Amazonian age units) (Tanaka et al.,
1988; Greeley and Schneid, 1991; Frey, 1992; Watters, 1993; Head
et al., 2002).

Given that between 188 and 377 m of contraction are accom-
modated across the entire planet by the observed wrinkle ridges,
faults in the resurfaced 2/3 of Mars would have had to have accom-
modated up to 9 times more strain than the entire presently ex-
posed surface of Mars. For lobate scarps, 1.89–3.77 km of
contraction are accommodated globally. In this scenario, buried
faults in the resurfaced portion of Mars would have to have accom-
modated between 1.5 and 1.9 times more contraction than has
been accommodated by lobate scarps presently exposed over the
entire planetary surface. In this scenario, the additional contrac-
tional strain predicted during the Noachian by the thermal history
models is considerably larger than what is recorded in the fault
populations. Orders of magnitude greater contractional strains
would need to be accommodated by the faults than is observed
in order for the models to accurately predict the observations.

4.2. Implications for Mercury

The results of this study have implications for the global tecton-
ics of Mercury, since global contraction from secular cooling has
been hypothesized for this planet as well (Cordell and Strom,
1977; Solomon, 1977; Melosh and McKinnon, 1988; Thomas
et al., 1988; Watters et al., 1998; Watters et al., 2004; Watters
and Nimmo, 2010). A global system of lobate scarps has been ob-
served on Mercury’s surface (Murray et al., 1974; Strom et al.,
1975; Solomon and Chaiken, 1976; Cordell and Strom, 1977;
Melosh and McKinnon, 1988; Thomas et al., 1988; Watters et al.,
2009) which suggests that a period of global contraction may have
occurred between �3.5 and 4.0 Ga (Trask and Guest, 1975; Strom
et al., 1975; Solomon and Chaiken, 1976; Solomon, 1986; Hauck
et al., 2004; Watters et al., 2009; Watters and Nimmo, 2010; Zuber
et al., 2010). It has also been suggested that these structures record
only a fraction of the total global contraction Mercury has
undergone (Watters et al., 2004; Watters et al., 2009; Watters
ontraction on Mars from analysis of surface faults: Implications for martian
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and Nimmo, 2010). Contractional structures on Mercury far out-
number extensional structures (e.g. Strom et al., 1975; Cordell
and Strom, 1977; Watters et al., 2009; Watters and Nimmo,
2010), suggesting that an early planetary compressive stress field
may have suppressed the formation of extensional structures at
the surface (Cordell and Strom, 1977). Early imagery showed a
nearly random azimuthal distribution of lobate scarps suggesting
they formed purely by planetary contraction, instead of solely
despinning or a combination of the two (Strom et al., 1975; Cordell
and Strom, 1977), although newly imaged lobate scarps suggest
their distribution is more likely indicative of formation through
a combination of global thermal contraction and despinning
(Watters and Nimmo, 2010).

Using an average displacement of 1 km for faults dipping be-
tween 25� and 45�, Strom et al. (1975) estimated the magnitude
of radius decrease accommodated by lobate scarps in the highlands
to be 1–2 km. From D/L scaling relationships, Watters et al. (1998)
estimate the total contractional strain from the same faults to be
0.043% (for h = 30�), which corresponds to a radius decrease of
520 m (Watters et al., 2009; Watters and Nimmo, 2010). Images
obtained by MESSENGER show lobate scarps not seen in Mariner
10 images and lobate scarps in the originally un-imaged portion
of Mercury indicate that the estimates of strain by Strom et al.
(1975) and Watters et al. (1998) are too low (Watters et al.,
2009; Watters and Nimmo, 2010). Current estimates of global con-
tractional strain based on lobate scarps imaged by both MESSEN-
GER and Mariner 10 increase to 0.06% (Watters et al., 2009),
corresponding to a 700 m decrease in radius (Watters et al.,
2009; Watters and Nimmo, 2010).

