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Fig. 1. Four exemplar Martian shield volcanoes that display flank terraces, shown in composite colour-coded elevation
and hillshade maps (left column), in slope maps (centre column) and as hillshade maps with terrace outlines in purple
(right column). (a) Olympus Mons, (b) Ascraeus Mons, (¢) Elysium Mons and (d) Hecates Tholus. Elevation, slope
and hillshade data are from the 128 pixel-per-degree MOLA dataset (Smith et al. 2001). Terrace maps are from Byrne
et al. (2009). Hillshade maps are shown with illumination from the NW and at a declination of 45°. Each map is shown in
an azimuthal equidistant projection, centred at (a) 18.5°N, 226°E, (b) 11.5°N, 255.5°E, (c) 25°N, 147°E and

(d) 32°N, 150°E.
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timescales (e.g. Weijermars ef al. 1993; Merle &
Borgia 1996; ten Grotenhuis et al. 2002; Oehler
et al. 2005). Mixed with about 1% by weight
of quartzose sand, the putty had a bulk density
of approximately 1200 kg m > and a viscosity of

25¢cm

25¢cm

25cm

Sand-plaster mix
% Plaster cover

. Silicone putty
Container edges

4 x 10* Pa's at experimental conditions (Delcamp
et al. 2008; Byrne et al. 2013).

Standard experimental procedure

The experimental apparatus consisted of a 1 m-high,
48 cm-diameter cylindrical container, into which an
80 cm-thick silicone layer was placed first, followed
by the addition, via sieving, of a 30 mm-thick sand—
plaster substratum (Fig. 2a) (Table 1). Sand—plaster
mix of sufficient volume to form a cone 25 cm
in diameter (c. 1325 cm®) was then poured directly
upon the sand—plaster layer, its angle of repose
resulting in flank slopes of around 33° and a
height of approximately 8 cm (see the ‘Model scal-
ing’ subsection below). The cone was smoothed
by sieving more sand onto its flanks, before a thin
(<1 mm) layer of plaster was sieved over the
entire model to preserve any small-scale structures
that might form.

The basement responded to the cone’s weight
almost immediately, sometimes resulting in a flex-
ural depression even before delivery of the cone
was complete. Consequently, the time for cone
emplacement was restricted to less than 60 s. Cone
emplacement was therefore effectively instanta-
neous, corresponding to only the very fastest effu-
sion rates theorized for Mars (e.g. Isherwood et al.
2013) and to numerical models with instantaneous
loads (e.g. McGovern & Solomon 1993).

All experiments were incrementally photo-
graphed in high spatial resolution from plan view.
High-incidence-angle illumination (relative to the
surface normal) was used, to highlight any subtle
deformation. In most cases, structures had formed
within 600 s of cone emplacement, with very little
new surface strain apparent after 1200 s. Silicon
carbide (SiC) particles, the dark colour of which
strongly contrasted with the lighter sand—plaster
mix, were added to the cone surfaces to help focus
the overhead camera.

Fig. 2. (a) Schematic cross-section (top) and photograph
(second from top) of the standard experimental set-up.
The cross-section shows the sand—plaster cone, plaster
cover, brittle upper-basal layer, silicone putty and the
edges of the container in which the model was
constructed. The photograph shows the inner wall of the
container, the surface of the brittle upper layer and the
model cone itself (its outline is dashed in white). Below
the photograph, schematic cross-sections are shown for
experiments where (b) brittle-layer thickness (B),

(c) cone volume, (d) cone slope (6) and (e) cone
eccentricity (with major and minor axes labelled on a
schematic of the cone’s planform) were varied. The cone
in (e) is drawn along its major axis; its slopes are at the
angle of repose. Sketches show only the upper part of the
(typically 80 cm-deep) experimental set-up.
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Table 1. List of model parameters in experiments of (a) standard volcano loading, as well as models in which
(b) basal brittle-layer thickness, B, (c) cone volume, (d) cone slope, 8 or (e) cone aspect ratio was varied *

Experiment Cone Cone Cone Cone  Brittle-layer ~Number of
diameter  slope volur%ne height  thickness  experiments
(cm) ©) (em™)  (cm) (mm)
(a) Volcano loading 25 33 1325 8.1 30 5
25 33 1325 8.1 70 1
25 33 1325 8.1 20 1
S 25 33 1325 8.1 15 1
(b) t\}/:ll(r:?&(;rsl 1}1}1; basal sand—plaster layer 25 33 1325 81 10 1
’ 25 33 1325 8.1 5 2
25 33 1325 8.1 2 1
25 33 1325 8.1 0 4
(c) Variation in cone volume 12 33 147 3.9 0 4
25 5 1325 1.1 0 1
25 10 1325 22 0 1
(d) Variation in cone slope, 6 25 20 1325 4.5 0 2
25 25 1325 6.4 0 1
25 30 1325 7.2 0 1
(e) Variation in cone aspect ratio 25/17 33 1770 8.1 0 3

*Changes in a model parameter from that described as part of the standard experimental set-up are shown in bold. The total number of

experiments performed in this study is 29.

To quantify horizontal displacements and strain
fields in the models, particle image velocimetry
(PIV) analyses of the experiment photographs were
performed by using LaVision DaVis 7.2 digital
image correlation software (cf. Walter 2011). The
PIV results are displayed as incremental horizon-
tal displacement fields, together with dilational
strain derived from the components of the two-
dimensional (2D) infinitesimal displacement
gradient tensor (Holohan ef al. 2013). Here, we gen-
erally interpret dilation, a measure of the increase
or decrease in horizontal surface area, in terms
of overall horizontal extension and contraction,
respectively.

