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Faults along theMartian dichotomy boundary are evidence of tectonic activity, which by analogy with terrestrial
tectonism may cause changes in or even reversal of fluvial longitudinal profiles. In the eastern hemisphere be-
tween 30° E and 150° E, this tectonic activity has beenhypothesized to result from lower crustalflowor from lith-
ospheric flexure, for which loading (e.g., by material deposition) of the northern lowlands is a possible cause
(Watters, 2003a; Nimmo, 2005). The topographic (slope) changes resulting from these two different mecha-
nisms are distinct and can provide ameans for distinguishing between them, although other processesmay com-
plicate interpretations of reversed longitudinal profiles. Two fan-shaped networks of inverted channels are
located near 150° E in the Aeolis Dorsa region just north of the dichotomy boundary. Their original flow direc-
tions, inferred from planformmorphology, suggest flow to the northeast in contrast to their current longitudinal
profiles sloping down to the southwest. This contrast indicates slope reversal. We investigate the lower crustal
flow and flexure mechanisms for slope reversal by testing three different hypotheses: 1) lower crustal flow,
2) flexure caused by material erosion from the highlands and deposition in the lowlands, and 3) flexure caused
by highland erosion and deposition in the lowlands plus deposition of theMedusae Fossae Formation in the low-
lands.We test these three hypotheses by comparing the inferredmagnitudes of the slope reversals with predict-
ed slope changes from geophysical models for these processes. Taking the possibility of non-tectonic
(i.e., collapse) processes into account, our results suggest that, among these three models, the slope reversal is
most consistent with the predicted tectonic response to erosion and deposition of highlandmaterial in conjunc-
tion with deposition of the Medusae Fossae Formation. Contrary to previous findings, our results do not support
themechanismof lateral crustalflow, although they donot rule it out because lower crustalflowand erosionmay
both have been operating, but on different time scales. The result of this hypothesis-testing provides insight into
the evolution of the dichotomy boundary and Martian crust in this location.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

One the most prominent features of the geology of Mars is the di-
chotomy boundary, the global topographic and geologic contact sepa-
rating the older and heavily cratered southern highlands from the
more recent and relatively smoother northern lowlands. The boundary
is a narrow region that occupies an ~700 kmwide belt around the plan-
et and is characterized by a distinct change in elevation, with the high-
lands standing 2 to 5 km above the lowlands (e.g., Watters et al., 2007).
The dichotomy boundary is expressed both as a distinctive topographic
change and as a change in crustal thickness, with an average crustal
thickness of 32 km in the northern lowlands, 58 km in the southern
highlands (e.g., Zuber et al., 2000; Watters et al., 2007), and 55 ±
NW, Edmonton, AB T6R 0N3,
20 km near the dichotomy (Nimmo, 2002; Wieczorek and Zuber,
2004). The crustal dichotomy boundary is spatially correlated with the
topographic dichotomy boundary only between 110° and 190° E
(e.g., Zuber et al., 2000).

The dichotomy boundary is a complex and enigmatic structure. Hy-
pothesized to have formed early in the history of Mars (e.g., Watters,
2003a; Frey, 2004; Watters et al., 2007; Andrews-Hanna et al., 2008),
it has been modified by tectonic, mass wasting, fluvial, aeolian and gla-
cial processes (McGill and Dimitriou, 1990; Watters and Robinson,
1999; Watters, 2003a,b; Irwin et al., 2005; Tanaka et al., 2005), whose
timing is poorly constrained. Between 30° E and 150° E in the vicinity
of the dichotomy boundary, the presence of large-scale faults is evi-
dence of tectonic deformation (Guest and Smrekar, 2005). On Mars,
large-scale processes that may generate tectonic stresses include
lower crustal flow. This horizontal flow, which occurs in a ductile
lower crust, is generated by lateral pressure gradients caused by differ-
ences in crustal thickness, and over time leads to reduction in crustal
thickness variations (e.g., Zuber et al., 2000; Nimmo and Stevenson,
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2001; Nimmo, 2005). Alternatively, large-scale tectonic stresses may be
generated by lithospheric flexure that occurs in response to erosion and
redeposition of surficial material (e.g., Tanaka et al., 2001; Searls and
Philips, 2004; Nimmo, 2005). On Mars, lower crustal flow and litho-
spheric flexure are hypothesized to have contributed to modifying the
dichotomy boundary (Watters, 2003a; Nimmo, 2005).

Comparing these mechanisms with observations of tectonic defor-
mation may help constrain the evolution of the dichotomy boundary
(Nimmo, 2005) and the conditions of earlyMars. For instance, reduction
of variation in local or regional crustal thickness caused by lower crustal
flow is temperature-dependent and provides, therefore, a constraint on
the thermal evolution of the crust (e.g., Parmentier and Zuber, 2007). If
lower crustal flow occurred, then it places constraints on the thermal
state of the crust at that time, which has implications for our under-
standing of the internal evolution of Mars. Likewise, determination of
the elastic thickness of the lithosphere also constrains the thermal gra-
dient, because the depth of the lower limit at which ductile response
replaces brittle response is essentially governed by temperature
(e.g., Solomon and Head, 1990). Determination of the elastic thickness
is, therefore, important to reconstruct the thermal history of Mars.

Lower crustal flow and lithospheric flexure may cause significant
surface deformations, as observed on Earth where, for example,
lower-crustal flow contributes to the evolution of the Tibetan plateau
(e.g., Royden et al., 1997; Bendick and Flesch, 2007),material deposition
in sedimentary basins is a cause of lithospheric flexure (e.g.,Watts et al.,
1982;Watts, 1989), and flexural isostasy of the lithosphere has contrib-
uted to the drainage reversal of the Amazon river (Sacek, 2014). On
Mars, each of these mechanisms (lower crustal flow and flexure caused
by erosion/deposition) would produce different topographic modifica-
tions, namely, different amounts or directions of land surface tilting.
Thus, a test for the cause of the tectonic deformation is the amount or
direction of change or even reversal of local or regional slopes. Slope
change or reversal may be inferred through discernment that the cur-
rent slopes of features do not match the original slopes, such as the
tilting of impact craters with originally horizontal floors (e.g., Irwin
and Watters, 2010) or modification of longitudinal profiles of fluvial
forms. Analysis of the longitudinal profiles of fluvial channels is a tech-
nique that has been widely used on Earth to identify and characterize
tectonic deformations (e.g., Seeber and Gornitz, 1983; Demoulin,
1998; Holbrook and Schunun, 1999; Snyder et al., 2000; Jain and
Sinha, 2005; Chen et al., 2006; Larue, 2008; Lahiri and Sinha, 2012;
Roberts et al., 2012). The availability of high-resolution Martian geo-
morphic and topographic data allows us to apply the same technique
to Mars.

Close to the dichotomy boundary north of Terra Cimmeria, inverted
(positive-relief) fluvial features are observed in the Aeolis Dorsa region
(formerly referred to as the Aeolis–Zephyria Plana) in the western
Medusae Fossae Formation (MFF) (e.g., Pain et al., 2007; Burr et al.,
2009, 2010; Zimbelman and Griffin, 2010). Previous analysis has
shown that instead of sloping monotonically downward, the longitudi-
nal profiles of some of these features undulate, indicating some post-
flow modification (Lefort et al., 2012). Such modification may have
been caused by multiple and possibly concurrent processes, such as
sediment compaction or collapse and tectonic deformation. In addition,
the original flow direction and channel slope for many of these fluvial
features are not conclusively known, making slope or direction changes
difficult to determine. Where sedimentary causes may be ruled out and
the original flow conditions inferred from the geomorphology, howev-
er, changes in slope can be inferred.

Of the multiple branching networks of inverted fluvial features in
the Aeolis Dorsa, two networks have large-scale, fan-shaped plan view
morphologies. These morphologies provide constraints on the original
flow direction, and allow the original slopes to be estimated from com-
parison to other similar fan-shaped networks on Earth andMars. Undu-
lations in the longitudinal profiles of some of these features suggest that
modification by sedimentary processes (e.g., compaction, collapse)may
have occurred, but these undulations are small (b100 m amplitude,
~b15 km in wavelength; Lefort et al., 2012) compared to the scale of
the fluvial networks. Thus, these fluvial features with regional-scale
slopes that are reversed from the estimated original slopes may be
used to differentiate between the possible mechanisms for tectonic
deformation. Tectonic activity in this location is implied by the presence
of an inferred extensional fault along the southwestern boundary of the
western MFF (McGill and Dimitriou, 1990; McGill et al., 2004) in the
Aeolis Dorsa region (Fig. 1).