Based on topographic analyses of contractional structures by
stereo imaging (Strom et al., 1975; Watters, 1988) and Mercury La-
ser Altimeter (MLA), typical shortening accommodated per struc-
ture exceeds that of martian ridges (Zuber et al., 2010). However,
these studies use the maximum displacement to determine the
fault-related strain and corresponding radius decrease, which are
too high by a factor of 2 (see Section 3.2.2 above for Mars). As noted
above, previous strain and radius change calculations performed
for Mercury using fault scaling use the maximum displacement
and thereby over-predict the amount of contraction and radius de-
crease. Watters et al. (1998) and Watters and Nimmo (2010) also
use D/L scaling and the large-fault approximation, where the
downdip fault height H is equal to the depth of faulting T, to esti-
mate horizontal contractional strain on Mercury accommodated by
lobate scarps and wrinkle ridges. The large-fault solution used by
Watters et al. (1998) to calculate contractional strain and planetary
radius decrease for Mercury is comparable to, or perhaps half of,
the actual value that is implied by a constant D/L ratio and the
small-fault form of Kostrov’s equation.

Estimates of the global contractional strain and radius change
for Mercury are critical to providing constraints for thermal evolu-
tion models (Melosh and McKinnon, 1988; Watters et al., 2009;
Watters and Nimmo, 2010; Zuber et al., 2010) and have been used
for this purpose (Hauck et al., 2004; Watters et al., 2004). Existing
thermal history models (e.g., Solomon, 1976, 1977; Schubert et al.,
1988; Spohn, 1991; Solomatov and Reese, 2001; Hauck et al., 2004;
Williams et al., 2007) predict radius decreases several times larger
than can be accommodated by observed lobate scarps (Watters
et al., 1998; Dombard et al., 2001; Watters et al., 2009; Watters
and Nimmo, 2010), paralleling our results for Mars.

The discrepancy between the observed and predicted strains
from these models has led to the suggestion that low-amplitude,
long-wavelength (>100 km) folds may accommodate horizontal
contraction of magnitude similar to what is recorded by the lobate
scarps (Dombard et al., 2001; Watters et al., 2009; Watters and
Nimmo, 2010). However, a recent study implies that the contrac-
tional deformation on Mercury has been primarily the result of
Please cite this article in press as: Nahm, A.L., Schultz, R.A. Magnitude of global c
thermal history. Icarus (2010), doi:10.1016/j.icarus.2010.11.003
movement along deeply penetrating faults that were active over
a long portion of Mercury’s history (Zuber et al., 2010), as sug-
gested for martian wrinkle ridges on Solis Planum (Montési and
Zuber, 2003). An alternative explanation is that, since the majority
of observed lobate scarps appears to have formed after the
emplacement of the youngest Calorian smooth plains (�3.2 Ga;
Tanaka and Hartmann, 2008), they may only record part of the
strain accumulated during planetary contraction (Watters and
Nimmo, 2010).
4.3. Implications for planetary thermal model development

A common challenge for planetary thermal evolution models is
the significant overprediction of global contraction that has been
accommodated by the contractional structures at their surfaces
(e.g., Mercury, the Moon, and Mars). Several possible explanations
for these discrepancies suggested in the literature include long-
wavelength, low-amplitude folds not visible in imagery or cur-
rently available topography (Dombard et al., 2001), near-surface
regolith accommodating more contraction than intact rock before
failing (Binder and Gunga, 1985; Pritchard and Stevenson, 2000;
Watters and Nimmo, 2010), non-monotonic thermal histories
(Pritchard and Stevenson, 2000), accommodation by many small
faults (Weisberg and Hager, 1998; Pritchard and Stevenson,
2000; Watters and Nimmo, 2010), or that the crust can accommo-
date a small amount of elastic strain without brittle failure
(Watters and Nimmo, 2010).

Estimates of total fault strain and moment release are domi-
nated by the largest faults in an area, as implied by Eq. (3) (Scholz
and Cowie, 1990; Scholz, 1997, 2002; Schultz, 2003). By implica-
tion, a hypothetical set of faults smaller than those observed and
mapped on Mars by Knapmeyer et al. (2006, 2008) or on Mercury
would contribute an insignificant amount to the contractional
strain and radius decrease and would not account for the strain
discrepancy between the thermal models and fault-related strain
reported in this and other studies. Similarly, studies of fault-related
strain (e.g., Scholz 1997, 2002, p. 307) and fault localization
(Montési and Zuber, 2003) indicate that the magnitudes of strain
accommodated by faults generally exceed those of unfaulted lith-
osphere, effectively prohibiting this notion from providing the
large values of additional strain implied by the thermal history
models. On Mars and likely Mercury, the volume of regolith is con-
siderably smaller than that of faulted lithosphere, diminishing the
potential contribution of regolith strain (even before it faults) to
the global contractional strain.