Variations in experimental parameters

Key experimental parameters were varied to assess
the effects of flexure under a range of geometri-
cal scenarios representative of those observed
or inferred for Martian shields (Table 1). First,
we chose to model variations in thickness of
the brittle upper Martian lithosphere, B. For the
oceanic lithosphere on Earth, which is thought
to be chemically and structurally similar to the
Martian lithosphere, the seismogenic (i.e. brittle)
thickness is commonly similar to estimates of effec-
tive elastic thickness, T, (cf. Watts & Burov 2003).
A range of T, values for Mars has been calculated
by examining crustal deformation related to large
surface loads (e.g. Comer et al. 1985) or by model-
ling gravity/topography admittances from gravity

and topographical data (e.g. Zuber et al. 2000;
McGovern et al. 2004; Belleguic et al. 2005).
Given then the calculated differences in T,
beneath large Martian shields (e.g. table 3 in McGo-
vern et al. 2004) and the expected commensurate
effect upon flexural response, we performed a
series of experiments in which B was varied from
70 to 2mm by uniformly sieving sand-—plaster
layers of different thicknesses directly upon the sili-
cone prior to cone emplacement (Fig. 2b, Table 1),
as well as a number of experiments where B =0
(i.e. the brittle upper layer was absent altogether).
Edifice volume on Mars varies by almost four
orders of magnitude (Plescia 2004), and so several
experiments were conducted with a poured cone
volume (c. 147 cm®) that was approximately 11%
of that in the standard set-up. These lower-volume
cones had a basal diameter of 12 cm (Fig. 2c),
a height of approximately 4 cm and a slope of
around 33° (see the subsection on ‘Model scaling’
below). To account for an order-of-magnitude vari-
ation in Martian flank slopes (Plescia 2004), we
also varied model cone slopes () from 30° to 5°
in increments of 5° (Fig. 2d). These cones were
constructed by sieving rather than by pouring.
Finally, volcanic loads with non-axisymmetrical
planforms were simulated. Whilst some Martian
shields appear relatively circular in plan view (e.g.
Elysium Mons: Plescia 2004), others have a pro-
nounced ellipticity. An example is Ascraeus Mons,
the construction of which has been influenced by a
SW-NE regional structural trend (Byrne et al.
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2012) (contrast Fig. 1b, c). We therefore addition-
ally modelled cones with an eccentricity of 1:1.5
(short:long axes in plan view) (Fig. 2e). These
latter experimental parameters (edifice volume,
slope and planform) were investigated by using a
model set-up in which B = 0. This experimental
configuration was motivated by the observation
that the suite of structures formed during flexure
was essentially unchanged compared with models
that featured higher, more realistic values of B.

Model scaling

Material properties and forces in analogue exper-
iments should geometrically, kinematically and
dynamically scale to nature (Hubbert 1951;
Ramberg 1981) (Table 2). The scaling ratio for
any physical property is defined as:

X = Ximodel X (Xnamre)il (1)

The length ratio (I* = l04e1 X Loatare) 1) is the
geometric scaling factor for these experiments and
is 1079, such that 1 cm in the models represented
10 km in nature. A model radius of 12.5 cm there-
fore corresponded to a volcano 250 km in diameter,
whilst a cone radius of 6 cm scaled to a volcano
diameter of 120 km, representative, respectively,
of a medium-sized (e.g. Uranius Patera) and small
(e.g. Tharsis Tholus) shield volcano on Mars
(Plescia 2004).

However, this length ratio scaled our approxi-
mately 8 and 4 cm-high model cones (Table 1) to
natural cones of around 80 and 40 km in height,
values that are in excess of the true natural range
(Plescia 2004) (even accounting for underestima-
tion due to infilling of flexural troughs: e.g. Zucca
et al. 1982; Byrne et al. 2013). Nevertheless, exper-
iments with model slopes comparable to Martian
volcanoes (i.e. 5°) and heights of about 1 cm (corre-
sponding to a volcano 10 km tall) displayed simi-
lar surface deformation patterns to cones at the
angle of repose (see the subsection on ‘Experimen-
tal parameter variations’ below). This comparable

behaviour, together with similarities to the pre-
dictions of terracing in numerical studies that con-
sidered a very low-slope edifice geometry (e.g.
McGovern & Solomon 1993; Borgia 1994; Van
Wyk de Vries & Matela 1998), lead us to conclude
that even with unrealistic scaled model heights,
the overall structural resemblance between our
analogue model results and natural volcanoes with
low slopes are meaningful. Further, we note that
although cone height in angle-of-repose models is
not geometrically similar to nature, models with
very low flank slopes (e.g. 5—10°) accurately scale
to Martian shields approximately 20—10 km in
relief (Plescia 2004).

A model upper-lithosphere brittle-layer thick-
ness of 2—70 mm (Table 1) correlates to natural
values of 2—70 km. This variation in B is compar-
able to the range of gravity /topography admittance-
derived T, estimates for Arsia Mons (McGovern
et al. 2004; Belleguic et al. 2005), and is similar
to those values for Ascraeus and Pavonis Montes,
and for the Elysium Rise as a whole (McGovern
et al. 2004). Our range in B values is also broadly
in line with those calculated by Beuthe et al.
(2012) using top- and bottom-loading models of
the Martian lithosphere.

The dynamic scaling factor is the scale ratio for
stress and cohesion, and is given by the relationship:

o =I"xg"xp* 2)

where [* is the length ratio, g* is the ratio of accel-
erations due to gravity and p* is the density ratio.
At sea level on Earth, g is 9.81 m s~ 2, whilst equato-
rial surface gravity on Mars is 3.71 m s~ %; g* is thus
2.64. The density of the sand—plaster mix used in
these experiments is approximately 1400 kg m™>,
whereas Martian crustal density is assumed to be
about 2600 kg m ™, such that p* is 5.38 x 107",
The stress ratio, from equation (2), is therefore
1.42 x 107°. From this, a rock cohesion on Mars
of 5 x 107 Pa should scale to a model cohesion of
around 70 Pa, comparable to the low-cohesion
sand—plaster mix used.

