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INTRODUCTION
Understanding a volcano’s structural devel-

opment is crucial for studies of volcanic hazard, 
eruption behavior, and lithospheric dynamics. 
Volcano sagging and spreading are two gravity-
driven deformation processes that shape large 
volcanoes on terrestrial planets over 101–106 yr. 
Volcano spreading occurs when the lateral 
weight gradient of an edifi ce causes its slow out-
ward collapse along a basal décollement (Borgia 
et al., 2000). Sagging results when a volcano’s 
weight down-fl exes its underlying basement and 
lithosphere (e.g., Zucca et al., 1982).

Structures related to volcano spreading are 
well understood (cf. Borgia et al., 2000): folds 
and thrusts occur at or beyond the edifi ce’s base, 
while normal faults and “leaf grabens” crosscut 
its fl anks (Fig. 1A). Structures formed by vol-
cano sagging are less understood, but include an 
edifi ce-encircling trough, peripheral joints of gra-
bens, a fl exural bulge (e.g., Kervyn et al., 2010), 
and possibly enigmatic “fl ank terraces” on the 
edifi ce itself (Byrne et al., 2009) (Fig. 1B).

Volcano sagging and spreading may inter-
act, as at Olympus Mons (Fig. 1C) and Hawaii 
(United States; Fig. 1D), the largest volcanoes 
on Mars and Earth, respectively. Both exhibit 
normal faults and grabens on their mid- to lower 
fl anks, and either a prominent scarp or a fold-
and-thrust belt linked to thrusting along a major 
décollement at their bases (Lopes et al., 1980; 
Thurber and Gripp, 1988). They also display 
terraces on their mid- to upper fl anks (Byrne 
et al., 2009), and fl exural troughs and bulges in 
their surrounding basements (Dietz and Men-
ard, 1953; McGovern et al., 2002).

Yet the conditions, timing, and structural out-
comes of such interaction remain unclear. Most 
past modeling efforts considered only one pro-
cess (e.g., McGovern and Morgan, 2009), while 
those including both (e.g., van Wyk de Vries and 
Matela, 1998) used continuum-based numerical 
approaches that did not directly simulate discon-
tinuous deformation (i.e., faulting). To address 

the combined structural development of both 
processes, we ran a set of scaled analog models.

ANALOG MODEL SETUP AND SCALING
All models occupied a large cylindrical con-

tainer, into which we placed a lower layer of 

silicone putty and an upper layer of sand-gyp-
sum mix, corresponding to the ductile (aseis-
mic) and brittle (seismogenic) parts of the lith-
osphere, respectively (Watts and Burov, 2003) 
(Figs. 2A and 2B). A sand-gypsum cone, rep-
resenting a volcanic edifi ce, was built upon the 
basement. A thin (<1 mm) layer of pure gyp-
sum was added to the surface to help preserve 
small-scale structures.

To some models, we added a thin silicone layer 
just below the cone’s base (Fig. 2C). The spatial 
extent of this layer was set to either slightly less, 
or signifi cantly greater, than the cone diameter. 
This layer represented a décollement localized 
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Figure 1. Structural sketches of gravitationally deformed volcanoes. A: La Réunion, Earth. B: 
Elysium Mons, Mars, after Byrne et al. (2009). C: Olympus Mons, Mars, modifi ed from Byrne 
et al. (2009) and McGovern and Morgan (2009). D: The Big Island of Hawaii, based on U.S. 
Geological Survey DEM data. Inset shows a fl exural trough (the Hawaiian Deep, shaded) and 
a surrounding bulge (the Hawaiian Arch, axis dashed), after Dietz and Menard (1953).
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within incompetent materials, such as altered 
or water-saturated rock, poorly consolidated 
volcaniclastics, or ice-rich regolith (cf. Tanaka, 
1985; McGovern and Morgan, 2009). We did 
not model changes in basement or décollement 
viscosity, or intrusions within the cone, which 
can further affect deformation rate and style 
(Borgia, 1994; van Wyk de Vries and Matela, 
1998). Model horizontal displacements and 
strains were quantifi ed by particle image velo-
cimetry (PIV) analysis of time-lapse photos in 
the software DaVis (cf. Walter, 2011).

Model scaling, and its applicability to nature, 
are detailed in the GSA Data Repository1. We 
defi ne two dimensionless parameters that con-
trol sagging (ΠSag) or spreading (ΠSpread). ΠSag 
relates the cone gravitational load and geometry 
to the effective fl exural rigidity of the basement, 
and is defi ned as
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This equation incorporates cone height (H), 
cone radius (R), brittle-lithosphere thickness 
(B), density (ρ), gravitational acceleration (g), 
Young’s modulus (E), and Poisson’s ratio (v). 
ΠSpread relates the gravitational potential of the 
cone to the confi guration of the décollement and 

is defi ned in terms of resistance to spreading 
(after Merle and Borgia, 1996) by

 )(Π = ×Q H PSpread
2 , (2)

where Q is décollement depth and P is décolle-
ment thickness.

