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We characterize the lithospheric structure of Isidis Planitia on Mars by analyzing Mars Global Surveyor
and Mars Odyssey gravity and topography data using a flexural model of a thin elastic shell including
bending and membrane stresses. Isidis Planitia is a circular, relatively flat plain formed near the end
of the Early Noachian, at the edge of the highlands–lowlands boundary and the site of a large free-
air gravity anomaly, features consistent with modification and filling of an impact basin. Our results
suggest that the bulk density of the fill material inside Isidis must be more than 2600 kg m−3 and
higher densities are probable. A comparison of the faulting observed at Nili Fossae to the predicted zone
of extensional strain northwest of Isidis constrains the thickness of the elastic lithosphere to be 100–
180 km thick beneath the basin at the time of loading. We also find that loads outside of the basin
play a significant role in the interpretation of the tectonics; simplified models tend to overestimate the
lithospheric thickness. We place relatively narrow bounds on the thermal gradient (3.4–6.5 K km−1) and
heat flux (13.6–26 mW m−2) at Isidis at the time of loading.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Characterizing the lithosphere of Mars is an important step to-
wards understanding the state of its surface and interior. The litho-
sphere, which is the outer, mechanically rigid shell of the planet,
responds directly to loads imposed upon it. Observations of the re-
sponse of planetary surfaces are inherently useful because they can
provide constraints on the structure of the lithosphere and the ap-
plied loads. The structure of the lithosphere is especially important
at Isidis Planitia as it lies directly on the boundary between the
southern highlands, with its higher topography and thicker crust,
and the adjacent lower and thinner northern plains. Leveraging re-
cently acquired topography and gravity data for Mars (e.g., Smith
et al., 1999a, 1999b, 2001; Lemoine et al., 2001; Tyler et al., 2001;
Yuan et al., 2001; Konopliv et al., 2006) provides the opportunity
to develop a better understanding of the lithosphere in this re-
gion as well as additional constraints on the history of lithospheric
heat flow (e.g., Solomon and Head, 1990; Zuber et al., 2000;
McGovern et al., 2002).

Gravity and topography data are important indicators of lat-
eral variations in the properties of the crust (e.g., Phillips et al.,
1973) and lithosphere of planetary bodies (Spohn et al., 2001).
Techniques for analyzing the transfer function between gravity and
topography, known as admittance, are commonly employed us-
ing models to estimate local lithospheric and crustal thicknesses
(e.g., Forsyth, 1985; McGovern et al., 2002; Belleguic et al., 2005)
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when these datasets are spectrally correlated in spatially localized
regions. Admittance modeling techniques have been successful at
providing estimates of the thickness of the lithosphere beneath
major volcanoes, the rim of the Hellas basin, and other surface
features on Mars (McGovern et al., 2002; Belleguic et al., 2005).
While these models have been successful in several regions on
Mars, gravity and topography data in the northern plains, includ-
ing Isidis Planitia, tend to be uncorrelated, and hence previously
used admittance modeling techniques are incapable of adequately
modeling lithospheric flexure of this important part of the martian
surface (McGovern et al., 2002). However, approaches for investi-
gating the rigidity of the lithosphere at Isidis using forward flexural
modeling techniques (Comer et al., 1985) as well as flexural mod-
eling constrained by gravity and topography data (Banerdt, 1986;
Searls et al., 2006) are more capable in this situation. Isidis is
the only major basin on Mars ringed by distinct circumferential
graben like those of some lunar mascons (Comer et al., 1979;
McGovern et al., 2002) that are associated with flexure of the
basin. Therefore, in addition to gravity and topography data, the
locations of extensional faulting surrounding Isidis can be used as
a further constraint on flexural models (Comer et al., 1985).

We analyze gravity and topography data, as well as the expres-
sion of circumferential faulting at Isidis in order to understand the
lithospheric and crustal structure of the basin. First, we apply an
extension of Banerdt’s (1986) well-known flexural model in or-
der to characterize the range of parameters capable of satisfying
the gravity and topography data. Second, we compare the stresses
predicted by our flexural model to the observed tectonics around
Isidis to constrain estimates of the thickness of the elastic litho-
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Fig. 1. Colored shaded-relief map of Isidis Planitia centered near 13.1◦ N and 87.4◦ E.
Blue color is low, yellow is high. Horizontal axis is longitude and vertical axis is
latitude. Outlying extensional faulting zones Nili and Amenthes Fossae are mapped.
Inset is from the THEMIS Day IR Global Mosaic (Christensen et al., 2006). Faults are
illustrated with colored lines along with their labels (see Table 4).

sphere. We also assess the role of loads outside of the basin on
lithospheric flexure and faulting in the area. Finally, we estimate
the thermal gradient below Isidis and the surface heat flux and
compare these values with estimates for other features on Mars
(McGovern et al., 2002).

2. Isidis Planitia

Isidis Planitia, centered near 13.1◦ N and 87.4◦ E (Fig. 1),
is a circular, flat-bottomed topographic depression approximately
1352 km in diameter (Frey, 2006) on Mars that lies near the
boundary between the southern highlands and northern lowlands,
also known as the dichotomy boundary. Its size and morphol-
ogy are consistent with a multi-ring impact basin (Wichman and
Schultz, 1989). Recent work on the distribution of impact craters
and quasi-circular depressions (QCDs), interpreted to be the rem-
nants of buried impact features, suggest that Isidis was likely the
last of Mars’ major impact basins to be emplaced, near the end of
the Early Noachian period approximately 3.92 GY before present
(Nimmo, 2002). Geologic mapping by Tanaka et al. (2005) identi-
fied a thin surface cover over the interior of Isidis comprised of
an Early Amazonian-aged ridged member that is similar morpho-
logically to the Vastitas Borealis formation and is thought to be
one of the thinnest fill unit of the basins in the Northern plains
(Buczkowski, 2007). The stratigraphy at the contact between the
Syrtis Major region and Isidis Planitia is also interpreted to have
been formed by an Early Hesperian ridged plains unit emplaced
when the Syrtis Major volcanoes were formed, followed by the
Vastitas Borealis formation, which is equivalent to Tanaka et al.’s
(2005) AIi unit, followed by another Syrtis Major flow forming a
knobby terrain unit (Ivanov and Head, 2003).