Table 2. Scaling parameters, values for models and Mars and scaling ratios used in this study

Parameter Symbol Units Model Nature Ratio
Length l m 1x10? 1 x 10* 1x10°¢
Gravity g ms > 9.81 x 10° 3.71 x 10° 2.64 x 10°
Stress o Pa 1.37 x 10* 9.65 x 10’ 1.42 x 1076
Time T s 2.91 x 107 1.04 x 102 2.81 x 10710
Density p kgm 3 1.4 x 10° 2.6 x 10° 538 x 107!
Cohesion C Pa 7.1 x 10" 5% 10’ 142 x 107°
Viscosity uw Pas 4 x 10* 1 x 10% 4 %1076
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The behaviour of Coulomb materials is theoreti-
cally independent of time, but the deformation of a
ductile material is rate-dependent. A time ratio,
T*, can be calculated (Donnadieu & Merle 1998) as:

T* = p* x (o) 3)

where w* is the viscosity ratio and o * is the stress
ratio given above. The viscosity of the silicone
used in the experiments is 4 x 10" Pa, but the visc-
sity of the Martian ductile lithosphere is unknown.
However, assuming it is composed largely of mafic
lithologies (e.g. McSween et al. 2003), we consider
a value of 1020 Pa to be reasonable (Watts & Zhong
2000). The viscosity ratio, w*, is thus 4 x 10716,
giving a time ratio, T*, of 2.81 x 10~ '°.

We note that the ratio between the densities
of the granular material and silicone putty is at the
upper end, or slightly in excess, of the natural
range (Belleguic er al. 2005), which may have
enhanced the ‘sink potential’ (Borgia er al. 2000)
of our models. This experimental limitation is prob-
ably minor, however, since the main effect of the
greater density of the overlying brittle material
would only be to increase the rate of sagging
(which is itself poorly understood). An increased
sagging rate should not fundamentally alter the
associated brittle deformation on the volcano and
in the surrounding basement.

Volcano-induced flexure model results

Four distinct structural elements characterized all
volcano load-induced flexural experiments in this
study: flank convexities; a bowl-shaped depres-
sion; a load-centric trough; and an annular zone of
extension (cf. Kervyn er al. 2010; Byrne et al.
2013). Here we first report spatial and temporal
observations for a standard volcano-loading exper-
iment, and then we describe the results of models
in which parameters were varied with respect to
those of the standard experimental set-up.

Volcano loading

Where an axisymmetrical cone at the angle of
repose was placed directly upon a basement consist-
ing of an upper, brittle stratum 30 mm thick and a
lower, ductile stratum (Fig. 3a), the load down-
flexed, and sagged rapidly into, the basement
(Fig. 3b). As a consequence, the cone experienced
a reduction in basal diameter and a shortening of
flank length.

A set of convex-upwards, outwards-verging ter-
races, arranged concentrically in an imbricate stack-
ing pattern, formed on the cone as flank shortening
proceeded (Fig. 3c: 1). The leading edges of these
features were manifest as ridge-like bounding

scarps. The longest terraces, laterally continuous
for several tens of degrees of arc, occurred at mid-
flank elevations. Vertical relief on terraces was typi-
cally of the order of 1 mm, although some examples
accumulated relief of several mm along their
leading edges. More subtle structures were visi-
ble with high-incidence-angle illumination, which
showed them to be present on all flank sectors (i.e.
at all azimuths). Flank convexities were greatest in
number at mid- to lower-flank elevations; few, if
any, terraces were observed near the summit.

A broad, shallow, bowl-shaped flexural depres-
sion developed in the basement as the load sank,
and remained visible upon removal of the cone and
the brittle layer. The flexural bowl fully enclosed
the cone and was itself bounded by a very sub-
tle topographical rise. The bowl’s base was near-
flat, with some diapirism of the silicone putty produ-
cing a knotted texture at its centre. The opposing
slopes of the bowl, and the lower flanks of the
cone, together defined a shallow flexural trough
around the load (Fig. 3c: 2).

Finally, an annular pattern of arcuate and en
echelon fractures developed immediately outside
the flexural trough to mark a circular system of
extension concentric to the load (Fig. 3c: 3). Inter-
secting fractures formed discrete blocks within
this extensional zone, which transitioned in places
to arcuate or wholly load-concentric systems
of half-graben or graben bounded by steep scarps.
As sagging continued, the annulus tended to
broaden, its inner edge moving towards the cone.

Analyses of sequential photographs of a repre-
sentative standard experiment provide a useful
insight into the temporal development of these
flexural structures. Whilst unequivocal model ter-
races are visible within about 5 min of loading, it
may be that some formed even sooner. The insets
in Figure 3b show terraces at the base (black
outline) and at mid-flank elevations (white outline)
of a model cone after deformation had ceased. The
leading edges of these structures are characterized
by arcuate traces of shadowed sand grains (as
illumination is from the top left). Corresponding
insets in Figure 3a show morphologically similar,
albeit much more subtle, shadowed arcuate con-
vexities at the same positions on the cone within
60 s of its delivery.

The PIV analysis of the time-lapse images
yields further insight into the development of exper-
imental strain. Figure 3d—f shows deformation in
the horizontal plane (i.e. orthogonal to the down-
wards-looking camera) in 120 s increments at 3, 5
and 7min from the start of flexure. The PIV
shows that the cone experiences an initial overall
horizontal contraction (shown in blue), within
which there are sharp gradients that clearly demar-
cate the analogue terrace boundaries. In contrast,
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Fig. 3. Photographs of a representative volcano-loading experiment at (a) 1 min and (b) 60 min after the onset of
sagging. The insets show subtle convexities (a) and fully formed terraces (b) on the mid (white outline) and lower (black
outline) flanks of the model cone. Illumination in these images is from the NW. (¢) Structural sketch of the cumulative
experiment deformation in (b). (1) Terrace traces are outlined in blue (flags are on the inferred hanging wall), (2) the axis
of the flexural trough is marked by a grey dashed line, whilst (3) fissures, normal faults and graben are shown in red (ticks
are on the downthrown side of faults). (d)—(f) PIV images of horizontal displacements (extension denotes red,
contraction denotes blue) across the same experiment 3, 5 and 7 min after flexural onset. The inset in (d) shows localized
extension behind the leading edges of some model terraces. Note that the longest duration of terrace activity occurs on

the lowermost flanks of the cone (e and f: 1).