In this work, we use multiple datasets to derive the current slopes
along the best-preserved and coeval individual fluvial features in
these two fan-shaped networks. Based on morphological analysis and
comparison to slopes found in morphologically similar terrestrial and
Martian branching networks, we infer themagnitude of the slope rever-
sals. We then compare these magnitudes to model slope changes for
each tectonic deformation mechanism to test among three proposed
deformation scenarios: 1) a lower-crustal flow model, 2) a lithospheric
flexuremodel caused bymaterial erosion from the highlands and depo-
sition in the lowlands, and 3) a lithospheric flexure model including
highlands erosion and deposition in the lowlands as well as MFF depo-
sition in the lowlands. Our results are complicated by the possibility of
local deformation caused by collapse in the south, between these net-
works and the dichotomy boundary. Geospatial relationships, however,
suggest that only one of the two networks may have been affected by
collapse and that this processmost likely did not have a significant influ-
ence on the slope reversal. For both networks, the results are conclu-
sively more consistent with the erosion–deposition model including
deposition of the MFF than with the lower crustal flow model. From
those results, we derive implications for the type and timing of the
crustal processes that occurred at this location along theMartiandichot-
omy boundary.

2. Regional background: the Medusae Fossae Formation and the
Aeolis dorsa

The MFF is an extensive, light-toned, friable, layered deposit like-
ly composed of volcanic ash deposits (e.g., Scott and Tanaka, 1982,
1986; Bradley et al., 2002; Hynek et al., 2003; Mandt et al., 2008)
and up to 3.5 km thick in places (Scott and Tanaka, 1986; Greeley
and Guest, 1987; Hynek et al., 2003; Watters et al., 2007). It is situat-
ed along the dichotomy boundary between 130° and 240° E. Its pres-
ent extent is estimated to be 2.1–2.5 × 106 km2 and its present
volume to 1–1.9 × 106 km3, although it may have once covered up
to 5.7 × 106 km2 (Bradley et al., 2002; Harrison et al., 2010). Al-
though the MFF was previously dated to the Amazonian epoch
(e.g., Scott and Tanaka, 1986; Tanaka, 1986; Head and Kreslavsky,
2001, 2004; Werner, 2006), recent work suggests that it was largely
in place by the (late) Hesperian (Burr et al., 2009; Kerber and Head,
2010; Zimbelman and Scheidt, 2012).

The western MFF corresponds to the lowest and, therefore, oldest
member of the MFF, and contains the Aeolis Dorsa, an extensive and
numerous population of sinuous ridges. These ridges have been
interpreted as inverted fluvial paleochannels or meander belts (Burr
et al., 2009; Zimbelman and Griffin, 2010), formed by surface runoff,
chemical cementation of the fluvial sediments, burial by subsequent
deposition, and finally exhumation and inversion by aeolian abrasion
(Pain et al., 2007; Burr et al., 2009, 2010). Whereas another positive-
relief flow network has been noted in the central part of the MFF
(Harrison et al., 2013), the Aeolis Dorsa contains the highest density of
inverted surface flow features identified in these deposits (Burr et al.,
2009).

The two large fan-shaped networks of paleochannels that are the
focus of this study are located ~275 km north of the dichotomy bound-
ary (Fig. 1). These networks display a complex stratigraphy, as shown
by relative elevations, overlapping relationships and surface textures.
For example, in Fig. 2, the surface of the fan-shaped plateau, marked



Fig. 1. Top: context image modified from Nimmo (2005) and Burr et al. (2009). AP: Aeolis Planum, CP: Cerberus Palus, AV: Athabasca Valles. Black arrows: compression zones, white ar-
rows: extension zones. Black delineation:westernMFF. Black square: study area. GrayN–S line: example of location of profile in Fig. 8. Bottom: study area, covering 148.9° E to 152° E, and
−5.7° to−7.3°, showingwestern and eastern networks. For the eastern network, black lines indicate most recent paleochannels, gray lines indicate intermediate age paleochannels, and
white lines indicate oldest paleochannels. For western network, gray areas indicate the surface of the plateau under which paleochannels may still be buried. Large white rectangle: lo-
cation of Fig. 2. Large black squares (A and B): location of Fig. 4(a) and (b). Small black squares (a, b, c, d): locations of close-up images showing cross-cutting and stratigraphic relationships
between the different paleochannels (Fig. 3).
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as “A”, is characterized by large elongated N–S oriented yardangs,
whereas the surfaces marked as “B”, located at a lower elevation than
“A”, are characterized by a relatively smooth texture. The surface at C,
located at a lower elevation than surface “B”, is knobby in texture. We,
therefore, interpret A, B and C as the surfaces of three different deposi-
tional strata, from youngest to oldest, respectively. The inset in Fig. 2
shows a yardang overlying a paleochannel, suggesting the existence of
yet another stratum, deposited after formation of the paleochannels,
and now almost entirely eroded (Jacobsen and Burr, 2013).

Of the two networks, the more prominent network to the east has
been inferred in relatively low resolution (THEMIS IR, 100m/px) images
to be distributarywith a paleoflowdirection to the northeast (e.g., Irwin
et al., 2005; McMenamin andMcGill, 2005;Williams and Edgett, 2005).
Although less well exposed, the similar fan-shaped morphology and
orientation for the western network suggests that it was likewise dis-
tributary and also flowed to the northeast. Previous analysis, however,
showed that the current slopes of the best-exposed paleochannels in
the eastern network are undulatory and overall down to the southwest
(Lefort et al., 2012). Based on the inference from the fan shape of an
original down-to-the-northeast flow direction (e.g., Irwin et al., 2005;
McMenamin andMcGill, 2005; Williams and Edgett, 2005), the current
down-to-the-southwest slope indicates slope reversal, and provides a
promising location for additional network analyses to investigate the
tectonic deformation mechanisms discussed above.

Crater retention ages for the lower andmiddlemembers of thewest-
ern MFF indicate emplacement during the Hesperian (Zimbelman and
Scheidt, 2012), consistent with evidence from embayment and cross-
cutting relationships (Kerber and Head, 2010). These lower and middle
members either include or post-date many of the Aeolis Dorsa fluvial
features (Jacobsen and Burr, 2013). Mapping (Zimbelman and Scheidt,
2012) places the two networks discussed here in a unit with a crater-
retention age at the Hesperian–Amazonian boundary, indicating
emplacement during or before the late Hesperian (Zimbelman and
Scheidt, 2012). The Aeolis Mensae, immediately west of and possibly
coeval with the lower strata of the Aeolis Dorsa, has been dated to the
late Noachian/Early Hesperian (Irwin et al., 2004). On this basis, the
eastern network discussed in this work has been posited to correlate
to the Noachian–Hesperian transition (Kite et al., 2013).



Fig. 2. Stratigraphy of the eastern network. CTX image with CTX DTM overlay. Dark areas: lower elevations, light areas: higher elevations. A: plateau with N–S yardangs. B: smoother sur-
face at intermediate elevation. C: lower knobby surface. Inset: yardang overlaying inverted channel. Largewhite circle: possible avulsion node. Small black circles: possible scattered avul-
sions. The small black and white arrows mark the beginning and end of the profile.
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3. Methods and data