Bordering Isidis Planitia are several significant geologic prov-
inces. To the immediate west of Isidis lies the Syrtis Major for-
mation. The surface of Syrtis Major Planum consists primarily of
Hesperian-aged volcanic units with clear flow fronts and mar-
gins (Tanaka et al., 2005). The volcanic deposits primarily extend
radially from two depressions, Nili Patera and Meroe Patera on
the western side of the volcanic province. Bordering Isidis to the
northeast is perhaps the largest known basin on Mars, Utopia
Planitia. Utopia is more than two and a half times larger than
Isidis at approximately 3200 km in diameter (Tanaka et al., 2005;
Searls et al., 2006) and its surface is comprised of Hesperian and
younger Amazonian units, of which the latter dominate. The re-
Fig. 2. Free-air gravity anomaly of Isidis Planitia. Horizontal axis is longitude and
vertical axis is latitude. The large positive anomaly in the center of the basin indi-
cates a non-compensated load. Geologic units of Tanaka et al. (2005) were adapted
for this map as an overlay. For a detailed description of geologic units, see Tanaka
et al. (2005).

mainder of Isidis’ periphery is predominantly composed of older
eroded Noachian-aged highlands terrain.

The gravity signature of Isidis provides insight into possible
loading scenarios for the basin. Recently acquired gravity data from
the Mars Global Surveyor (MGS) and Mars Odyssey spacecrafts
indicate that Isidis Planitia has a large, positive, free-air gravity
anomaly, >140 mGals at spacecraft altitude, centered near 12.1◦ N
and 85.8◦ E (Fig. 2) (Lemoine et al., 2001; Tyler et al., 2001;
Yuan et al., 2001; Potts et al., 2004; Neumann et al., 2004;
Konopliv et al., 2006). Such a large free-air anomaly suggests the
strength of the lithosphere is supporting significant mass loads
(Forsyth, 1985). Isidis’ gravity signature is similar to those of the
large lunar mascons (areas of the lunar crust characterized by
an excess of mass) often interpreted to be mass anomalies of
shallow origin, such as infilling of previously isostatically com-
pensated basins (e.g., Booker et al., 1970; Phillips et al., 1972;
Solomon and Head, 1980; Arkani-Hamed, 1998; Wieczorek and
Phillips, 1999). Alternatively, mascons have been interpreted as
large mantle plugs, the result of uplift of the crust-mantle bound-
ary above the isostatic compensation level of the basin topography
(termed overcompensation) at the time of crater formation (e.g.,
Neumann et al., 1996; Wieczorek and Phillips, 1999) or as some
combination of overcompensation and infilling.

Flexure of the lithosphere can lead to the development of faults
where stresses exceed the strength of the crust. As observed in lu-
nar mascons (Solomon and Head, 1980; Freed et al., 2001), infilled
impact basins tend to produce compressional tectonics inside the
main topographic ring, a generally unobserved (from orbit) annu-
lus of conjugate strike slip faulting around the interior, and farther
away from the basin’s center, a ring of radial extensional faulting
near the flexural bulge. The style of faulting indicates stress ori-
entations and the locations of such zones demonstrate where the
stress exceeds the strength of the lithosphere. The location and
style of such faulting near lunar mascons has been useful for con-
straining the thickness of the lunar lithosphere (Comer et al., 1979;
Solomon and Head, 1980); on Mars, Isidis is the only major basin
with clearly associated tectonic features. Lying to the northwest
of the basin, Nili Fossae are the most prominent tectonic features
near Isidis. The Nili Fossae region contains a series of large graben
that are 810±30 km to 1060±30 km from the center that strike in
a roughly circumferential orientation. Another set of circumferen-
tial graben called Amenthes Fossae lie 740±40 km to 1120±40 km
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to the southeast of Isidis. Both of these extensional tectonic fea-
tures may have formed during the middle Noachian (Tanaka et al.,
2005), which is distinctly younger than the early Noachian age es-
timate for basin formation (Tanaka et al., 2005). Within the basin
are features that resemble compressional wrinkle ridges, consis-
tent with mascon loading scenarios (Wichman and Schultz, 1989),
though recent work suggests that these features may also be lava
flow fronts (Ivanov and Head, 2003).

3. Approach

The structure of the near subsurface of Isidis is analyzed using
a model for the deformation of a thin, elastic, spherical shell (e.g.,
Turcotte et al., 1981; Willemann and Turcotte, 1982; Banerdt, 1986;
Phillips et al., 2001) constrained by the present-day geoid and to-
pography. Variations in relief at the surface and internal density
interfaces, such as at the crust–mantle boundary, as well as ex-
cess mantle buoyancy, lead to net loads on the lithosphere that
result in deformation. Following the general approach of Banerdt
(1986), both vertical and horizontal load components are included
in the elastic shell deformation model that accounts for both elas-
tic bending and membrane support of lithospheric loads.

We calculate the deformation of the lithosphere and the sub-
sequent stress state resulting from the vertical load q(θ,φ) and
horizontal load potential Ω(θ,φ) as a function of colatitude, θ ,
and longitude, φ, in the spherical harmonic domain. We model the
deformation using a typical assumption that a thin elastic shell
(e.g., Turcotte et al., 1981) can approximate the lithosphere. Fur-
thermore, we utilize the observed topography H(θ,φ) and geoid
height G(θ,φ) as explicit constraints (Banerdt, 1986). The data (i.e.,
q,Ω, H, G , etc.) are represented by spherical harmonics on a sur-
face

f (θ,φ) =
∞∑

�=0

�∑
m=−�

a�mY m
� (θ,φ),

where � is the harmonic degree, m is the harmonic order, a�m are
the harmonic coefficients, and Y m

� (θ,φ) are the spherical harmon-
ics. We represent each geophysical parameter by these coefficients
and perform the equations relating them on a degree-by-degree
basis (e.g., Banerdt, 1986).

We use global representations of the Mars Global Surveyor
(MGS) Mars Orbiter Laser Altimeter (MOLA) topography (Smith
et al., 1999b, 2001) and MGS and Mars Odyssey derived grav-
itational potential field (Smith et al., 1999a; Tyler et al., 2001;
Lemoine et al., 2001; Yuan et al., 2001; Konopliv et al., 2006)
data, using spherical harmonic gravity model MGS95J which are
expanded to degree and order 95, but truncated at degree and or-
der 70 as noise in the data are equal to the signal for higher degree
terms (Konopliv et al., 2006). We extend Banerdt’s (1986) model
for the deformation of a thin elastic shell, which relates these data
to the inferred displacement and stresses. The model setup, il-
lustrated in Fig. 3, assumes that when the Isidis basin formed it
had an initial degree of compensation relating relief on the crust–
mantle interface δc, known as the moho, to the surface expression
of the basin by δc = C f ρc/�ρO b , where C f is a constant degree of
compensation (0 = no compensation, 1 = complete Airy isostatic
compensation), ρc is an assumed average global crustal density,
O b is the pre-loading basin shape, and �ρ = ρm − ρc , where ρm
is the average global mantle density. We extend Banerdt’s original
model by also considering the possibility of an additional density
interface due to subsequent filling of the basin with a material of
density ρF , to a thickness of F (see also Searls et al., 2006 for a
similar formulation). The non-isostatic loads within the basin de-
flect the lithosphere by an amount w that is consistent with the
observed topography H and geoid G . The thickness of fill, F , is:

F = H − w − O b (1)
Fig. 3. Diagram of loading model. Parameters are O b , original basin shape; δc,
crustal thickness anomaly; H , observed topography; F , thickness of fill material;
w , vertical displacement. All values are defined positive upwards except w .

as present-day topography, H , is the sum of the pre-loading basin
shape, O b , the thickness of the fill material F , and the deflection
of the lithosphere w . The gravity anomaly observed within Isidis
is likely due to some combination of a non-isostatic compensation
state of the basin prior to infill and the excess mass of the fill in
the basin (Neumann et al., 2004).