Given the robustness of calculated strain and planetary radius
changes associated with thrust and normal faults, we suggest that
fault populations provide a tighter constraint on planetary thermal
histories than do the thermal models alone. This comparison is
well accepted for thermal models for the Moon, where the lack
of a global distribution of faults has been used as reliable evidence
that no significant radius change has occurred (Solomon and
Chaiken, 1976; Cordell and Strom, 1977; Solomon, 1986; Solomon
and Head, 1979, 1980; Golombek and McGill, 1983; Watters and
Johnson, 2010; Watters et al., 2010), adding an important con-
straint for lunar thermal models. We suggest that using the ob-
served geologic and tectonic records as a basis for calibration can
refine thermal evolution models for Mars and potentially Mercury.
5. Conclusions

The hypothesis of a period of global contraction on Mars during
the Late Noachian–Early Hesperian is quantitatively tested. We cal-
culate fault-related contractional strains based on a recent fault
compilation (Knapmeyer et al., 2006, 2008) and compare these
ontraction on Mars from analysis of surface faults: Implications for martian
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results to the contractional strains predicted by thermal models
(Hauck and Phillips, 2002; Andrews-Hanna et al., 2008). The calcu-
lations were carried out for two time periods: the Late Noachian–
Early Hesperian (LN–EH), the time of the hypothesized pulse of
global contraction, and the Early Noachian–Late Amazonian (EN–
LA), the time of preserved history on Mars, and a range of plausible
fault scaling relationships. Contractional strain due to these struc-
tures for the Late Noachian–Early Hesperian pulse is calculated to
be between �0.007% and �0.222%. Values of strain were converted
to planetary radius decreases between 112 m and 3.77 km.

Incorporating extensional structures that also formed during
these time periods provides values for the net planetary radius
change, assuming that they also resulted from global-scale pro-
cesses. The large values of globally averaged extensional strain
accommodated by normal faults over martian history attest to
the fundamental contribution of local and regional tectonics, such
as Tharsis, to the planet’s topography and structural development.

Contractional strain for the Hesperian pulse makes up �59% of
the total accumulated contractional strain for all of Mars’ observa-
ble geologic history. Based on these results, our work is consistent
with prior suggestions of a period of enhanced global contractional
deformation that occurred between the Late Noachian and Early
Hesperian, although the contribution of Tharsis-centered and im-
pact basin-centered contractional deformation is likely to have
been significant during this time interval. Previous work on a ter-
restrial analog to wrinkle ridges indicates that folding and thrust
faulting that formed the Yakima folds in central Washington State
may have occurred in response to subsidence of a basalt-filled ba-
sin (Reidel et al., 1989) with their orientations related to a regional
stress state (Schultz and Watters, 1995) that was associated with
oblique subduction (e.g., Reidel et al., 1984; Humphreys, 2009).
We hypothesize that wrinkle ridges in Hesperian basalts on Mars
may also reflect a component of local subsidence with ridge orien-
tations related to the regional stress state (e.g., Tharsis).

The calculated fault-related strains were compared to predic-
tions of contractional strain from thermal models. We find that
thermal models generally over-predict the amount of strain that
was accommodated at the surface by observed faults by 1.3–27.9
times and the amount of net planetary radius change by �310 m
to �5 km, depending on the time period of interest. Comparable
thermal history models for Mercury and the Moon also over-pre-
dict the amount of radius decrease and by similar amounts. We
conclude that structures observed at the surface provide a useful
constraint along with assumptions of planetary composition for
the construction of planetary thermal evolution models, even for
tectonically complex planets such as Mars. Tectonic strain rates
can also be used as constraints for future thermal models.
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