3.1. Mapping of fan units and derivation of fluvial feature slopes

3.1.1. Data processing for plan view mapping
We identified the best-preserved and coeval individual fluvial

deposits in these networks through mapping. For our mapping, we
used the infrared (IR) day mosaic from the Thermal Mapper Imager
Spectrometer (THEMIS) (Christensen et al., 2001) with a resolution
of 592.75 pixels per degree (ppd) Christensen et al., 2004) as a
basemap, overlain by images from the Context Camera (CTX,
[Malin et al., 2007], 6 m/pixel, ~95% area coverage) and from the
High Resolution Imaging Science Experiment (HiRISE, [McEwen
et al., 2007], 25 cm/pixel, ~10% area coverage). The CTX and HiRISE
images were acquired from the Planetary Data System (PDS,
http://pds.nasa.gov/) and radiometrically corrected and projected
using the Integrated Software for Imagers and Spectrometers (ISIS;
[Gaddis et al., 1997; Torson and Becker, 1997; Anderson et al.,
2004]). All images were then imported into ArcGIS for mapping in
equirectangular projection.
3.1.2. Topographic data processing
To derive the current slopes of these linear fluvial deposits, we

used two digital terrain models (DTMs) produced from stereo pair
images, and individual data points from the Mars Orbiter Laser
Altimeter (MOLA; Smith et al., 2001); we also used the MOLA
gridded data during dataset co-registration. One DTM was produced
by a team member of the High Resolution Stereo Camera (HRSC,
Neukum et al., 2004) using HRSC stereo images (100 m/pixel) with
~30 m vertical accuracy (Gwinner et al., 2010). We produced a sec-
ond DTM using CTX images in the Ames Stereo Pipeline (A.S.P.,
Moratto et al., 2010), giving 6 m/pixel resolution and 10–20 m verti-
cal accuracy. The lower precision of the Mars datum (size of the ref-
erence spheroid) used in ASP compared to the precision used by
MOLA results in an ~500 m offset between the MOLA data and the
CTX DTM. As explained in Lefort et al. (2012), this offset was
corrected by creating a difference map between the MOLA and CTX
DTMs, deriving a histogram of this difference, and adding themedian
value of the histogram to the CTX DTM values. The result is general
alignment between the CTX and the MOLA DTM. The HRSC DTM
covers all of the western network and most of the eastern network.

http://pds.nasa.gov/
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The higher-resolution CTX DTM coversmost of the eastern network.We
have, therefore, better topographic data on the eastern network, which
is also better preserved and so can provide better topographic profiles.

All topographic data were imported into ArcGIS and overlaid on the
images in order of increasing resolution (Lefort et al., 2012).We first co-
registered the THEMIS day IR 512 ppd mosaic to the MOLA DTM. Then
the HRSC images and DTMs, which are already aligned to the MOLA
DTM, were overlaid onto the THEMIS day IR 512 ppd mosaic. The CTX
images were then overlaid on the HRSC images, and finally the HiRISE
images were overlaid to the CTX images. Any misalignments between
CTX, HiRISE data and the THEMIS basemap were manually corrected
in ArcGIS using the georeferencing tool. Because of their high resolution,
the CTX andHRSC DTMswere the preferred datasets for the eastern and
western networks, respectively, for deriving paleochannel topographic
profiles. Paleochannel profiles were acquired from these data in ArcGIS.
Additional independent topographic information was provided by indi-
vidual data points from the Mars Orbiter Laser Altimeter (MOLA, ~150-
m-footprint and ~300-m-along-track spacing) (Neumann et al., 2001;
Smith et al., 2001). Data points centrally located on top of the
paleochannels were manually selected and then plotted in ArcGIS on
top of the CTX and HRSC profiles.

3.1.3. Error minimization
Errors in our results may arise from data co-registration errors. The

technique (Section 3.1.2) that we employed to co-register the different
datasets, however, minimizes mis-registration errors between the vari-
ous DTMs, the individual MOLA data points and the HRSC, CTX and
HiRISE images.

For the profiles derived from individual MOLA data points, the large
footprints of the MOLA data points are another possible source of error.
The MOLA footprint may overlap the top and sides of narrow
paleochannels, as well as the surrounding terrain, thus causing inaccu-
rate topographic elevation estimates for the top surface of the
paleochannels. To minimize errors, we manually selected MOLA data
points that are located as centrally as possible on top of the
paleochannels as seen in the CTX andHiRISE images (Lefort et al., 2012).

3.1.4. Geomorphic mapping techniques and slope derivation
To select the best-preserved and coeval examples of inverted fluvial

features for assessment of slope change, we first delineated all the fluvi-
al features, using the CTX images in transparency with the topography
visible through the images for additional guidance. Consistent with ter-
restrial analogs (e.g., Williams et al., 2007), the flat tops of several of the
paleochannels are interpreted as a capping layer of indurated fluvial
sediments, overlying non-indurated material. Various degrees of ero-
sion of this capping layer by fracturing and fragmentation may be ob-
served in CTX and HiRISE images (see Fig. 2 in Lefort et al., 2012).
Where the capping layer has been entirely removed, the underlying
less consolidated material is exposed. Whereas channels with a pre-
served capping layer have a flat surface, channels without a capping
layer are much thinner (narrower) in plan-view, because of the pro-
gressive erosion of the exposed unconsolidated material (e.g., Burr
et al., 2009, Fig. 10). The presence and degree of preservation of a cap-
ping layer were two of the main criteria used to discriminate between
different generations of paleochannels. Other criteria include the height
and width of the paleochannels, elevation with respect to other
paleochannels (based on topographic information from CTX and HRSC
DTMs), cross-cutting and superposition relationships, and sinuosity.

We also identified the different geomorphic units that contain or are
adjacent to the paleochannels and derived their stratigraphic relation-
ship. Geomorphic units were identified first by considering the plan-
view surface textures, e.g., smooth, knobby, presence of elongated hills
interpreted as yardangs (streamlined remnants of erosional abrasion).
For yardang surface textures, the orientation, size, and aspect ratio of
the yardangs were also distinguishing characteristics. The relative strat-
igraphic relationships among the different geomorphic units were
determined by assessing their relative elevations with the MOLA, CTX
and HRSC DTMs (e.g., Fig. 2).

These methods allowed us to distinguish different strata and differ-
ent generations of paleochannels (Fig. 1) and to classify themby relative
age (most recent, intermediate, oldest, Fig. 3). Using the techniques de-
scribed above, we then derived longitudinal profiles (Fig. 4) using CTX,
HRSC andMOLAdata on themost pristine of the recent examples (three
in the eastern network, four in thewestern network) to obtain themost
reliable results. The slopes in Table 2 were calculated using distance-
along-channel. They were derived by fitting a straight line with linear
regression to the data points over the paleochannels. The slopes were
fitted to the three datasets separately and averaged together.

3.2. Modeling of proposed tectonic deformation mechanisms

Flow of lower crustal material from the highlands to the lowlands
and flexure caused by the erosion of highlands material and its
redeposition in the lowlands have been proposed as mechanisms by
which the dichotomy boundary has been deformed (Watters, 2003a;
Nimmo, 2005). In this location, the MFF must have imposed a load
north of the boundary. Thus, for the two possible tectonic deformation
mechanisms, we consider and model three possible scenarios: 1) a
lower-crustal flow model, 2) an erosion/deposition model in which
the same amount of surficial material is removed from the highlands
and deposited in the lowlands, and 3) the same erosion/deposition
model with the addition of MFF deposition. For each model, we follow
Nimmo (2005) in considering elastic thicknesses of T = 15 km, T =
30 km and T=60 km. Thesemodels calculate the lithospheric deforma-
tion and the change in slope across the dichotomy boundary referenced
to the center of the boundary, for which we use the inflection point of
the long-wavelength topography (see Section 3.3 below). The models
were previously developed and described by Nimmo and Stevenson
(2001) and Nimmo (2005).

3.2.1. Lower crustal flow
In our scenario for lower crustal flow, crustal material would flow

from beneath the thicker southern highland to beneath the thinner
northern lowlands (e.g., Nimmo, 2005). Lower crustal flow leads to a re-
duction in elevation of the thick crust and increase in elevation of the
thin crust (e.g., Bird, 1991; Nimmo and Stevenson, 2001; Nimmo,
2005). Thus, in our scenario, the southern highlands should undergo
subsidence, and the northern lowlands experience uplift, leading to rel-
ative tilting of regional slopes down to the south.

The change in slope caused by lower crustal flow is derived directly
from the output of the numerical simulations presented in Nimmo
(2005). Lower crustal flow of a non-Newtonianmaterial is modeled fol-
lowing the approach described inNimmoand Stevenson (2001), using a
finite-difference representation, and the parameters given in Nimmo
(2005) (Table 1). At the end of the model run (duration 100 My), the
calculated change in crustal thickness is converted into an effective
load L(x) acting on the base of an elastic plate, where x is the horizontal
coordinate. The resulting surface deflection w(x) is calculated using
equation (1) of Nimmo (2005) for a particular assumed elastic thickness
T. The change in slope Δs is then calculated using

Δs ¼ dw
dx

:

Because relaxation is initially rapid and then slows down, most of
the evolution happens within the first 30 Myr. Therefore, different
model times (e.g., 30, 100 and 300 My in Fig. 5) produce only minimal
differences in the amount of slope change.