The additional density interface introduces more terms to the
standard formulation of Banerdt (1986). The relation for net verti-
cal load is

q = ga
[
ρF F + ρc(w − G) + ρc O b

]
+ gc

[
�ρ(w − Gc) − C f ρc O b

]
, (2)

where ga is the acceleration of gravity at the surface, gc is the ac-
celeration of gravity on the Moho, and Gc is the geoid height at the
Moho. Previous studies using a Banerdt-type model (e.g., Banerdt,
1986; Searls et al., 2006) do not explicitly include the variation of
gravity with depth; ga and gc approximate this effect in manner
similar to Banerdt and Golombek (2000). The geoid height at the
surface is

G = 3

ρ̄(2� + 1)

{
ρF F + ρc(O b + w)

+ [�ρw − C f ρc O b]
(

R − c

R

)�+2}
, (3)

where ρ̄ is the mean bulk density of Mars and R is the radius to
the mid-plane of the elastic shell. Similarly, the geoid height at the
base of the crust is

Gc = 3

ρ̄(2� + 1)

{
ρF F

(
R − c

R

)�

+ ρc(O b + w)

(
R − c

R

)�

+ [�ρw − C f ρc O b]
}
. (4)

With the new density interface, the horizontal load potential is
then

Ω = ν

1 − ν
ρF ga L

F

R
− ν

1 − ν
C f ρc gm(L − c)

O b

R

+ ν

1 − ν
ρc gac

O b

R

+ [
ρc gmc + ρm gc(L − c)

] w

R
(5)

where L is the thickness of the elastic lithosphere and c is the
mean crustal thickness of Mars. Banerdt (1986) derives the vertical
displacement produced by both the vertical load and the horizon-
tal load potential:

w = αq + γΩ, (6)

where

α = − R4

D

f� + 1 − ν

f 3 + 4 f 2 + ψ(1 − ν2)( f + 2)
, (7)
� � �
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D = E L3/12(1 − ν2) is the flexural rigidity, E is the Young’s mod-
ulus, f� = −�(� + 1), ψ = 12(R/L)2, and

γ = α
f�(1 + ν − f�/ψ)

f� + 1 − ν
. (8)

We solve Eqs. (1)–(6) simultaneously, which allows us to infer the
structure of the basin for assumed global parameter values as well
as determine the corresponding elastic deformation of the litho-
sphere.

The addition of the intracrustal density interface between the
basin fill material and average crust is an important step toward
quantifying the relationship between the amount of moho relief
and basin fill material that are consistent with the observed grav-
ity and topography data. However, the additional density interface
also introduces more parameters to the problem; in particular, we
must make a priori assumptions about the density of the fill ma-
terial in any given model. Furthermore, we must also calculate the
thickness of the fill material and the depth of the original basin.
Though the intracrustal interface widens the potential parameter
space, the additional generality of the extended formulation is con-
sistent with the geological context of Isidis Planitia.

4. Results

Our primary goal is to understand the range of lithospheric
thicknesses and basin crustal properties that are consistent with
observations. Towards this goal, we explore a broad range of plau-
sible model parameters (e.g., L, c, ρF , ρc , etc.) and potential trade-
offs among parameters (Table 1 lists variable parameters varied
and Table 2 constant parameters applicable to all models). The
basic approach is to leverage a comprehensive exploration of the
model’s plausible parameter space with two additional geologic
constraints. First, we make the reasonable assumption that there
is no exposed mantle within the Isidis basin. Second, calculation
of the deformation-induced stress field near the basin provides
the opportunity to assess whether individual models are consistent
with the existence, style, and orientation of faulting, particularly at
Nili and Amenthes Fossae. The latter is particularly useful for con-
straining estimates of elastic lithospheric thickness. Combined, this
approach affords the opportunity to investigate the range of, and
tradeoffs among, lithospheric and crustal properties that are phys-
ically consistent with the gravity and topography data as well as
geological constraints.

4.1. Globally-constrained flexural models

We calculate a large suite of global flexural models explicitly
constrained by present-day gravity and topography in order to un-
derstand lithospheric and crustal properties near Isidis Planitia. By
considering a broad range of values for the mean crustal thickness
c, elastic lithospheric thickness L, mean density of fill ρF , com-
pensation factor C f , and mean crustal density ρc (see Table 1) we
are able to calculate how fill thickness F , crustal thickness local
to Isidis cl = c − O b − δc − F (at a time post-impact and prior to
infilling), original basin shape O b , and displacement w vary with
these parameters in order to produce the observed gravity and to-
pography. Though these calculations are inherently non-unique, by
applying the reasonable constraint that cl > 0 we can considerably
limit the range of valid models.

The origin of the majority of material filling Isidis, and indeed
the northern plains, is unclear, though the presence of Syrtis Major
to the west suggests that significant volcanic deposits are possi-
ble (e.g., Tornabene et al., 2008). Large values for the density of
the basin fill material (ρF ) would be consistent with such an idea.
Fig. 4 illustrates how fill density varies with lithospheric thickness
(L) and mean global crustal thickness (c); each line is a contour of
Table 1
Range of model input parameters used in this study. Nominal values are best es-
timates from Wieczorek and Zuber (2004) as well as those values which matched
all of our constraining criteria, and were used during analysis when not varied. All
combinations of these values at resolution were modeled.

Input parameter Range Nominal Resolution

c 30–90 km 50 km 10 km
L 50–220 km 120 km 10 km
ρc 2600–3400 kg m−3 2900 kg m−3 100 kg m−3

ρF 2600–3400 kg m−3 3100 kg m−3 100 kg m−3

C f 0.2–1.6 1.0 0.1

Table 2
Parameters common to all models.