a broad horizontal extension (shown in red) charac-
terizes the distal concentric fracture system, with
sharp gradients in extension closely associated
with individual fissures and normal faults. The
zone of central horizontal contraction arises from
the inwards horizontal motion of the cone—base-
ment system. This inwards motion peaks between
the cone and the concentric fracture system, and
decreases towards the cone summit. The zone of
peripheral horizontal extension results from the
divergence in horizontal displacement vectors
associated with the formation of a surrounding flex-
ural bulge.

As the experiment progressed, terraces on the
cone’s upper and mid flanks stopped accumulating
strain, whereas those at lower elevations continued
to develop. The zone of active deformation there-
fore appeared to focus with time on the lower
flanks. In some models, there was a clear down-
wards progression of terrace formation, somewhat
like the behaviour of an ‘in-sequence’ propagating

fold-and-thrust belt. Consequently, the terraces
towards the cone base stayed active for the greatest
length of time. These terraces were often the larg-
est, and commonly showed an area of extension
just inside their leading edge (inset in Fig. 3d).
The duration and magnitude of this extension
appeared to be closely linked to that of the strain
accumulation of the associated terraces (Fig. 3e: 1
and Fig. 3f: 1).

Experimental parameter variations

The inclusion of basal sand—plaster layers of thick-
nesses B < 30 mm had a noticeable, if subtle, effect
on the expression of flank convexities and exten-
sional zones (Fig. 4). With thinner brittle layers,
the spacing between terraces on the cone decreased
so that more, although shorter, convexities formed,
especially at mid-flank elevations (Fig. 4a: 1;
B = 15 mm). Smaller terraces continued to populate
lower cone elevations (Fig. 4a: 2). Notably, as B
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Fig. 4. Model cones 25 cm in diameter and at the angle of repose, but for which brittle-layer thickness, B, was (a)
15 mm, (b) 5 mm and (c) 0 mm (i.e. absent). (a: 1) Few terraces form high on the cone, but more, shorter terraces
develop at mid-flank elevations; (a: 2) the lower flanks are substantially terraced. (b: 1) Terraces populate the mid to
upper flanks, whilst (b: 2) the width of the annular zone of extension is reduced. (c: 1) Where the brittle layer is not
present, terraces are smaller and are distributed across all flank elevations, even close to the summit, and (c: 2) the
load-concentric fractures are smaller, but define a wider extensional annulus. In all images, illumination is from the SE
or east; black lines are terrace traces on the experiment visible only from other illumination azimuths, and are included

here for clarity.

decreased, terraces began to form progressively
closer to the summit (Fig. 4b: 1; B =5 mm). This
trend continued even when the brittle layer was
absent entirely. Where B = 0, the greatest differ-
ence in how the suite of structures was manifest
was the increased number, but decreased size, of
flank convexities, which were distributed almost to
the summit (Fig 4c: 1; cf. Fig. 3b).

Lower B values also resulted in deeper and
narrower flexural depressions, as reflected in a
decreased radial distance from the topographical
bulge to the load summit. As B tended to zero, the
radial width of the annular fracture zone increased
(Fig. 4b: 2), although the constituent fractures

individually accumulated less strain (Fig. 4c: 2).
Other differences associated with decreasing B
values included a tendency for the extensional
annulus to occur closer to the cone, reflecting the
reduced diameter of the flexural depression, and
for the inwards-facing wall of the flexural trough
to transition from a state of extension to one of
contraction as down-sagging ensued (visible using
PIV). Conversely, increasing B inhibited base-
ment flexure, such that, at B > 70 mm, the related
structures (including terraces) were no longer
detectable.

Reduced-volume cones at the angle of repose
(Fig. 5a) resulted in proportionately reduced

| t-start]

Fig. 5. Models with other geometric parameters varied. (a) A low-volume (147 cm®) cone with slopes at the angle
of repose. (b) A cone 25 cm in diameter with slopes of 10°, where images of the start and end of the experiment have
been overlain, and the colours of the former inverted, to show the relative motion of SiC grains on the cone surface over
the course of the model’s deformation. The path from white to black particles gives the direction of movement of
individual grains as the experiment progressed. (¢) A cone with a planform eccentricity of 1:1.5 (25 x 17 cm) with
slopes at the angle of repose. Illumination in (a) is from the east and in (c) the SE.
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expressions of the flexural bowl, the load-concentric
trough and the extensional annulus. Notably, the
number of individual terraces that formed was
consistently lower in these experiments. Other-
wise, the characteristic suite of flexural structures
developed as for models using the standard experi-
mental set-up.

A greater difference in the expression of flank
deformation was apparent in experiments where
cone slopes were reduced. Compared with angle-
of-repose models with the same diameter, models
that featured cones with lower slopes produced
shallower depressions in the silicone and showed
less overall surface displacement. Flexural bowls,
troughs and concentric fracture zones developed
as before, but were less well expressed. Terraces
were easily visible on 15-30° slopes, but were
difficult to detect below this threshold (even
with high-incidence-angle illumination). However,
photographic sequences of model cone flanks,
even to slopes of 5°, show the same gross kinematic
behaviour as angle-of-repose cones. Specifically,
individual sand and SiC grains inside the boundary
of the annular extensional zone moved towards
the centre of the load, shortening the radial and
concentric distances between each other. This
behaviour is shown for a cone with slopes of 15°
in Figure 5b, in which photographs of the start and
end of the experiment have been overlain, and the
colours of the former inverted. The relative motion
of SiC grains on the cone’s surface is clearly visi-
ble, even in the absence of obvious flank terracing.
Particles beyond the annular fractures behaved in
the opposite manner, moving away from the load
and from one another.