3.2.2. Erosion and deposition of surficial materials
Significant erosion in the highlands during the Noachian is sug-

gested by observations of crater degradation, whereas deposition of



Fig. 4. Examples of topographic profiles along paleochannels, showing agreement regarding overall slope direction amongmultiple datasets. (a) and (c): Longitudinal profile (A–B) along
the paleochannel in thewestern network. (b) and (d): Longitudinal profile (C–D) along paleochannel in the eastern network. Red dots= elevation data from theHRSCDTM, green dots=
elevation data from the CTX DTM, blue dots = MOLA data points. The location of the other profiles is shown as black lines in (a) and (b).

Fig. 3. Lithostratigraphic units, paleochannel morphologies and superposition relationships in paleochannel network (close-up on black rectangles a, b, c and d in Fig. 1). White arrow:
paleochannel superposition relationship. Black arrows: locations where partially exhumed paleochannels connect with plateaus. We postulate that these paleochannels continue
under the surface of these plateaus. Inferred paleochannel chronology within these individual networks: 3 — most recent paleochannels, 2 — paleochannels of intermediate age, and
1 — oldest observed paleochannels. In c, the intermediate-age paleochannels are not seen within the area shown in this sub-figure. The inferred relative ages pertain to each individual
network; correspondence of ages between the eastern and western networks is not necessarily implied.
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Table 1
Values of parameters used in the models (Nimmo and Stevenson, 2001;
Nimmo, 2005).

Parameter Value

Surface gravity 3.72 m s−2

Density contrast 500 kg m−3

Surface temperature 220 K
Crustal enrichment factor 4
Mantle enrichment factor 0.9
Thermal conductivity 3.2 W m−1 K−1

Mean crustal thickness 70 km
Crustal rheology Dry diabase
Crust density 2900 kg m−3

Mantle density 3400 kg m−3

Young's modulus 100 GPa
Time step 1010 s
Grid spacing 10 km

Fig. 6. Material removed and deposited in the erosion models, in a 1000 km profile.
1: Wedge of material eroded from the highlands. 2: Equivalent wedge of material depos-
ited in the lowlands. 3: Wedge representing MFF deposition in the lowlands.
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that material in the lowlands is suggested by highland remnants found
within sedimentary deposits (e.g., Craddock andMaxwell, 1993; Hynek
and Phillips, 2001; Tanaka et al., 2005). The amount of material eroded
from the highlands and deposited in the lowlands, however, is contro-
versial. Irwin et al. (2011) suggest that relatively little of the highlands
had a clear transport pathway to the lowlands. Other studies
(e.g., Head et al., 2002; Tanaka et al., 2003) suggest that the northern
lowland plains are mostly Hesperian volcanic fill with only thinner
sedimentary veneers in places. Although redeposition of highlands
material may not have been as extensive as previously thought, it
remains the most probable origin for the northern lowlands deposits.
Thus, erosion of southern highlands and its deposition in the northern
serves as our baseline scenario for flexure.

To simulate erosion and deposition in this location, we modeled the
removal of awedge of sediment 200 km long and 1 kmmaximumdepth
at the dichotomy boundary from the highlands and added a same-sized
wedge ofmaterialwith a reversed orientation to the lowlands (Fig. 6). A
surface load L(x) is calculated based on the assumed load topography
and a density of 2900 kg m−3. Although the rate of response to this
load depends on the viscosity structure of the crust, we are most inter-
ested in the final deflection, so we calculate the long-term (elastic)
deflection and slope change along the profile in exactly the same man-
ner as for the lower crustal case described above.
3.2.3. Erosion and deposition of surficial materials, plus deposition of the
MFF

Although the amount of redeposited highlands material is some-
what uncertain, the MFF is clearly a substantial deposit. In this location,
the MFF, by virtue of its presence and extent, evidently loaded the
surface north of the dichotomy boundary. Thus, we considered another
erosion model in which the material deposited is equivalent in amount
to the combined load of the eroded highlands material and the MFF
deposits. Based on an estimated current maximum thickness of the
western MFF of 1.2 km and a maximum N–S extent of 600 km, we
added to the modeled amount of material deposited in the lowlands a
Fig. 5. Change in slope for the baseline lower crustal flow case. The results after three dif-
ferent times are plotted; most of the crustal flow happens within 30 Myr.
wedge of material 1.2 km thick at the dichotomy boundary and
stretching 600 km to the northeast, where it pinches out (Fig. 6).

3.3. Identification of the midpoint of the dichotomy boundary

Accurate comparison of the observations with the modeling results
requires knowing the distance of networks from the dichotomy bound-
ary. To determine the position of themidpoint of the dichotomy bound-
ary scarp at this location, we generated 15 MOLA profiles across the
dichotomy boundary perpendicular to the scarp, with a spacing of
~20 km, south of the western Medusae Fossae (for location, see
Fig. 1A inNimmo, 2005).We thenfit a polynomial function to these pro-
files and calculated the location of its inflection point, which was taken
as the midpoint of the dichotomy boundary scarp for this work.

Transfer of material from the highlands to the lowlands likely led
to the retreat of the boundary scarp, as suggested by the presence of
outliers of the highlands north of the present scarp, for example, flat-
topped mesas in Aeolis Mensae (Irwin et al., 2005). Because of the
uncertainties in timing and rate of scarp retreat, we chose to neglect
this process in our model. We infer that erosion happened on the
southern side of the original dichotomy boundary and deposition
on the northern side. As long as the total amount of scarp retreat is
smaller than the widths of the erosion/deposition zones being
modeled, this simplification is unlikely to significantly affect our
modeling results.

4. Results

4.1. Mapping of fan units and topographic profiles

4.1.1. Eastern network
The better exposed of the two networks, the eastern network, which

has been previously analyzed in Lefort et al. (2012), consists of
branching paleochannels displaying various morphologies and super-
position relationships. Surface morphology, texture, superposition and
elevation differences suggest the presence of three different fluvial
strata (Fig. 3).

We label the different types of paleochannels in this network from
the oldest (type 1) to the most recent (type 3) on the basis of the in-
ferred stratigraphy. We use the morphological categories of Burr et al.
(2009) in which “thin” paleochannels refer to inverted channels less
than a few tens of meters in width, with a constant width and sharp
crests, and “flat” paleochannels refer to inverted channels with flat
and wide upper surfaces, sharp lateral edges and steeply dipping
sides. We discuss them in reverse order, from stratigraphically highest
to stratigraphically lowest, based on their discernibility and exposure.

Paleochannels in the northeastern part of the network belong to the
category “thin”, with widths of a few tens of meters, relief of about 10–
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15 m, and a low sinuosity (average sinuosity = 1.09). Their nearly
continuous planar upper surfaces, interpreted as capping layers, indi-
cate that these paleochannels are consistently well-preserved. These
paleochannels are located on top of the fan-shaped plateau, whose
surface is characterized by N–S elongated yardangs (surface A in
Fig. 2). Stratigraphic positions relative to the plateau surface and dis-
cernable superposition relationships show that this type of
paleochannel (Fig. 3a, b, c) is located at the highest stratigraphic level
relative to the other types of paleochannels and is, therefore, labeled
type 3. In someplaces, these paleochannels are superposed by yardangs,
suggesting that they were overlain by another MFF stratum that has
been mostly eroded (inset in Fig. 2) (Jacobsen and Burr, 2013). Some
of these paleochannels are only partially exhumed (e.g., Fig. 3a, and c).
These channels have a similar morphology (narrow width, low sinuos-
ity, smooth surface) as the fully exhumed type 3 paleochannels, but
their surfaces are raised only slightly above the surface of the
plateau and large sections are still overlaid by yardangs. These
examples of poor exposure suggest that additional type 3 unexhumed
paleochannels may be contained within the volume of this plateau.
Some of the type 3 paleochannels are characterized by multiple, low
sinuosity, interconnected channel belts, and show little evidence of lat-
eral migration, which has been preserved in some Aeolis Dorsa deposits
(Howard, 2009; Burr et al., 2010).

The western and north-western part of the network displays thin
paleochannels about 10–15 m in relief, with a similarly low sinuosity
(average sinuosity= 1.1). The surfaces of these paleochannels, with-
out the N – S striations (Fig. 3a and b), are smoother than those of the
plateau. They also, however, appear qualitatively less continuous
than the type 3 paleochannels, indicating a more eroded state. Su-
perposition relationships show that these paleochannels are located
at a lower stratigraphic level than the type 3 paleochannels. Thus,
these paleochannels are inferred to be older than the type 3
paleochannels, and, based on direct superposition, are denoted
type 2 paleochannels. Like the type 3 paleochannels, they are also
“thin” paleochannels (Burr et al., 2009).