Constant Value

ρm 3500 kg m−3

g 3.71 m s−2

R 3389.5 km
E 1.0 × 1011 Pa
ν 0.25

Fig. 4. Limits on fill density as a function of lithospheric and crustal thickness. Local
crustal thickness is defined as the depth of crust after impact and before infilling.
The local crustal thickness is positive above these lines and negative below. Nominal
values were used for all parameters not shown, as given by Table 1. Numbers on
contours indicate the value of the global crustal thickness c in kilometers.

zero local crustal thickness (cl) for a given value of c. The mod-
els in the parameter space above the surface defined by these
contours have a positive local crustal thickness, while those be-
low have negative crustal thickness; therefore, those models above
these lines are permissible. Assuming that c = 50 km (Wieczorek
and Zuber, 2004) implies a ρF > 3000 kg m−3, however, based
on an analysis of geoid to topography ratios and a comprehen-
sive survey of estimates in the literature these authors found that
the most robust estimate of uncertainty in the mean global crustal
thickness is ±12 km. While a crustal thickness less than 50 km
would imply a well-constrained, large value for the density of the
fill material an increase of even 10 km in crustal thickness leads
to an unconstrained value for ρF for an average crustal density of
2900 kg m−3.

A more conservative approach recognizes that while exhuma-
tion of the mantle by the Isidis-forming impact may be possible,
basin infilling could obscure the mantle. Therefore, in Fig. 5 we
include the fill material as a component of the local crustal thick-
ness, and apply the constraint that it cannot be negative. These
results show that a robust estimate of the minimum fill density is
not feasible without knowledge of the depth of fill.

Another factor that influences our understanding of the crust
and lithosphere at Isidis is the initial state of compensation of
the basin (Fig. 6). The state of compensation of the Isidis basin
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Fig. 5. Limits on fill density as a function of lithospheric and crustal thickness. Local
crustal thickness is defined here as the crust present before fill plus the fill. Local
crustal thickness is positive above these lines and negative below these lines. Nom-
inal values were used for all parameters not shown, as given by Table 1. Numbers
on contours indicate the value of the global crustal thickness c in kilometers.

Fig. 6. Maximum crustal density as a function of lithospheric thickness and com-
pensation factor. Local crustal thickness is negative above these lines and positive
below. Nominal values were used for all parameters not shown, as given by Table 1.
Numbers on contours indicate the value used for compensation factor C f .

was varied between an under-compensation of C f = 0.2 and an
over-compensation of C f = 1.6. The maximum value of C f = 1.6
is consistent with the end-member assumption that the gravity
anomaly can be explained entirely by super-isostatic relief along
the Moho (Neumann et al., 2004). The clearest implication of the
role of C f is that the maximum possible mean global crustal den-
sity ρc increases as C f increases; the same is true, but to a lesser
extent for increasing lithospheric thickness. The variation with C f
is also non-linear as the relative change in ρc becomes smaller
as the compensation factor increases. The maximum mean crustal
density only varies by about 12% through a large range of compen-
sation states for the nominal crustal thickness of 50 km.

4.2. Tectonic constraints

The distinct extensional tectonic features circumferential to the
Isidis basin (Fig. 1) provide an additional opportunity, one not af-
forded by other large basins on Mars, to constrain the lithospheric
structure of the region at the time material was filling the bas-
in’s interior. The strength of the lithosphere is finite and the state
of stress induced by loads on the lithosphere controls the loca-
tions and style of faulting. Therefore, at Isidis the wide range of
lithospheric loading models that satisfy the gravity and topogra-
phy data can be further constrained by requiring successful models
to match the observed locations, style, and orientation of faulting
surrounding the basin.
Table 3
Summary of Fig. 5 in (Freed et al., 2001) describing the regions of the faulting styles
determined by Simpson’s shape parameter.

Aψ

(deg)
Fault-style from
shape parameter

0–30 Pure normal faulting
30–75 Strike-slip and normal
75–105 Pure strike-slip faulting
105–150 Strike-slip and thrust
150–180 Pure thrust faulting

The lithospheric stress field at the surface (i.e. vertical stress
is zero) is determined from the amount of deformation (w) of
the elastic lithosphere, the vertical load (q), and the horizontal
load potential (Ω) (see Banerdt (1986, Appendix A) for details).
From this stress field we estimate both where the magnitude of
stress exceeds the strength of the lithosphere as well as the style
and orientation of any predicted faulting. Movement along a fault
is favored after reaching a minimum level of stress in the litho-
sphere. Barnett and Nimmo (2002) inferred that extensional faults
on Mars greater than 150 km across, such as may exist within the
Valles Marineris system, withstood over 100 MPa differential stress
(i.e., the difference between the maximum and minimum princi-
pal stresses), while smaller faults are more similar to terrestrial
faults and only require about 20 MPa. Nili Fossae’s largest fault is
∼ 37 km across (Fig. 1) consistent with a rock strength somewhere
between the 20 MPa and 100 MPa limits for a reasonable mini-
mum to initiate faulting near Isidis, though the exact differential
stress required is poorly constrained.

In addition to the requirement that the stresses exceed the
strength of the lithosphere in order for our models to predict fault-
ing, it is also necessary to determine the predicted style and ori-
entation of faulting for comparison with Nili and Amenthes Fossae.
The most common method for predicting the style of faulting using
stress directions is Anderson’s faulting criteria (Anderson, 1905).
These criteria predict one of three styles of faults: normal (exten-
sion), strike-slip (shear), or thrust (compression). Anderson’s crite-
ria result in discrete predictions of only the major style of faulting,
however, mixed modes of faulting are common in nature (e.g.,
trans-tensional), and therefore these criteria do not adequately ad-
dress the full range of observed styles of faulting. A continuous
representation of the faulting criteria was developed by Simpson
(1997) in order to help alleviate this problem, and has been used
to better understand and resolve the strike-slip faulting paradox of
mascon loading on the Earth’s moon (Freed et al., 2001). The geo-
metrically defined Simpson’s shape parameter

Aψ = tan−1[(σ1 − σφ)/
√

3(σ2 − P )
]

(9)

is a continuous metric that implicitly includes the possibility of
mixed-mode faulting styles. The largest and smallest compressive
principal stresses on the radial/vertical plane axisymmetric to the
center of the basin are σ1 and σ2, respectively, σφ is the circum-
ferential principal stress, and P = (σ1 + σ2 + σφ)/3 is hydrostatic
pressure. The types of faulting styles predicted by the shape pa-
rameter (Table 3) are pure as well as transitional modes of faulting.
Table 3 lists the criteria for mapping values of Aψ to the style and
orientation of faulting; we have adopted the modified criteria pro-
posed by Freed et al. (2001) which are weighted away from strike-
slip faulting compared to the original criteria of Simpson (1997).
The modified criteria are based upon the practical implementation
of Simpson’s framework, which recognizes that in mixed modes of
faulting the non strike-slip component (normal or thrust) tends to
be the observable expression of the faulting from orbit unless the
mixed-mode is dominantly strike-slip in style (Freed et al., 2001).