In experiments with cones of elliptical planform,
the entire suite of flexural structures formed as for
the standard set-up, but the distribution of flank ter-
racing differed (Fig. 5¢). Rather than forming a gen-
erally axisymmetrical pattern, the number and
expression (length and vertical relief) of terraces
were greatest on the sectors parallel or near-parallel
to the long axes of elliptical model cones. PIV data
show that the greatest horizontal strains were
accommodated on these same sectors.

Discussion of model deformation

Observations of the structural outcomes of each
experimental configuration, sequential photography
and PIV analyses together provide a framework
from which to understand the kinematic develop-
ment of our volcano-induced flexure models. We
first summarize the development of structures in
a representative standard volcano-loading exper-
iment, and then review the effects of parameter
variations upon model deformation.

Model terrace formation

On the basis of their convex-upwards shape, out-
wards vergence and formation within a body under-
going net horizontal contraction, we interpret
model terraces as shortening structures formed by
thrust-fault-related folding (Fig. 6). Under this
interpretation, the surface strain on a cone that
down-flexes its basement (Fig. 6a) is accommodated
by shear fractures that penetrate some distance into
the cone and that may be surface-breaking (Fig.
6b: 1). Terraces on the cone’s flanks develop as
hanging wall anticlines above these thrusts (Fig.
6b: 2). That folding contributes to terrace mor-
phology is supported by the identification (with
PIV) of areas in extension inside the leading edge
of well-developed terraces in some models. This
deformation is consistent with localized outer-
arc extension of the terrace hanging wall anticline
as the structure continues to accumulate strain,
since it is observed on those terraces that are
amongst the longest active structures.

The arrangement of terraces in a fishscale pat-
tern (Byrne et al. 2009) is probably due to a con-
strictional strain regime in the central region of
the down-sagged volcano—basement system. As
shown by PIV (Fig. 3), the horizontal displace-
ments of the sagging cone are directed inwards
towards its summit. This displacement field must
lead to a combination of both radial and concen-
tric components of shortening in the horizontal
plane (see Holohan et al. 2013), with a correspond-
ing component of vertical lengthening lying nor-
mal to this plane (Fig. 7). Horizontal displacement
(heave) along the fishscale arrangement of terrace-
bounding thrust faults resolves both the radial
and concentric shortening components, whereas
the vertical displacement (throw) on the faults and
related folds accommodates the associated
lengthening along the vertical axis.

The dip angle of the terrace-bounding faults in
our models remains an open question, however,
because the viscous response of the silicone putty
used in our experiments precluded the cross-
sectioning of the models. Continued sagging dur-
ing sectioning of a wetted model would have
yielded unrealistic strains. Under a scenario where
maximum and intermediate principal stresses lie
in the horizontal plane (i.e. o3 is vertical), terrace
faults probably dip into the cone at angles of
approximately 30° (e.g. Fig. 6b: 1). Should these
principal stresses be slope-parallel (i.e. o3 normal
to the cone surface: van Wyk de Vries & Matela
1998), however, and where cone slope is relatively
high (>20°), the terrace-bounding faults may be
near-horizontal or even inclined down-slope.

Another key question concerns the timing of
terrace formation on Mars. Little evidence remains
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Volcanic load

Brittle substratum

Fig. 6. Schematic block diagrams of a conical volcano atop a brittle substratum, both of which are underlain by a ductile
basement, (a) before and (b) after the onset of sagging. This behaviour results in (1) the development of blind or
surface-breaking thrust faults that penetrate some distance into the cone’s interior. These thrusts may dip down into the
cone (as shown here) or, depending on its slope and the exact orientations of the principal stresses, they may be
near-horizontal or even outwards-dipping. (2) Hanging-wall anticlines form above these thrusts and describe a fishscale
map pattern on the volcano’s flanks. (3) Deformation of the cone is accompanied by the growth of an extensional
annulus concentric to the load. In (b), small arrows indicate movement directions; half-arrow pairs indicate the assumed
sense of slip on faults. R is the initial cone radius; R’ is the final cone radius. Adapted from Byrne et al. (2013).

regarding the onset or cessation of flank terracing
on Martian volcanoes (Byrne et al. 2009). The
convexities visible within 1 min of cone emplace-
ment in volcano-loading models (Fig. 3a) may be
lobate slumps formed during the construction of
the cone (cf. Cecchi et al. 2005) that were later
(i.e. after ¢. 5 min) reactivated as terrace-bounding
faults during sagging. If so, then asperities upon a
volcano could influence the subsequent locations
of flank-shortening structures. If these faint struc-
tures are terraces, however, then remarkably low
strains are required for their formation. Terraces
may thus rapidly form early in the flexural pro-
cess, serving to further localize flank shortening
amid continued volcano sagging during or after
the active lifetime of the edifice.

The time taken for structures to develop in
these experiments, about 10 min, is equivalent to
approximately 68 000 years using our time scaling
ratio, T*, for ductile material. This is an extremely
short time for deformation to occur with respect
to the accepted ages of Martian volcanoes (e.g.
Plescia & Saunders 1979; Werner 2009; Platz &
Michael 2011; Platz et al. 2011) and is reliant on
the viscosity parameter chosen for the ductile Mar-
tian lithosphere. If the choice of viscosity value
is correct, then we might infer that flank terraces

form rapidly on volcanoes that were largely com-
plete by the time lithospheric flexure began. How-
ever, if our value is too low, then the lithosphere’s
flexural response may post-date volcanic construc-
tion considerably. A viscosity value that is too
high implies that flexure, and hence terracing, may
have occurred during the main shield-building
phase. Since the possible viscosity range for Mars’
ductile lithosphere is extremely wide, our temporal
scaling factor is not well constrained. Nevertheless,
the flank shortening represented by terraces is of the
order of only a few per cent (Byrne et al. 2009), and
so it is likely that neither substantial nor long-lived
volcano sagging is required to form the terraces we
observe today.