The southern part of the network displays paleochannels (Fig. 3c)
that are wider (a few tens of meters) and more sinuous (average sinu-
osity = 1.3) than type 3 or type 2 paleochannels. These paleochannels
sometimes consist only of lines of knobs and elongated buttes with
flat or rounded tops, attesting to a much greater degree of erosion
than is shown by type 3 or type 2 paleochannels. These buttes have a
similar orientation as the yardangs located on top of the fan-shaped
plateau and, where preserved, their flat surfaces display N – S striations
similar to those yardangs. Based on their greater width, these examples
are classified as ‘flat’ (Burr et al., 2009). They are at a lower elevation
than the type 3 paleochannels, located on top of a knobby surface (sug-
gested on the basis of texture and elevation to be continuous with sur-
face C in Fig. 2). Some of them connect to the edge of the fan-shaped
plateau on which the type 3 paleochannels are located, and, where
they connect with the plateau, their surfaces are at a similar elevation
as terrain B (Fig. 2). We postulate that they continue within the volume
of material beneath the plateau surface, so that they are stra-
tigraphically lower and, therefore, older than the type 3 paleochannels.
In addition, they are at a lower elevation than the type 2 paleochannels,
and, although we do not observed direct superposition relationship be-
tween these two paleochannel types, we infer them to be most likely
older than the type 2 paleochannels, and denote them as type 1
paleochannels.

Thus, we distinguish three distinct episodes of paleochannel forma-
tion in the eastern fan-shaped network. If the eastern network was
distributary, as previously interpreted (e.g., Irwin et al., 2005;
McMenamin and McGill, 2005; Williams and Edgett, 2005) these
three types of paleochannels, located in three areas and strata of the
fan, point to three separate periods of flow and lobe switching. Channel
sinuosity decreases with time. The fact that the stratigraphically lower,
wider, type 1 paleochannels are more sinuous than the type 2 and 3
paleochannels suggests either amore shallow slope or a longer duration
of flow and more mature network than the stratigraphically higher,
straighter type 2 and 3 paleochannels.

4.1.2. Western network
Less well exposed than the eastern network, the western network

consists of two discernable types of paleochannels at two stratigraphic
levels (Figs. 1 and 3d) associated with a second fan-shaped flat plateau.

At the higher stratigraphic level, thin, low-relief paleochannels (a
few meters in relief) are observed on the northern part of the plateau
(Fig. 3d), as well as on an adjacent plateau to the southeast (Fig. 1).
These thin paleochannels have a relatively low sinuosity (average sinu-
osity = 1.15). Because they are located on the plateau, we infer that
these paleochannels must be more recent than the stratigraphically
lower paleochannels, and denote them as type 2.

At the lower stratigraphic level, flat paleochannels with a greater
average sinuosity (average sinuosity = 1.5) connect to the fan-shaped
plateau around its edges. As in the southern area of the eastern network,
some of these paleochannels, particularly south of the plateau (Fig. 1),
have been eroded into individual elongated knobs. Paleochannels to
the north of the plateau have reliefs of 100 to 250 m; those to the
south of the plateau have reliefs of 50 to 100m. Their average sinuosity
ismoderate (average sinuosity=1.4, close to the sinuosity of the type 1
paleochannels of the eastern network). Owing to their stratigraphic lo-
cation, these type 1 paleochannels must be older than the type 2
paleochannels and must correspond to a different period of flow. For
this largely unexhumed system, it is however difficult to infer if addi-
tional distinct periods of flow occurred. Likewise, it is also difficult to
state whether specific types of paleochannels in the two different net-
works correspond stratigraphically or temporally.

4.1.3. Inferred paleoflow directions

4.1.3.1. Eastern network. A variety of characteristics observed on the
eastern network are indicative of distributary flow in a depositional
environment, with paleoflowdirections to the northeast. The distinctive
morphologies of the three types of paleochannels indicate at least three
episodes of formation.We interpret the three main lobate network sec-
tions as sedimentary lobes. The different morphologies and levels of
preservation suggest lobe switching by avulsion, such as occurs on
channelized fans or deltas (e.g., Stouthamer et al., 2005).

The different degrees of exhumation of the type 3 paleochannels, the
visible overlapping relationships of some type 3 and type 2
paleochannels, and the connection of the type 1 paleochannels to the
edge of the plateau suggest that channel stacking occurs within the vol-
umeof the plateau. Channel stacking is indicative of aggradation, caused
by a surplus of sediments and/or changes in level of base level
(e.g., Klingera et al., 2003; Salcher et al., 2010). Aggradation is one of
the causes of avulsion, the abandonment of oneflowpath and formation
of a new flow path, which is a characteristic of channels on deltas and
fans. It occurs notably in the presence of local high rates of sedimenta-
tion near the fixed entry point or apex, which may become an avulsion
node, i.e., the location of frequently repeated switching between chan-
nels (Makaske, 2001). The bifurcation of the trunk channel in the south-
western part of the eastern network suggests the presence of an
avulsion node (Fig. 2). The convex profile of the network, which is un-
likely to be primarily the product of erosion because the paleochannels'
capping layer is preserved over both higher and lower sections of the
network, is also highly favorable to random avulsions. Over time, as
the delta or fan develops, avulsion nodes may become scattered over
the fan-shaped deposit (Makasaka, 2001), and numerous such potential
avulsion sites can be observed on the eastern network (Fig. 2).

The arcuate distalmargin of the plateau is outlined by a frontal scarp,
a morphology observed in Gilbert-type deltas on Earth (e.g., Gilbert,
1885) andMars (e.g., Hauber et al., 2013) that reflects base-level control
in a depositional system. We infer that the scarp, like the plateau, was
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exposed by erosion of an overburden, the remnants of which are visible
in the fewyardangs superposed on the type 3 paleochannels. Thebroad-
ly arcuate planform of the scarp extending over 90°, however, is incon-
sistent with a primarily erosional origin, e.g., of the headwaters of a
dendritic (tributary) system. The slightly serrated planform morpholo-
gy of the scarp appears to be caused by erosion of locally less indurated
(interchannel) sediments. This interpretation is consistent with inter-
pretation of other similar features on Mars as Gilbert deltas (Gilbert,
1885; Postma, 1990).

Whereas the longitudinal profiles of the channels slope mostly
toward the SW, we observe a change in slope direction at a distance of
~35 km along the profiles (Fig. 4). From this point northward, the chan-
nels are inclined toward the northeast with a slope of ~0.6°. The slope
direction of the channels at the distal part of the network is similar to
the slope direction of foreset beds in a delta. Foreset beds consist of sed-
iments deposited on a sloping surface along the delta front, and dip in
the direction of flow (e.g., Gilbert, 1890; Rafferty, 2011). The dip angle
of foreset beds varies from less than 1° in large marine deltas to more
than 20° in deltaswith coarse bedload (Rafferty, 2011). Because the sur-
face of the channels is well-preserved along the entire profiles, it is
unlikely that differential surface erosion caused the northward sloping.
Potential collapse or compaction effects are also possible, but would
likely be evidence by features such as depressions or ‘windows’ into
the subsurface. Because such features are not observed, we infer that
collapse was not a significant contributor to the change in slope
direction.

Thus, although some of the characteristics of the eastern network,
such as avulsions, might be found in a tributary system, we find the
evidence of aggradation, terminal scarp and putative foreset beds to
bemost consistentwith a distributary origin. This conclusion is in agree-
ment with previous interpretations, based on morphology and context,
of paleoflow to the northeast (Irwin et al., 2005; McMenamin and
McGill, 2005; Williams and Edgett, 2005). A paleoflow direction to the
northeast requires that the original slope was down to the northeast.
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4.1.3.2. Western network. Because of the poor degree of exhumation of
thewestern network, less evidence exists to infer its original flow direc-
tion than for the eastern network. Whereas at least two episodes of
channelized fluvial activity are inferred for this network (see
Section 4.1.2, above), the plateau displays multiple discrete segments
that we interpret as different depositional lobes (Fig. 1). These multiple
lobes suggest flowwith lobe-switching during sedimentation in a fan or
delta. For these reasons, we consider this network, like the eastern
network, is also more likely to be distributary than tributary (although
a tributary network with multiple discrete watersheds could be an al-
ternative possibility). For a distributary network, the original slope
would have been down to the northeast.