Using the presence of faults surrounding Isidis as a constraint
on lithospheric structure requires that our models must meet both
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Fig. 7. Map of predicted faulting style based upon Simpson’s shape parameter at
Isidis for the nominal model. Differential stresses indicated by contour lines. The
horizontal and vertical axes are east longitude and latitude, respectively. The con-
tours show the stress differences from 20 to 100 MPa. Numbers in bold denote
distance to the faults of Nili Fossae measured along the transect from the center
of the figure to the top left. Lighter shading represents compressive, while darker
shading indicates tensile faulting styles.

Fig. 8. Contours of shape parameter (shown in degrees), on a plot of distance to the
center of the basin vs. lithospheric thickness. Aψ = 60◦ is a lower bound for litho-
spheric thickness and Aψ = 75◦ is an upper bound. The horizontal line at 810 km
is the mean distance to the NB fault in Nili Fossae. The horizontal line at 740 km is
the distance to fault NBa. The locations at which the contours cross the horizontal
lines can be considered lower and upper bounds on lithospheric thickness.

criteria (sufficient stress magnitudes and the style) and orientation
of faulting consistent with the modeled stress field must match the
observed style of faulting at Nili and Amenthes Fossae. First, the
amount of differential stress at the location of an observed fault
must be greater than 20 MPa. Second, the Simpson’s shape pa-
rameter must predict dominantly normal faulting circumferential
to the basin (0◦ � Aψ � 75◦). An individual model is considered
reasonable if both these criteria are met at the fault locations (e.g.,
Nili Fossae) and just as importantly a model must not predict in-
consistent styles and orientations of faults (i.e. no circumferential
graben inwards of the innermost faults).

We compare the calculated shape parameter to the locations of
observed faulting (Fig. 7) to estimate limits on the thickness of the
elastic lithosphere. Normal faulting is most definitively predicted
when Aψ < 60◦ and this then delineates the lower bound. Mod-
eled values of Aψ < 60◦ inward of the innermost faulting are not
permissible, as that would imply normal faulting in the models
closer to the interior of the basin than is observed. We use the
innermost faults for comparison because they constrain where ex-
tensional faulting is observed. Stresses here are high enough that if
Table 4
Average distances from the center of Isidis Planitia to the innermost faults mapped
at Nili and Amenthes Fossae. The ID’s correspond to those seen in Fig. 1.

Fault ID name Average distance (km)

NA 774
NB 809
NBa 742
AA 725

Table 5
Summary of thermal gradient and heat flux estimates as determined in McGovern
et al. (2004). Ages are: Early Noachian—EN, Noachian—N, Hesperian—H, and Ama-
zonian—A.

Feature Surface
age

L
(km)

Thermal
gradient
(K m−1)

Heat flux
(mW m−2)

Load
density, Pl

(kg m−3)

Olympus mons A >70 <8 <24 3150
Ascraeus mons A 2–80 5–55 13–140 3250
Pavonis mons A <100 >5 >13 3250
Arsia mons A >20 <10 <28 3300
Alba Patera A–H 38–65 5.5–16 16–40 2950
Elysium Rise A–H 15–45 6–13 15–33 3250
Hebes Chasma A–H 60–120 5–9 17–25 2100–2300
Candor Chasma A–H 80–200 3–7.5 11–23 2200
Capri Chasma A–H >100 <7 <23 2500
Solis Planum H 24–37 8–14 20–35 2900
Hellas south rim H–N 20–31 10–16 25–40 2900
Hellas west rim H–N <20 >12 >30 2650
Hellas basin N <13 >14 >35 2750
Noachis Terra N <12 >20 >50 2800
Isidis Planitia H 100–180 3.4–6.5 13.6–26 > 3100

compressional or strike-slip faulting were possible, it should be ex-
pressed in the landscape. We find the upper bound on lithospheric
thickness using Aψ = 75◦ which is the point where the dominant
faulting style turns from normal faulting to strike-slip, therefore,
the shape parameter cannot be above 75◦ outside the distance to
the innermost fault otherwise the majority of Nili Fossae fault-
ing would be predicted to be strike-slip. The example in Fig. 7
shows that in addition to a preference for normal faulting, stress
differences are sufficient for faulting to occur at Nili and Amenthes
Fossae, while other areas around the periphery have lower stresses.

In order to quantitatively assess our lithospheric flexure mod-
els we focus on comparing the stress magnitude and value of Aψ

along individual radial transects (e.g., the black diagonal line in
Fig. 7) across Isidis that intersect the innermost normal faults. The
transect in Fig. 7 is important because it intersects what we in-
terpret to be the innermost visible normal fault associated with
Nili Fossae, fault NBa (Fig. 1). As such, we have used the loca-
tion of NBa as the limiting case of normal faulting for the majority
of our analyses of flexurally induced tectonics at Isidis. Profiles
of the value Aψ along this transect were assembled for the en-
tire range of lithospheric thicknesses (Fig. 8) in order to determine
whether constraints can be put on the value of lithospheric thick-
ness. The requirement that viable models match the style of fault-
ing of the innermost faults implies that the intersection between
the Aψ = 60◦ contour and the distance to the innermost faults
defines a lower bound for lithospheric thickness, while the inter-
section with the Aψ = 75◦ contour defines an upper bound. The
fault NB is 809 km from the center of the basin (Fig. 1 and Ta-
ble 4), which gives a lower bound of ∼100 km and an upper bound
of ∼180 km. However, these estimates are somewhat suspect be-
cause our constraint scheme fails in this scenario as the Aψ = 60◦
intersection predicts compressive stress nearer to the basin than is
seen, while the Aψ = 75◦ intersection does not predict compres-
sive stress outside of the fault. This result illustrates a potential
pitfall of this technique, which is that the fault(s) used for the
analysis must represent the innermost normal fault or the logic
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Fig. 9. RMS misfits between predicted and observed styles of faulting. Each panel corresponds to a particular mapped fault (Table 4). The solid lines are the misfit of shape
parameter 60◦ and the dashed lines are for shape parameter 75◦ . The black lines are the misfits from the model using the global dataset, while grey lines are for the local
models.
breaks down. Fortunately, both the aforementioned small fault NBa
and the NB fault can be compared to each other directly as they lie
on the same transect. The model predicts some unobserved exten-
sional faults inwards of the observed fault(s) if the intersections of
the distances with the contours of shape parameter are above the
cusp of the contour. It is interesting to note that a model gives the
location of the hidden fault NBa with almost precisely the same
lithospheric thickness as the intersection with NB. We therefore
assume that the bounds on lithospheric thickness are robust only
if the locations of the faults are indeed the innermost bound of the
faulting zone.