Although terracing may be initially distributed
along most of the cone’s flanks (and presumably
its interior), PIV analysis shows that strain accumu-
lation on the terraces (and, in some cases, the for-
mation of new terraces) becomes increasingly
concentrated on the lowermost slopes as sagging
progresses. This latter finding is broadly consistent
with the results of McGovern & Solomon (1993),
who used finite-element numerical models to
predict failure within, and proximal to, an edifice
down-flexing an elastic plate that overlaid a visco-
elastic mantle. In their models of a load emplaced
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X1 — X2

Fig. 7. Schematic sketch of how the fishscale pattern of
flank terraces may arise through a combination of
horizontal contractions orientated radially and
concentrically to the centre of a conical load.
Circumferential horizontal shortening, in addition to
radial shortening, results as material points on the cone
move radially inwards towards the cone summit (note
the reduction of the arc length from x; to x, and from
y1 to y2). The fishscale arrangement of the terrace-
bounding faults enables across-fault contraction (solid
light grey lines) to resolve both the radial and concentric
components of shortening (dark grey lines, labelled

‘R” and ‘C’, respectively). Modified from Holohan

et al. (2013).

instantaneously upon a 40 km-thick elastic litho-
sphere, these authors found a similar down-slope
propagation of circumferentially orientated thrust
faulting as the underlying lithosphere flexes (see
McGovern & Solomon 1993, fig. 8b—d). McGovern
& Solomon (1993) inferred that initial faulting is
restricted to high flank elevations before shifting
down-slope, such that most of the upper edifice
surface is in failure. In contrast, we observe more
widely distributed terracing at first, with on-going
deformation increasingly localized at lower-flank
elevations. One reason for this discrepancy could
be that model terracing on upper-mid slopes devel-
ops so quickly that we are unable to observe its
propagation at the temporal resolution of the time-
lapse images.

The models of McGovern & Solomon (1993)
also predicted normal faulting initially at the base
of the cone, which then migrates outwards on the
surrounding surface. The outwards movement of
extension about the edifice in these authors’ mod-
els is also similar to the broadening of the load-
concentric extensional annulus (Fig. 6b: 3) that we
observe in our models as sagging continues. This

P. K. BYRNE ET AL.

behaviour indicates that as the cone down-flexes
its basement, the diameter of the flexural bowl is
reduced, presumably as it deepens, in a manner
consistent with the change in flexural profile associ-
ated with numerical models of viscoelastic defor-
mation of Earth’s oceanic lithosphere (e.g. Watts
& Zhong 2000, fig. 12).

The effects of variations in experimental
parameters

The strength and effective elastic thickness of the
lithosphere are closely linked to its seismogenic
(i.e. brittle) thickness (Watts & Burov 2003). In
particular, effective flexural rigidity scales with
brittle thickness to the third power (see the sup-
plementary material of Byrne et al. 2013), and
so even small changes in its brittle thickness
may have large effects on the basement’s flexural
response to loading. This is manifest in our mod-
els, where decreasing the basal brittle-layer thick-
ness (B) progressively reduced its capacity to
support its superposed load. For a given cone
volume (e.g. 1325 cm?), sand—plaster layers with
B < 30 mm led to the formation of deeper flexural
depressions, as well as narrower annular extensional
zones and flexural rises that developed closer to the
load, than for models where B = 30 mm. Cones
atop thinner brittle layers, therefore, experienced
commensurately more sagging, and distributed
strain into more (albeit smaller) structures, than
cones on thicker layers. The change in flexural
profile with successively thinner sand-—plaster
layers increasingly constricted a greater portion of
the cone, which probably accounts for why terraces
formed at progressively greater flank elevations as
B tended to zero. Conversely, and consistent with
the findings of Byrne et al. (2013) (see below), a
sufficiently large value of B with respect to cone
height would inhibit flexure, and hence terrace
formation, altogether.

The emplacement of a cone with angle-of-repose
slopes but with smaller volumes than the stan-
dard experimental set-up produced proportionately
fewer, smaller terraces, but otherwise terrace for-
mation was little affected. That the number and
size of terraces that formed on these models was
consistently lower presumably reflects the cor-
respondingly smaller surface areas of the lower-
volume cones. This finding suggests that the model
structures are scale-invariant, as has been concluded
for Martian flank terraces (Byrne et al. 2009).
Changes to flank slope angle reduced the expres-
sion of terraces. Surface contraction was neverthe-
less observed across all cones during sagging,
even when terraces were not visible. The reduced
expression or absence of terraces on lower-angle
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cones may, in part, be an experimental limitation,
with the sand-plaster mix partly accommodat-
ing the much lower contractional surface strains
in these models volumetrically (i.e. via grain
flow) only.

Whilst cone height did not scale to natural values
in most experiments, comparable deformation be-
haviour was observed in models with low cone
slopes (e.g. 10-20°), as in those with slopes at the
angle of repose of the granular material used (e.g.
Fig 5b). The shallower depressions in the silicone,
and less overall surface displacement, in lower-
slope models relative to angle-of-repose cones
were probably the result of their lower weight and
volume. In addition, the ratios of cone height to
brittle basement thickness in our experiments fall
within the range of values in which volcano-induced
flexure is likely to occur on Earth, according to the
dimensionless parameter Ils,, developed by Byrne
et al. (2013). This parameter relates a volcano’s
loading of its basement (as a function of its weight
and volume) to the resistance of the basement to
flexure (i.e. its flexural rigidity) (see the supplemen-
tary material of Byrne et al. 2013 for more detail).
The Ilg,, values for all experiments in this study
(including those of differing volume and cone
slope) extend from 9.5 x 1073 to 1.39 x 102, well
within the range of about 1 x 10 °=1.1 x 10* for
Terran volcanoes (Byrne et al. 2013). Although
they are not known, similar values for Mars as for
Earth are assumed for the purposes of this study.