On the basis of the fan-shaped plan form of these two networks, the
presence ofmultiple inferred avulsion nodes among channels and chan-
nel stacking and overlapping relationships in the eastern network, we
infer fluvial deposition in a distributary network, with original flow
directions and slopes down to the northeast.
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4.1.4. Results of paleochannel slope analysis

4.1.4.1. Eastern network. For the better-exposed eastern network, com-
bined analysis of the HRSC DTM, CTX DTM and MOLA data points over
three paleochannels (Fig. 4) shows that the current slope is down to
the southwest. The paleochannels for which slopes were derived were
limited to the best examples of the most recent channels (type 3 as de-
scribed in Section 4.1.1). Measurements from the three independent
datasets agreewell, and give an average slope over these three channels
of 0.14° (number of channels N= 3, Table 2), with a standard deviation
equal to 0.04.
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4.1.4.2. Western network. The current slopes of the paleochannels of the
western network are also down to the southwest (Fig. 4). Because the
western network is not fully exhumed from beneath the fan-shaped
plateau, we cannot measure the entire paleochannel slopes. However,
the morphology (sinuosity, width and texture) and slope of the
paleochannels in the northern part of the plateau is similar to the mor-
phology and slope of the paleochannels on the southern side of the
plateau, suggesting that these segments form a single continuous
paleochannel. The approximate pathway of an unexhumed section of
paleochannels under the surface of the plateau was drawn in plan
view (Fig. 4a) based on continuity with the northern paleochannels
and using a smooth arc to connect it to the southwestern paleochannels.
The profile for these paleochannels was derived fromMOLA data points
and HRSC DTM data over the paleochannels to the north and south of
the plateau and using the approximate pathway of the unexhumed
section to give a minimum linear distance between the paleochannels.
We calculate for these channels an average slope of 0.25° (number of
channels N = 4, Table 2), with a standard deviation equal to 0.1. Be-
cause the approximate distance between the northern and southern
paleochannels on either side of the fan shape is drawn as theminimum
reasonable distance, the slope is likely a maximum value. The slope for
only the exposed paleochannels to the southwest of the fan-shaped pla-
teau, however, is similar to the value for this full length. The result of the
slopemeasurements shows that the elevation is higher over the plateau
than either to the north or the southwest of the plateau.
4.2. Estimate of the change in slope

Determining the change in slope for these networks requires know-
ing their original slopes. Given their inferred formation as deltas or allu-
vial fans, we use the range of slopes for these landforms on Earth as the
original slopes for these networks. On Earth, the average slope varies
with the mode of deposition, fans dominated by debris flows being
steeper than those dominated by normal fluvial deposition (e.g., Wells
and Harvey, 1987; Blair and McPherson, 1994a, b; Parker et al., 1998;
Harvey et al., 2005; Moore and Howard, 2005). In these two Martian
networks, the morphological evidence points to fluvial deposition. We,
therefore, consider the original slopes of these networks as being similar
to those of either fluvial fans dominated by channelized flow or deltas.

To derive minimum and maximum slope changes for each network,
we added the average measured slope from the horizontal to the mini-
mum and maximum slope estimates for terrestrial deltas and alluvial
fans dominated by channelized flow (= inferred original slope, Fig. 7).
Fig. 7. Calculation of the change in slope. Min/max change in slope (c) =measured slope
from the horizontal (a) + min/max slope estimates for terrestrial deltas and fluvial
fans (b).
The average measured down-to-the-south slopes for the eastern and
western networks are 0.14° and 0.25°, respectively. Terrestrial fluvial
fans and deltas generally have slopes within the 0.01 – 2.5° range
(Coleman and Wright;, 1975; Blair and McPherson, 1994a; Harvey,
1997; McCarthy et al., 1997; Moore and Howard, 2005; Hashimoto
et al., 2008). With these gradients, the change in slope ranges between
0.15° and 2.64° to the south for the eastern network, and between 0.26°
and 2.75° for the western network (Table 2).

Because Mars has a lower gravity than Earth, the transported sedi-
ments would have a lower settling velocity on Mars and, thus, may be
carried further in Martian channels than they are in comparable terres-
trial channels (Komar, 1980; Burr et al., 2006), possibly resulting in a
decrease in gradient up to 40% for equivalent water and sediment
supply, depending on bedload, threshold and suspended load condi-
tions (Craddock and Howard, 2002). Therefore, the slopes of delta and
alluvial fans in Aeolis Dorsamay be less steep than the slope of terrestri-
al alluvial fans and deltas. In that case, our estimated slope changes are
likely to be maximum values.
4.3. Comparison of modeling results with slopes measurements

4.3.1. Lower crustal flow model
With the lower crustal flow model (Fig. 8), we obtain a central

region ~200 km wide (i.e. ~100 km on each side of the inflection
point of the dichotomy boundary scarp) in which the slopes are tilted
southwards, whereasmore distally, tilting is to the north. At the location
of the networks, slopes modified by lower crustal flow would be modi-
fiedby tilting to the north. This direction of slope change does notmatch
our data, which show a down-to-the-south tilt for both networks
(Fig. 8).
4.3.2. Erosion/deposition models
The erosion/deposition models show the ~200 km wide central re-

gion to be characterized by northerly tilt (Fig. 8) whereas farther
away, including the network locations, the tilt is down to the south, con-
sistent with the inferred slope changes. The erosion/deposition model
with MFF deposition and with an elastic thickness of T = 30 km
(Table 2), consistent with Watters (2003a), shows the best fit with the
measurements (~0.12° tilt at the location of the networks, Fig. 8 and
Table 2). The result obtained with an elastic thickness of T = 15 km,
however, is very close to the result obtained for T = 30 km (~0.11° tilt
with MFF deposition). With an elastic thickness of T = 60 km, the tilt
is ~0.03° (without MFF deposition) and 0.06° (with MFF deposition)
at the location of the networks.

The modeled slope change is for the original surface, not of the sur-
face incorporating the deposited MFF material. Based on stratigraphic
studies and age estimates (Burr et al., 2009; Kerber and Head, 2010;
Zimbelman and Scheidt, 2012; Jacobsen and Burr, 2013), the two net-
works are located near the base of the MFF, so that the change in
slope at this location should be comparable with the change in slope
of the original surface.

If redeposition of highlands materials in the northern lowlands was
not extensive, as discussed in the Methods and data section, then the
loading by the MFF would play a more significant role than the loading
by the eroded highlandsmaterial. In either case, the slope changewould
be down-to-the-south and, therefore, consistent with the direction of
ourmeasured change in slope. The estimated amount ofmaterial, corre-
sponding to MFF deposition, is greater than the estimated amount of
material deposited from the highlands alone (Fig. 6). Because the
modeled change in slope resulting frombothMFF andhighlandmaterial
deposition is similar at the location of the networks to the modeled
change in slope resulting from highland material deposition alone
(Fig. 8), a model that would considerMFF deposition as the only surface
load on the lowlands is likely to yield very similar results.
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4.4. Response timescale of the deformation

In the erosion/deposition model, the response is assumed to be
elastic (i.e. instantaneous). Therefore, the rate of slope change is deter-
mined by the rate of erosion and deposition. In the lower crustal flow
model, the response timescale depends on the rate at which crustal
material can flow, which depends on temperature structure, crustal
thickness, etc. For our baseline lower crustal flow model, Fig. 5 shows
how the slope change varies with time. Most of the slope change
happens early (during the first 30 Myr), because lower crustal flow is
initially fast and then slows down, as the stresses driving flow are
reduced.
5. Discussion

5.1. Inferred vs modeled slope change, and potential causes for
discrepancies

The erosion models for all elastic thicknesses match the direction of
inferred down-to-the south slope change for the paleochannels in both
networks (Fig. 8). In addition, the erosionmodelswith an elastic thickness
of 30 km (consistent with previous work; Watters, 2003a) are the best
match for the magnitude of inferred slope change of the paleochannels.

For the better exposed (eastern) network (Table 2), we were able
to derive elevations for fully exhumed paleochannels. Moreover,
because of their similar morphology and preserved capping layer
(Section 4.1.1), we are confident that the inverted channels over
which the slopesweremeasured formed during the same episode of de-
position. Therefore, because of the higher level of preservation of the
paleochannels in the eastern network, we consider the slope measure-
ments on the eastern network to be more reliable than those on the
western network. Although both networks match the direction of
slope change for the erosion/deposition model (for all elastic thick-
nesses), the modeled magnitude of the change was a better match
(0.03°minimumdifference betweenmodeled and inferred slope chang-
es) for the better exposed eastern network (Table 2). For the less ex-
posed western network, the modeled and inferred magnitudes of the
change differed by a minimum of 0.14°. Therefore, the network whose
slope measurements we are most confident about is the best match
and the western network may be a poorer fit simply because our data
over this network are less reliable. That is, because the original average
slope for the western paleochannels may be a maximum value (see
Sections 4.1.4.2 and 4.2), the difference between the data and the
model may also be a maximum.