The shape parameter results from the radial transect in Figs. 7–
9 demonstrate the utility of comparing the predicted faulting style
with the observed location of the innermost normal faults at Isidis.
By extending this idea to examine how shape parameter varies
along the strike of a fault, we can develop a more robust de-
termination of whether particular models are consistent with the
observed faulting. We conducted a survey of the innermost faults
of Nili and Amenthes Fossae at three different locations (Table 4).
The RMS misfit between the shape parameter calculated by our
models at those locations and the Aψ = 60◦ and Aψ = 75◦ con-
tours provides a quantitative means for obtaining the best fit to
these bounds (Fig. 9).

Nili Fossae is the more prominent of the two graben systems
near Isidis, and has the most clearly defined faults. The faults
mapped as NA, NB, and NBa all belong to the Nili Fossae sys-
tem; however, as discussed above, the large NB fault does not
lead to self-consistent interpretations, likely due to the presence of
smaller, more inward faults, particularly NBa. The RMS misfit be-
tween the predicted and observed faulting location (Fig. 9) at NA
and NBa are similar despite their azimuthal and radial separation.
The consistency between the results for NA and NBa highlights
Fig. 10. Lower and upper bounds on the thickness of the elastic lithosphere. These
bounds were determined by finding the lowest RMS misfits between predicted and
observed styles of faulting at the NBa fault using the global model at various crustal
thicknesses. See Figs. 8 and 9 for an explanation of the fitting method.

the spatial variability of the stress field as well as the potential
strength of the approach of constraining the bounds on litho-
spheric thickness using observed faulting. For the nominal model
parameters of Table 1, the lower bound on lithospheric thickness at
Isidis is approximately 100 km, while the upper bound is ∼180 km.
Variations in the mean global crustal thickness have little effect on
the lower bound of the lithospheric thickness (Fig. 10), however
they lead to differences in the upper bound by >20%.

Amenthes Fossae to the southeast of Isidis is a more subtle
set of features with smaller and fewer visible extensional faults
(Greeley and Guest, 1987; Tanaka et al., 2005). Our models also
predict normal faulting in this area (Fig. 7); however, the interpre-
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tation of these results is not as straightforward as at Nili Fossae.
The RMS misfit at fault AA (Fig. 9) shows a much higher esti-
mate for the bounds on lithospheric thickness. The RMS values
at Amenthes are also higher than at Nili Fossae. Though some-
what speculative, this result suggests that there may be obscured
faults further inward from fault AA, which would lead to an over-
estimation of lithospheric thickness. However, a detailed survey of
the area revealed no clear, smaller hidden faults, as is the case of
fault NBa on the Nili Fossae side of the basin, which suggests that
there may have been significant surface modification at Amenthes
near the basin. It is also possible that the faults at Amenthes did
not initiate at the same time as Nili Fossae, which would explain
the difference in lithospheric thickness estimates.

4.3. Role of external loads on tectonics

A common approach for studying lithospheric flexure is to
employ simplified load geometries that make for straightforward
model calculations (e.g., Comer et al., 1979; Janes and Melosh,
1990; Comer et al., 1985). These studies also suffered from a rel-
ative lack of data that would justify a more precise modeling ap-
proach. Often these models use a single axisymmetric load shape
that inevitably yields axisymmetric stress distributions and predic-
tions of faulting rather than concentrated zones, such as observed
along the periphery of Isidis. Though the lack of circumferen-
tially continuous faulting may be the result of burial (e.g., near
Syrtis) and erosion, the non-circumferential strike of the Nili Fos-
sae graben belies that idea. Therefore, it is important to ask how
much the inclusion (or exclusion) of loads, external to Isidis (or
any other feature) affects our ability to infer lithospheric structure
based upon the location of faulting.

Our basic approach to addressing the role of loads external to
Isidis on regional tectonism is to compare the flexural response
of the lithosphere near Isidis using the deformation model con-
strained by the global topography and gravity against an equiva-
lent forward solution that models the response only due to loads
within the impact basin. The comparison of these two models
allows us to investigate the relative role of exterior loads in con-
trolling the style and location of faulting.

In order to facilitate a direct comparison between the two types
of models we isolated the relevant load components within the
basin from the global models and used them as inputs for the
forward models. Specifically, we extract the loads on the litho-
sphere at Isidis by localizing the size and shape of the basin, its
fill material, and compensating relief along the moho from the
globally constrained model. We use the local, forward model, with
equivalent loading and flexure equations and identical flexural pa-
rameters, to determine the amount of deformation and lithospheric
stress within and peripheral to the load that result from the load-
ing internal to the basin.

The loads in the basin’s interior were isolated using a spherical-
cap localizing window in the spherical harmonic domain defined
spectrally

J00 = √
4π, (10)

where J00 is the zeroth order term and

J�0 =
√

4π

2� + 1

P�−1(cos ξ) − P�−1(cos ξ)

P0(cos ξ) − P1(cos ξ)
, (11)

where J�0 are the zonal terms, P� are the associated Legen-
dre polynomials of degree �, and ξ is the angular radius of the
desired window (Simons et al., 1997). The window is normal-
ized to have a value of one within the window and zero out-
side. Because the localization window is defined purely by zonal
harmonics, it is then rotated into a position centered on Isidis
and expanded into the spatial domain. We multiply the win-
dow with the global data, which localizes the data to the basin
(Wieczorek and Simons, 2005) that are then transformed back
into spherical harmonics up to degree and order 120 to mini-
mize spectral leakage and ringing outside of the window. All of
the operations on the data described above were accomplished
using the freely available software archive SHTOOLS available at
http://www.ipgp.jussieu.fr/~wieczor/SHTOOLS/SHTOOLS.html.

To generate the best possible comparison between the global
and local loading models it is desirable to have loading conditions
between the different model types be as similar as possible. At
the center of the window (i.e. the basin) where the load magni-
tudes are greatest and contribute the most deformation, the local-
ized loads are identical to loads from the global model and match
well within the remainder of the localizing window (Figs. 11a–
11b). Indeed, the window used here results in localized loads with
maximum differences of less than 8% relative to the loads in the
global model. There are discrepancies at the southern edge of the
basin; however, these are due to the localizing window and espe-
cially the low magnitude of the signals here, which acts to magnify
fractional differences. More importantly, the forward models based
on these localized loads generally produce comparable topographic
relief (Fig. 11c), gravity (Fig. 11d), and deflections with the global
model, especially within the localized region of the basin, provid-
ing confidence in our approach.