Cones with eccentric planforms displayed more
prominent terracing along flank sectors parallel,
and less prominent terracing along sectors perpen-
dicular, to the major axis. Such a pattern of terracing
is probably a function of the same subsidence at the
cone centre being accommodated over a greater
horizontal distance along sectors perpendicular to
the major axis than on parallel sectors. Conse-
quently, flanks perpendicular to the cone’s long
axis undergo lower strains (cf. Holohan er al.
2008), and so less prominent terracing, than flanks
lying parallel to the long axis.

Our results therefore indicate that terraces
may form across a range of cone geometries, inde-
pendent of cone volume, flank slope, planform
and probably all but the greatest brittle basement
thicknesses. On the basis of gross structural simi-
larities between volcanoes with low slopes in
nature, numerical studies with low edifice slopes
(e.g. McGovern & Solomon 1993; Borgia 1994;
van Wyk de Vries & Matela 1998) and the ana-
logue model results shown here, we are confident
that the main structural relationships observed in
our experiments are geologically realistic repre-
sentations of real-world, volcano-induced litho-
spheric flexure. We explore this inference in the
next section.

Comparison of model results with natural
examples

Flank terraces

The flank structures formed in these flexural exper-
iments share the convex-upwards, outwards-verging
morphology and imbricate ‘fishscale’ plan-view
stacking pattern of volcano flank terraces on Mars
(compare Figs 1 & 3). Therefore, on the basis of
their strong similarity to our model results, we con-
sider Martian volcano flank terraces to be hanging-
wall anticlines over blind or surface-breaking
thrust faults that formed in a constrictional regime
applied to a volcano as it flexed downwards. If this
interpretation is correct, then flank terraces are a
kinematic volcano equivalent to lobate scarps, land-
forms occurring widely on Mercury, Mars and the
Moon that are thought to form above thrust faults
that accommodate crustal shortening (Strom et al.
1975; Nahm & Schultz 2011; Watters et al. 2012).

Moreover, the systematic formation of labora-
tory terraces on cones of varying slopes and vol-
umes is consistent with observations of Martian
volcanoes. Both large (e.g. Olympus Mons) and
small (e.g. Hecates Tholus) shields are terraced
(Fig. 1a, d), as are volcanoes with different slopes —
for example, Elysium Mons and Alba Patera (c. 7°
and 1°, respectively) (Plescia 2004). Even in low-
slope models where terraces were not observed,
these cones still displayed the same general style of
surface deformation as cones at the angle of repose.

Further, that fewer, larger terraces form in
models that feature intermediate to thick (i.e. B =
15-30 mm) brittle basal-layer thicknesses (Figs
3b & 4a) matches observations at volcanoes for
which photogeological and gravity/topography
admittance studies have returned the highest
estimates of T, (Thurber & Toksoz 1978; Comer
et al. 1985; Zuber et al. 2000; McGovern et al.
2004; Belleguic et al. 2005; Beuthe et al. 2012).
Whilst estimates for lithosphere thicknesses differ
between studies, in all cases the relative differ-
ences between high and low 7, values are the
same. Specifically, Ascraeus and Olympus Montes
are consistently quoted as being supported by the
thickest lithosphere of all Martian volcanoes, and
these volcanoes display the most prominent and
longest terraces (Byrne et al. 2009) (Fig. 1). This
observation is consistent with our model results.
Although the range of Ils,, values for which litho-
spheric flexure will occur on Mars remains to
be determined, a key test will be to determine
whether terraces occur on Mars’ smaller shields,
and to relate the gravitational load of such volcanoes
to the rigidity of their supporting basement.

We note that model terraces lack the snub-nosed
roundness characteristic of most observed terraces
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(Byrne et al. 2009), and feature a generally flattened
upper surface instead. However, photogeologi-
cal data indicate that terraces on Mars have been
covered, and their forms tempered, by contem-
poraneous or subsequent erupted material (Thomas
et al. 1990). The analogue structures may thus
correspond to the terrace form prior to being
mantled by erupted material. Moreover, whereas
our models generally produced terraces arranged

axisymmetrically about a cone, terraces on
Martian volcanoes are often less evenly distributed
(e.g. Hecates Tholus, Fig. 1d). Aeolian or mass-
wasting processes — coupled with differences in
edifice geometry, internal architecture, regional
slopes and near- and far-field stresses — probably
contribute to the observed asymmetry in terrace
distributions on Martian shields (Byrne et al.
2009, 2013).

Fig. 8. Examples of volcano-concentric graben (marked by white arrows) centred on or spatially associated with
terraced Martian volcanoes (a) Elysium, (b) Ascraeus and (c¢) Pavonis Montes. The images are portions of High
Resolution Stereo Camera (HRSC) images (Neukum et al. 2004) from the ESA Mars Express spacecraft: (a)
h1295_0000, h1317_0000 and h7424_0000; (b) h1217_0001 and h1206_0001; and (c) h0891_0000, h2175_0000 and
h3276_0000 — shown with colour-coded MOLA elevation data and with terrace outlines (purple) from Byrne et al.
(2009). Each image is shown in an azimuthal equidistant projection, centred at (a) 24.5°N, 145°E, (b) 12°N, 253.7°E and
(c) 2°N, 248°E.
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Finally, there is precedent for associating exten-
sion with the development of shortening structures,
as is observed for some terraces (e.g. Fig. 3d). For
example, lobate scarps can exhibit extensional
faults along the crests of their forelimbs (Mueller
& Golombek 2004; Morley 2007; Watters &
Johnson 2010). Extension along model terraces
may therefore be manifest in nature as faults and/
or fissures, which in places might have influenced
the locations of later pit crater chains (interpreted
to have formed due to dilational faulting: Ferrill
et al. 2004; Wyrick et al. 2004) on, for example,
the mid and upper flanks of Ascraeus Mons (Byrne
et al. 2012).