In both cases, our modeled slope change is less than the measured
slope change at the location of the network. This underestimation by
the models may be even more significant if we consider the timescale
of the erosion/deposition and lower crustal flow process compared to
the timescale of formation of the networks. In the lower crustal flow
model, equilibrium is reached within ~30Myr (see Fig. 5) and probably
started during the Noachian, possibly before the formation of the net-
works. For the erosion/deposition model, the response is effectively
instantaneous and, therefore, depends on the rate and timescale of ero-
sion/deposition. Loading of the lowlands and MFF deposition may have
started before formation of the networks and definitely continued
Fig. 8. The plots show, for elastic thickness T = 15 km, T = 30 km and T = 60 km, the
change in slope (in degrees) according to the lower-crustal flow model (light gray), and
the erosion model, with (black) and without (medium gray) MFF deposition. North is to
the right and the center of the dichotomy boundary (i.e. inflection point of the scarp) is lo-
cated at 750 km (shown by the X marker). Positive slope values represent slopes to the
south,whereas negative values represent slopes to the north. The data points representing
the range of inferred change in slope (white for the eastern network, black for thewestern
network) are located at the average distance of the networks from the center of the di-
chotomy (~275 km) and are showed slightly apart for better readability. At the location
of the networks, for Te = 15 km, the change in slope is 0.01° for the erosion model with-
out MFF deposition, 0.11 for the erosion model with MFF deposition, and −0.03° for the
lower crustal flow model. For Te = 30 km, the change in slope is 0.12° for the erosion
model with MFF deposition, 0.05° for the erosion model without the MFF deposition
and −0.09° for the lower crustal flow model. For Te = 60 km, the change in slope is
0.03° for the erosion model without MFF deposition, 0.06° for the erosion model with
MFF deposition, and −0.05° for the lower crustal flow model.



132 A. Lefort et al. / Geomorphology 240 (2015) 121–136
afterwards, as evidenced by the burial of the networks beneath MFF. By
calculating the net rate of sedimentation in the Aeolis Dorsa region, Kite
et al. (2013) estimate at 1–20Myr theminimum timescale of fluvial ac-
tivity in this area. For the erosion/deposition model, the tilting was
probably already underway by the time the networks formed and be-
came inverted. For lower crustalflow, the tiltingwas likely already com-
pleted by the time the network formed. Therefore, the deformation
recorded by the networks may only be a fraction of the actual deforma-
tion. Because the slope change estimated by our models is already less
than the slope change recorded by the networks, ourmodelsmay highly
underestimate the slope change.

This discrepancymay be explained by the sensitivity of themodel to
input parameters, and particularly in the case of the erosion/deposition
model, to the amplitude and geometry of the erodedmaterial. Modifica-
tions in the estimated amount of eroded/deposited material, width of
Fig. 9. Sensitivity of results to varying input parameters. Here Te=30 kmand the baseline
assumes symmetrical triangular erosion/deposition. (a) Effect of changing amplitude
(thickness) of eroded/deposited region. (b) Effect of changing half-width. (c) Effect of
load geometry.
the eroded region and load geometry lead to variations in the amplitude
of slope change. A larger amount of eroded material results in larger
slope changes (Fig. 9a), as does an increase in the width of the eroded
region (Fig. 9b). Similarly, a rectangular region of erosion also results
in greater slope changes because the total amount of material removed
increases (Fig. 9c). In addition to issues relative to the amount and
geometry of the eroded material, neglecting the boundary scarp retreat
is another possible source of error in our results. In all cases, however,
the qualitative results are very similar, as the direction of slope change
remains the same. Future mapping (e.g., Zimbelman and Scheidt,
2012) and analysis could help to determine more precisely the amount
of eroded and deposited materials, as well as the amount and timing of
slope dichotomy boundary retreat at this location.

Some of the discrepancy between modeled slope change and in-
ferred slope change based on current measurements may also result
from the effect of the lower gravity on Mars. The original slopes of
these fan-shaped deposits were likely shallower under Martian gravity
(Komar, 1980; Craddock and Howard, 2002). Shallower original slopes
would give a better fit to the modeled slope change.

Errors arising during data acquisition and registrationmay also part-
ly explain some of the discrepancy (Fig. 8, Table 2) between modeled
and measured slope change, although we consider that the technique
used to co-register the different datasets significantly reduces the possi-
bility of co-registration errors. Other possible sources of errors in the
measurements are data artifacts, whichmay be caused by various issues
including spacecraft motion, camera noise or errors in the stereo corre-
lation process itself. In push-broom cameras like CTX and HiRISE (Malin
et al., 2007; McEwen et al., 2007), distortions and waviness may occur
along the scan direction. Because the paleochannels trend roughly
east–west, perpendicular to the flight path/image direction, push-
broom distortions are unlikely to be a major issue. HiRISE and CTX
DTMs can have other geometric distortions caused by a number of
instrument and spacecraft effects (e.g., Mattson et al., 2009; Shean
et al., 2011), as well as mismatches and offsets in the stereo correlation
process itself. The topographic profiles, however, are consistent across
all topographic datasets, which suggests that data artifacts do not signif-
icantly affect them. We therefore consider that data artifacts and regis-
tration errors are not a likely explanation for the discrepancy between
modeled and measured slope change.

The discrepancy betweenmodeled andmeasured slope change may
also result from collapse processes.

5.2. Possible alternative processes: collapse caused by mass wasting and
volatile sublimation

As described in Lefort et al. (2012), multiple potential causes exist
for the observed undulations in some of the inverted fluvial features
in Aeolis Dorsa. These causes, including removal of underlying material
by sublimation of volatiles or mass wasting, may also have contributed
to the change in slope. However, inspection of the spatial relationships
in this region suggests that any contribution by these other causes to
the inferred slope reversals was less important than tectonic deforma-
tion caused by erosion.

An approximately east–west-oriented trough, located south of the
two fan-shaped networks (Fig. 10), may be evidence for collapse. On
the southern side of the through, adjacent to the highlands, is a relative-
ly flat bench that is at a similar elevation as both networks. This bench
shows unexhumed paleochannels (Burr et al., 2010). This observation
suggests that this area may have been a continuous surface before de-
veloping into a trough. Tanaka et al. (2005) mapped a geologic unit
along and below the dichotomy boundary called theNepenthesMensae
unit, which consists of rectangular knobs and mesas of highland rocks,
spaced several kilometers apart and surrounded by plain material.
This unit is interpreted as “highland rocks fractured and collapsed
during Late Noachian and extending into Early Hesperian due to basal
sapping of volatiles and mass wasting” (Tanaka et al., 2005). Although



Fig. 10. Location of the trough south of the study area. Dotted line:−2100m topographic contour delineating the trough, circles: location of thewestern and eastern networks. North is to
the top.
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the map does not extend south of the equator, an extension of this unit
may occur, embayed and buried by the MFF, along the dichotomy
boundary in the study area. The ~ E–W-oriented trough south of the
two networks may be part of this equivalent unit and have formed
similarly by collapse caused by sapping andmasswasting. If the inferred
collapse of this region occurred after formation of the paleochannels,
then this collapse could have contributed to or caused the paleochannel
slope reversals. That is, if collapse occurred, then the total inferred slope
change (as plotted in Fig. 8) would be either a combination of collapse-
induced reversal and erosion/deposition-induced reversal or possibly
entirely caused by collapse. The possible effects of collapse could be an
explanation for why the inferred slope change is larger than the
modeled erosion/deposition slope change. If the trough area corre-
sponds indeed to the Nepenthes Mensae unit and collapse contributed
to the slope reversal, then this implies that the paleochannels formed
during or before the late Noachian–early Hesperian.