The most readily apparent differences between the two mod-
els are the azimuthal variations of the stresses (Fig. 12c). The
global model that includes external loads predicts circumferential
extensional stresses concentrated near the locations of graben ob-
served on the surface (Fig. 12a). The localized model, however,
does not produce any significant azimuthal variations in stress
(Fig. 12b). Therefore, variations in loading inside the basin do not
substantially contribute to the azimuthal variations seen in the
global model, or to the observed tectonics. The radial variations of
stresses (Fig. 12c) from the center of the load are used to compare
our models to observed conditions on the surface (Fig. 7) and the
RMS misfit between these two distributions suggests a difference
between the global and localized models (Fig. 9), where the local-
ized models consistently predict larger values for the lithospheric
thickness relative to the global model at each fault investigated.
Moreover, the shape of the RMS curve for the localized model at
fault AA is inconsistent with the global model. Therefore, the sim-
plified local models do not fully characterize the faulting observed
and consistently over-predict the estimates of lithospheric thick-
ness at the time of Isidis Planitia’s loading.

5. Discussion

5.1. Globally-constrained flexure models

The inversion of topography and gravity was constrained by
the assumption that there should be a positive crustal thickness
beneath the basin immediately after impact. Negative crustal thick-
ness as defined in our model, would imply that excavation of the
entire crust at Isidis Planitia upon impact is insufficient to account
for the gravity signal observed. Models with negative crustal thick-
ness necessitate excavation of a portion of the mantle or a reduc-
tion in local mantle density in concert with removal of the crust.
We cannot rule out excavation of the mantle at the time of impact;
however, the likelihood of a localized region of low-density man-
tle coincident with the placement of the basin is very low. While
assuming that the local crustal thickness beneath Isidis at impact
should be greater than zero is a logically sound constraint, it is not
strictly testable with available observations. A more robust obser-
vation is that no mantle material has been detected at the surface
inside Isidis, which suggests that the more conservative constraint

http://www.ipgp.jussieu.fr/~wieczor/SHTOOLS/SHTOOLS.html
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Fig. 11. Differences between the maps produced by the inverse model, and the maps used as input for the forward model. The white circle is the extent of the localizing
window. The crosses indicate the locations of points used to represent individual faults around Isidis: magenta is fault NA, yellow is NB, orange is NBa, and white is AA
(Table 4).

Fig. 12. The left two maps (a) and (b) show the predicted faulting style determined through shape parameter. Figure (a) is from the global model, while (b) is from the local
model. (c) shows the difference between the two models for the nominal case. The black cross in (a) shows the directions of the principal stresses in an extensional regime
where the largest stress is perpendicular to the observed graben.
is to limit acceptable models to those with a positive local crustal
thickness at present.

The density of the fill material in the basin is more consis-
tent with a value greater than 2900 kg m−3, rather than lower,
as more models that are reasonable exist with fill densities greater
than this value rather than less. A mean global crustal thickness of
50 km (Wieczorek and Zuber, 2004) coupled with the upper bound
we determined for the elastic lithospheric thickness (L = 180 km)
results in a fill density greater than 3050 kg m−3 (Figs. 4 and 5).
This result implies that materials found within Isidis have a signif-
icant igneous component. The basin’s proximity to the Syrtis Major
volcanic province just west of the basin supports this interpre-
tation, as it is a prime source region for an olivine-rich volcanic
unit at least 800 m thick (Tornabene et al., 2008) on the western
edge of the basin. Kiefer (2004) estimated a surface material den-
sity in the Nili Fossae region similar to the Chassigny meteorite,
which has a grain density of 3590 kg m−3, and could contribute
to a higher fill density in the basin. Furthermore, Kiefer (2004)
found that Nili and Meroe Patera have a Nakhla-like density of
3290 kg m−3, suggesting that the material flowing from the Syrtis
region may be high-density lava flows. Both the volcanic sources
and deposits in close proximity to the basin lend credence to the
idea of a relatively high bulk density fill. This does not rule out
the possibility of lower density material being present at the basin,
but suggests that any such material will be more scarce than the
volcanics. However, here we estimate the bulk fill density leaving
open the possibility of higher density volcanic deposits interlay-
ered with lower density sedimentary deposits that accrued episod-
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ically over time (e.g., Head et al., 2002; Ivanov and Head, 2003;
Hiesinger and Head, 2004).

The inversion of gravity observations in our formulation de-
pends on the first-order mass sheet approximation calculation of
the geoid heights and does not take into account any finite am-
plitude effects due to relief on density interfaces (Wieczorek and
Phillips, 1998). However, owing to the small dynamic range of the
topography in the study area of this paper, the discrepancy intro-
duced by this approximation of the gravity was less than 2% over
the entire area and less than 1% at the center of the basin where
the load is greatest. The effect of this assumption on our results is
therefore minimal.

5.2. Tectonic constraints

The existence of tectonic features clearly associated with Isidis
Planitia provides a potentially important additional constraint on
the state of the lithosphere compared to other basins on Mars.
Indeed, the tectonic features are critical to understanding the flex-
ure and lithospheric thickness around Isidis, as other methods
(e.g., previous admittance studies) are not capable given that the
basin’s gravity and topography are not correlated. Application of
the observed tectonics as a constraint on flexural models is not
entirely straightforward, however, as there is a broad region of
faulting (e.g., Nili Fossae), the distribution of faulting varies az-
imuthally, and the timing of faulting across the region is under-
constrained. Basin filling ostensibly occurred over a finite time in-
terval during which the lithospheric thickness may have changed,
a common challenge of elastic flexure models. Thickening of the
lithosphere due to cooling tends to freeze-in flexure, though pro-
gressive cooling during loading leads to lithospheric flexure esti-
mates slightly thicker than if there were no cooling (e.g., Albert
and Phillips, 2000). Therefore, absent thermal rejuvenation of the
lithosphere beneath Isidis our results represent reasonable effec-
tive lithospheric thicknesses from the time of major infilling. How-
ever, more sophisticated finite element modeling with an elasto-
viscoplastic rheology will be important for unraveling the tradeoffs
in load timing, cooling, and relaxation of the basin and the impli-
cations for faulting in the region.

5.3. Role of external loads on tectonics

An important aspect of modeling lithospheric flexure is ade-
quately capturing the relevant loads; this issue is amplified when
considering the orientations and style of tectonic features as a con-
straint. Indeed, Banerdt’s (1986) flexural formulation includes the
horizontal load potential (Ω) that, while a modest contributor to
overall lithospheric deflections, is important for stress magnitudes
and orientations. At Isidis Planitia, loads external to the basin play
an important role in shaping flexurally induced tectonism in the
region as demonstrated by the distinct differences between our
globally constrained models and the localized forward models. Im-
portant contributions to these loads arise from the nearby Syrtis
Major and Utopia Planitia; the global response of the lithosphere to
the Tharsis Plateau (Phillips et al., 2001) may also play a small role.
Azimuthal variations in the predicted stress-state can be explained
by the presence of external loads located heterogeneously around
the periphery of the basin. In the globally constrained models, the
largest stresses tend to be concentrated between external loads
such as Syrtis Major and Utopia Planitia (e.g., Nili Fossae). The
variation in the radial direction is due to the loads external to
the basin that reduce the zone over which deformation caused by
Isidis occurs, hence concentrating their magnitude.