Flexural trough

One of the distinguishing features of lithospheric
loading is the formation of a flexural trough or
moat concentric to the load (e.g. McGovern &
Solomon 1997). Given their large masses, Martian
volcanoes can be expected to display measurable
vertical deflections of the lithosphere (Comer et al.
1985; Zuber et al. 1993). Such troughs are not
readily visible on photogeological images, but can
be identified with geophysical data. On the basis
of topographical profiles or gravitational field
models, flexural troughs have been identified or
inferred for several large crustal loads on Mars,
including Olympus Mons (Zuber & Smith 1997),
the Tharsis Rise (Solomon & Head 1982) and the
planet’s entire southern hemisphere (Watters 2003).

The difficulty in resolving these features dir-
ectly may, in part, be due to infilling by material
such as landslide deposits (McGovern & Solomon
1997) and lavas from smaller, nearby shields or
from fissures (e.g. Bleacher et al. 2007). Evidence
for the latter process in particular is given by the
embayed margins of several Tharsis and Elysium
volcanoes by younger lavas (e.g. Plescia 2004).
A very low amplitude relative to wavelength
(Zuber et al. 1993) will also render a flexural
trough difficult to detect. In any case, assuming
these depressions do form part of the flexural res-
ponse of the Martian lithosphere to volcano load-
ing, they correspond to the concentric troughs
observed in our experiments.

Annular graben

If bending stresses associated with lithospheric
flexure due to a major volcanic load are sufficiently
high, extensional fractures will form concentric to
and outside of the load (Comer et al. 1985; Williams
& Zuber 1995). Load-concentric fractures have
been observed on Earth (Lambeck & Nakiboglu
1980), associated with mascons on the Moon
(Melosh 1978; Solomon & Head 1980) and related

to large crustal loads on Mars, including its volca-
noes (Comer et al. 1985).

It is likely, therefore, that extensional structures
such as the ring fractures about Elysium Mons
(Plescia 2004) (Fig. 8a), the arcuate graben that
cross-cut the western flank of Ascraeus Mons
(Byrne et al. 2012) (Fig. 8b) and the group of pro-
minent troughs at the NE base of Pavonis Mons
(Crumpler & Aubele 1978) (Fig. 8c) correspond to
load-concentric fractures formed in the laboratory.
In the models, extension is spatially associated
with the flexural bulge encircling the load, and so
it is reasonable to assume that this structural
arrangement also applies to the Martian examples.

We note that models of volcano-induced flex-
ure as configured in this study cannot account
for the 6-8 km-high basal scarp that encircles
Olympus Mons (e.g. Carr et al. 1977). However,
Byrne et al. (2013) showed that the addition of a
silicone layer beneath the edifice acts to decouple
it from its underlying basement, so that although
flexure-induced constriction of a cone is accommo-
dated on its mid to upper flanks by distributed terra-
cing, as before, outwards-directed slip (i.e. volcano
spreading) of the cone is enabled along the silicone
layer (see Byrne et al. 2013, fig. 3b). Flexural slip
along such a basal décollement produces a large
monoclinal fold around the cone’s base, the
leading edge of which can oversteepen and collapse.
This structural outcome strongly resembles the
overall morphology of Olympus Mons (see their
Fig. 4b), indicating that the solar system’s largest
volcano formed through the hybrid action of
volcano sagging and spreading.

Summary and concluding remarks

In experiments where a brittle conical load at the
angle of repose was emplaced upon a dual-layer
(brittle and ductile) basement, the near-surface
regions of the load entered a constrictional strain
regime as the cone—basement system down-sagged
or ‘flexed’. The region under the cone developed
into a bowl-shaped depression that, in conjunction
with the opposite-facing lowermost flank of the
cone, formed a load-concentric flexural trough.
Beyond the trough an annular zone of extension
developed, whereas the cone’s mid and lower
flanks experienced a net reduction of surface area.
Associated horizontal radial and concentric short-
ening was accommodated by the formation of con-
vex, outwards-verging terrace structures arranged in
an axisymmetrical fishscale pattern about the cone.

The expression of flank terraces, in terms of
number, size and distribution, was strongly influ-
enced by the thickness of the brittle upper-basement
layer (our analogue to the seismogenic lithosphere).
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With a sufficiently great brittle-layer thickness,
basement flexure and terrace formation was inhib-
ited entirely. However, reducing the thickness of
the brittle upper layer, ultimately to zero, promoted
greater sagging, with the flexural wavelength of the
basement decreasing whilst its amplitude increased.
Progressively thinner brittle layers resulted in the
formation of smaller terraces at greater flank
elevations until, with the upper layer absent, the
zone of terracing extended almost to the cone
summit. In comparison, variations in cone volume,
slope or eccentricity had only minor effects on the
development of flank terracing.

Our experimental results bear strong similari-
ties in morphology and spatial distribution to flank
terraces on Mars, to systems of arcuate graben
attributed to volcano-induced flexure of the Mar-
tian lithosphere and to geophysical signatures inter-
preted to be buried or in-filled flexural troughs
surrounding several of the largest shield volcanoes
on that planet. These similarities provide compel-
ling support for the conclusion that Martian flank
terraces are flexurally induced structures, formed
to accommodate surface shortening of a shield
volcano as it down-flexes its basement. The horizon-
tal contraction of an edifice during flexure may
inhibit the ascent of magma to summit eleva-
tions (McGovern 2007; Byrne et al. 2012), whilst
serving to enhance the overall structural integrity
of the volcano (Byrne ef al. 2013). A full under-
standing of the structural evolution of large shield
volcanoes on Mars therefore requires that they be
appraised within the context of lithospheric flexure.
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