The geographic relationships, however, do not support a strong con-
tribution to the inferred slope reversals by a possible collapse of terrain
in the location of the trough. To the south of the eastern fan-shaped
networks, the trough contains knobs and mesas, as does the Nepenthes
Mensae unit, but these knobs and mesas contrast with those in the
Nepenthes Mensae by being very closely juxtaposed or packed directly
adjacent to each other and tending to be elongated in onedirection. This
difference in morphology could indicate that the putative collapse
process did not proceed as far within our study area as it did elsewhere
Fig. 11. Timeline of events in the study area from the forma
in the northern plains region mapped by Tanaka et al. (2005). Alterna-
tively, this difference in morphology might indicate that the trough
formed by some other mechanism (e.g. deep tectonic processes) or
that this area has been affected by different secondary processes (e.g.
different erosion processes) than those that occurred in the Nepenthes
Mensae. The trough lacks morphological evidence for wide-spread
landslides or rockfalls, which are commonly associated with collapse.
Neither does any morphological evidence exist for collapse south of
the western network: the terrain between the network and the dichot-
omy boundary is a scoured shelf of planar material eroded by the wind,
with one largemesa on this shelf showing evidence for landslides off its
sides. Whereas the gridded MOLA topography for the eastern network
shows a decrease in elevation southward to this trough, the gridded
topography for the western network shows a consistent increase in
elevation from the base of the network southward to the dichotomy
boundary. Thus, whereas a putative collapse could have had an effect
on the eastern network, its effect on the western network, if any,
would have been much less significant.

In summary, we do not see conclusive evidence for the possibility
that collapse was a significant factor in the inferred slope reversal,
particularly for the western network. We conclude that, although col-
lapse or loss of volatiles is a possible (contributing) mechanism for the
inferred slope reversals of our two study networks, it is likely not suffi-
cient for causing themagnitude of the reversed slopes. The possibility of
additional reversal caused by collapse could account for the difference
tion of the dichotomy boundary to the slope reversal.
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between the slope changes inferred from morphology and the slope
changes derived from models of tectonic processes alone.

5.3. Comparison with previous results

Our results are inconsistent with the conclusions of Nimmo (2005),
who found that the predicted locations of compression and extension
from the lower crustal flow model matched the locations of previously
mapped thrust faults (Watters, 2003a,b) and extensional faults
(McGill and Dimitriou, 1990; McGill et al., 2004), whereas the predic-
tions of the erosion model did not match those locations. Stresses caus-
ing such thrust faults, however, may result frommechanisms other than
lithospheric deformation, such as long-term thermal contraction (as on
the Moon and Mercury, Solomon and Chaiken, 1976; Kirk and
Stevenson, 1989; Watters et al., 2004; Nahm and Schultz, 2011;
Watters et al., 2012). It is also possible that lower crustal flow and ero-
sionwere both operating, but on different time scales. The paleochannel
networks used in this study may be as young as late Hesperian in age,
based on age-dating of the MFF in which they are located (Burr et al.,
2009; Kerber and Head, 2010; Zimbelman and Scheidt, 2012) and
thus may be younger than the mapped thrust and extension faults, in-
ferred to be late Noachian–early Hesperian (McGill and Dimitriou,
1990; Watters and Robinson, 1999; Watters, 2003b; McGill et al.,
2004; Tanaka, 2004). Because lower crustal flow is most rapid early
on, when the crust is hot and the thickness gradients are large
(Nimmo and Stevenson, 2001; Nimmo, 2005), this process may have
caused early formation of the thrust faults and may have later been
followed by a response of the crust to highlands erosion, and/or possibly
to the deposition of theMFF, causing the inferred slope reversals. Volca-
nic loading has caused crustal deformations in other areas of Mars, no-
tably on Tharsis, where graben systems are interpreted as the result of
tectonic deformation of the Tharsis rise associated with either upwell-
ing or loading (Sleep and Phillips, 1985; Tanaka and Davis, 1988;
Banerdt et al., 1992; Lowry and Zhong, 2003). Aeolis Dorsa, along with
the northern plains (Tanaka et al., 2001) and Utopia (e.g., Searls and
Philips, 2004), may be an example of tectonic deformation caused by
loading of sedimentary deposits.

6. Implications

The results of this study suggest that near Aeolis Dorsa and Terra
Cimmeria, loading of the northern plains, probably by a combination
of erosion/deposition andMFF deposition was a major contributing fac-
tor to the slope reversal. The location of these inverted channels within
the lower member of MFF, whose emplacement began no later than the
Hesperian (Kerber andHead, 2010; Zimbelman and Scheidt, 2012), sug-
gests that this topographicmodification of the dichotomy boundary and
adjacent terrains might have continued throughout at least part of the
early to mid-Hesperian.

The timing of the events that modified the dichotomy boundary
is largely uncertain. From this study, we propose a timeline for the
geologic events that occurred at this location (Fig. 11). First, the
dichotomy boundary was formed during the pre-Noachian or early
Noachian (e.g., Watters, 2003a; Frey, 2004; Watters et al., 2007;
Andrews-Hanna et al., 2008). Then lower crustal flow led to thrust
and extensional faults (Nimmo, 2005). This deformation likely occurred
shortly after the dichotomy formed, when pressure and thermal gradi-
ents were highest. Any such flow must have been largely complete
prior to emplacement of the channels, because the effect of flow on
slope change is opposite to that observed (see Fig. 8). Fluvial erosion
of material from the adjacent highlands and redeposition in the low-
lands likely started during the late Noachian and progressively de-
creased throughout the Hesperian (Craddock and Maxwell, 1993;
Hynek and Phillips, 2001), although see Irwin et al. (2011) for an alter-
native view on the magnitude of this process. During or prior to the
mid-Hesperian, the MFF deposition began in the lowlands (Burr et al.,
2009; Kerber and Head, 2010; Zimbelman and Scheidt, 2012), progres-
sively adding to any load of material eroded from the highlands. Mag-
matic surface deposition and intrusion during that period may also
have contributed to the loading of the northern plains (Head et al.,
2002; Tanaka et al., 2005; Irwin andWatters, 2010), although itsmagni-
tude and timing at this location are uncertain. Fluvial networks formed
prior to or during the earliest period of MFF deposition, as indicated by
their stratigraphic position at the base of theMFF. Timing constrains for
the onset on these fluvial episodes are currently lacking, although Kite
et al. (2013) posit a late Noachian/early Hesperian timing for some of
the paleochannels deposits. The networks underwent multiple genera-
tions of flow and lobe switching, as well as variation of flow duration,
deduced from the variations in paleochannel sinuosity. The networks
were then indurated, and subsequently inverted (Pain et al., 2007;
Burr et al., 2009, 2010; Zimbelman and Griffin, 2010). Finally, surficial
loading resulted in lithospheric flexure that, possibly assisted by
collapse, resulted in the slope reversals of the inverted fluvial features
documented here.

7. Conclusion and future work

This work illustrates the potential utility, and the potential issues, of
using fluvial analyses to investigate large scale landscape modification
by tectonic processes on Mars. We conclude that longitudinal slope
reversals occurred in two fan-shaped networks along the hemispherical
dichotomy boundary. For our modeling, we favor tectonic deformation
resulting from loading of the crust by sedimentary erosion and possibly
deposition as the most significant factor in these slope reversals. Possi-
ble collapse processes south of the networks and potential magmatic
loading may also have contributed to the magnitude of the slope
reversals.

Future work is necessary to untangle the relative timing and con-
tributions of these possible causes. Refinements of our geophysical
modeling should be possible with regional mapping, which would
allow for more accurate estimates of sediment volumes and loading.
If supported by mapping, additional loading mechanisms, such as
glacial (Kite et al., 2011) or magmatic loading (Head et al., 2002;
Tanaka et al., 2003; Irwin and Watters, 2010), may also improve
our modeling. Our geophysical model suggests that the tectonic pro-
cesses leading to slope reversals should have affected an area 400 to
700 km wide on each side of the dichotomy boundary in that region.
Therefore, we expect that slope change has affected other landforms
in the area, so that identification and analysis of other inverted chan-
nel profiles and/or tilted crater floors may provide data to test our
result. Identification of slope modification, however, is dependent
on the accurate knowledge of the original slope, which is difficult
to assess in this region because of the complex stratigraphy, exten-
sive erosion, and partial exhumation of the landscape.

Channelized fans and deltas are ideal for the study of slope reversal,
as their original slope directionmay be determined, and in certain cases,
a range of original gradientsmay be estimated. Future identification and
topographic analysis of other channelized fans and deltas along the
dichotomy boundary, as well as extended regional investigation (nota-
bly regional structural mapping, documentation of extended deforma-
tion, and paleochannel stratigraphy) may help to further test our
conclusions for this localized study.
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