Compared with the previous work of Comer et al. (1985), who
estimated a lower bound on the lithospheric thickness at Isidis
Planitia of 120 km and determined a best fit of between 200 and
300 km using a simplified, forward, axisymmetric model, our re-
sults suggest tighter limits and relatively thinner values for the
lithospheric thickness. However, consistent with the limited data
available at the time, their model only considered surface mass
loads rather than including crust-mantle relief or intra-crustal den-
sity interfaces. Furthermore, by implementing a constraint that
models match both the style of faulting and a threshold stress for
faulting our results indicate that simplified, local forward models
tend to overestimate the lithospheric thickness compared to those
that include loads external to the basin in the analysis. We see this
overestimation while comparing our lower bound of 100 km to the
120 km lower bound of Comer et al. (1985) along with our upper
bound of 180 km compared to the 200 to 300 km best-fit litho-
spheric thickness of Comer et al. (1985). Given differences in the
data available and modeling approach, the modest differences in
results are quite reasonable.

5.4. Thermal gradient and heat flux

An important rationale for estimating the thickness of the elas-
tic lithosphere for a variety of geological terrains (e.g., McGovern et
al., 2002) is that such determinations are an important step in in-
vestigating the thermal history of Mars. Using the well-established
methodology of McNutt (1984), we have calculated ranges of po-
tential thermal gradients at Isidis at the time of loading based
upon our results for upper and lower limits on elastic thickness
(L). Thermal gradients are determined by translating estimates of
the thickness of the elastic lithosphere found using our model to
the thickness of the mechanical lithosphere Tm . The mechanical
lithosphere is defined to be the depth at which the lithosphere
has no mechanical strength. We may approximate this depth as an
isotherm between 550 ◦C and 600 ◦C depending on the assumed
strain rate (10−16–10−17 s−1) (McNutt, 1984). The best estimates of
the thickness of the crust at Isidis are significantly smaller than
those of its elastic lithosphere, which allows us to assume that
the ductile strength of the lithosphere is limited by the creep
strength of olivine (Goetze, 1978), the likely dominant mineral in
the lithospheric mantle. The relationship between the thicknesses
of the elastic and mechanical lithospheres depends on the curva-
ture of the lithosphere (McNutt, 1984; Solomon and Head, 1990;
McGovern et al., 2002); greater curvature produces a larger differ-
ence between the elastic and mechanical thicknesses of the litho-
sphere. By calculating the second derivative of the deflection of the
shell in our models we find the curvature of the lithosphere sur-
rounding Isidis in our models is rather small, between 2 × 10−9

and 9 × 10−9 m−1, which allows us to assume that L ≈ Tm . We
calculate the thermal gradients by assuming the surface tempera-
ture to be 220 K (Kieffer et al., 1977). For an elastic lithospheric
thickness of 100 km (our lower bound), the thermal gradient is 6–
6.5 K km−1, while for a thickness of 180 km (our upper bound), it
is 3.4–3.6 K km−1 (Table 5). Surface heat fluxes are estimated from
these thermal gradients using q = k ∂T

∂z , where k is the mean ther-
mal conductivity, assumed to be 4.0 W m−1 K−1 which is consis-
tent for mantle material (McGovern et al., 2002) since the amount
of crust beneath Isidis is minimal. For an elastic lithospheric thick-
ness of 100 km, the heat flux is 24–26 mW m−2; for a thickness
of 180 km, it is 13.6–14.4 mW m−2 (Table 5). The heat flux and
thermal gradient estimated at Isidis are consistent with the gen-
eral decline of mantle heat flux through time (McGovern et al.,
2002), however the values seen at Isidis are lower than the results
of Hauck and Phillips (2002) which may suggest that Isidis is an
area of anomalously low heat flow. The heat flux at Isidis compares
with the present day values (Hauck and Phillips, 2002) for an elas-
tic thickness of 100 km, however the heat flux calculated for our
upper range of elastic thicknesses is lower than any heat flux in
the nominal model of Hauck and Phillips (2002). We estimate the
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thermal properties of Isidis for the time of flexure corresponding
to the initiation of faulting in Nili and Amenthes Fossae, dated to
be of Middle Noachian age (Tanaka et al., 2005). The surface units
in Isidis are significantly younger than Noachian with ages rang-
ing from the Late Hesperian to the Early Amazonian, clearly the
fill seen at the surface of Isidis cannot be responsible for the ma-
jority of the flexure. This result is not surprising, as the surface
units appear to be quite thin (Buczkowski, 2007). When compared
to the results of McGovern et al. (2002), the thermal estimates for
Isidis Planitia agree with a surface age in the Late Hesperian or
Early Amazonian. The discrepancy between the ages of the tecton-
ics and the age of the surface units suggests that surface ages can
only be used as a bound on the youngest age of any results. Thus,
we must be cautious when ascribing any physical properties to the
timing of a feature by using the surface age as a lower bound.

6. Conclusions

The analysis of the tectonics at Isidis in concert with gravity
and topography data has proven useful in constraining the elastic
lithosphere beneath Isidis to be between 100–180 km thick, which
is smaller than the range proposed by Comer et al. (1985). The
range of lithospheric thickness determined in this study have pro-
vided a relatively narrow estimate of the thermal gradient beneath
Isidis (3.4–6.5 K km−1), and the heat flux (13.6–26 mW m−2) at its
surface. The ranges of thermal properties given here are consis-
tent with those estimated by McGovern et al. (2004) however the
age of the surface units at Isidis cannot be the only time at which
material was emplaced as the fill densities are generally too high
to be sedimentary. In this study, we have inferred the majority of
the fill inside Isidis to be of densities higher than crustal density,
which is corroborated by the fact that there is a large effusive vol-
canic province directly adjacent to the basin. This suggests that the
surface layer AIi, which is interpreted to be sedimentary, should be
quite thin (e.g., Buczkowski, 2007). The surface age of Isidis should
thus, only be used as a youngest bound for the ages of the flexure.

Localized loads modeled in a forward sense compared to the
inverse global models have demonstrated that loads outside the
basin are important to interpretations of lithospheric flexure. Mod-
els that do not include the external loads tend to overestimate the
lithospheric thickness beneath a feature.

The elastic model used in this study was useful for constrain-
ing properties of the basin at the time of loading, which may have
occurred during the Middle Noachian, however, this limited model
cannot simulate any relative timing of loading events. Further in-
vestigation of this basin using a more sophisticated model with a
more realistic and time-dependent rheology is warranted.
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