Within ΠSag and ΠSpread, we varied only B 
and P. From the cubic scaling in Equation 1, 
varying B from 1 to 7 cm increases the experi-
mental basement rigidity by a factor of >300, 
regulating sagging. For P = 0 (cone coupled to 
basement), ΠSpread = ∞ and spreading is impos-
sible. For P = 0.5 cm (cone decoupled from 
basement), ΠSpread = 2.5 × 10-2 and spreading 
is strongly promoted (occurring in theory at 
ΠSpread < ~0.17 and experimentally at ΠSpread < 
0.6 ± 0.5; cf. Borgia et al., 2000).

MODEL RESULTS

Models Without a Basal Décollement 
(i.e., ΠSpread = ∞)

With 2.4 > ΠSag > 0.017, the cone sub-
sided within a trough encompassed by a bulge 
(Fig. 3A). Peripheral horizontal extension 
formed a network of fi ssures and normal faults. 
Outside this network, horizontal displacements 
were directed radially outward; inside, they 
were directed radially inward, with magnitudes 
decreasing toward the cone’s summit. Central 
horizontal contraction reduced the cone’s basal 
diameter and localized upon a “fi sh scale” pat-
tern of imbricate, outward-verging convexities 
on its mid- to lower fl anks. With ΠSag < 0.017, 
the trough shallowed and the bulge migrated 
outward. Horizontal displacements, central 
contraction, and peripheral extension dimin-
ished. At ΠSag ≈ 0.008, the basement and cone 
remained undeformed.

Models with a Basal Décollement 
(i.e., ΠSpread = 2.5 × 10–2)

For a décollement “restricted” to within the 
cone’s diameter, and with 2.4 > ΠSag > ~0.033, 
a large monoclinal fold or escarpment formed 
around the cone’s base (Fig. 3B). Horizontal 
displacement magnitudes decreased abruptly 
inside this basal scarp, and a large contraction 
along the discontinuity marked it as a major 
thrust fault trace.

For ~0.033 > ΠSag > 0.017, sagging dimin-
ished and the cone diameter increased as defor-
mation progressed (Fig. 3C). Outward horizon-
tal displacement, with extension on fi ssures and 
normal faults, began to characterize the cone’s 
lower fl anks. Inward displacement, with associ-
ated contraction and convexities, shifted to the 
upper fl anks. Greater relative motion between 
the cone and the basement yielded a steeper and 
more pronounced basal scarp, the leading edge 
of which collapsed in places (Fig. 3B versus 
Fig. 3C).

For 0.017 > ΠSag > ~0.008, sagging ceased 
soon after loading, and spreading dominated 
thereafter (Fig. 3D). Although initially inward-
directed, horizontal displacements became out-
ward-directed overall. The cone’s basal diameter 
increased, and its fl anks underwent extension 
along near-radial normal faults delimiting leaf 
grabens. The basal scarp was more pronounced, 
oversteepened, and unstable. At ΠSag ≈ 0.008, the 
basement remained essentially undeformed, and 
the outward-spreading cone underwent exten-
sion from its lowermost fl anks to its summit. For 
an “unrestricted” detachment extending beyond 
the cone’s diameter, a distributed fold-and-thrust 
belt developed around the cone’s base (see 
Fig. DR1 in the Data Repository).

DISCUSSION
Our experiments show that a continuum of 

volcano structural architectures arises from the 
interplay of (1) the effective rigidity and strength 
of a basement with respect to a volcanic load, 
and (2) the effective coupling or decoupling of 
the load from its basement.

Model Kinematics
End-member sagging architectures (Fig. 3A) 

result when a cone and its fl exible basement are 
coupled and deform as one mechanical unit. 
Outer-arc extension next to the fl exural bulge 
produces peripheral fi ssures and normal faults. 
Inner-arc contraction in the fl exural trough 
decreases the cone’s basal diameter and forms 
a system of terrace-like convexities (imbricate 
thrusts with hanging-wall anticlines) on the 
cone’s fl anks (Fig. 4A).

Hybrid sagging-spreading architectures result 
when a cone and its fl exible basement are decou-
pled and deform as two discrete units (Fig. 3B). 
When sagging is pronounced and active (ΠSag > 
~0.033), differential motion between the units 
occurs along the décollement and maintains 
the cone’s diameter. This apparent fl exural slip 
produces a large thrust fault scarp around the 
cone’s base. Inner-arc contraction of the cone’s 
mid- to upper fl anks forms terraces there, while 
outer-arc extension of the cone’s base leads to 
tensile fractures and normal faults on its lower 
fl anks (Fig. 4B). When sagging is weak (ΠSag 
≤ ~0.033), the buttressing effect of the trough 
diminishes; spreading increasingly drives slip 
on the décollement, shown as an increase of 
the cone’s diameter after initial sagging ends 
(Fig. 3C). Dominance of spreading over sag-
ging promotes near-radial normal faulting on 
the decoupled cone’s mid- to lower fl anks.

End-member spreading architectures, domi-
nated by normal faults and leaf grabens (Fig. 3D), 
result when a decoupled cone collapses outward 
across a rigid and essentially undeformed base-
ment (Fig. 4C).

Our analog structures agree well with stress 
patterns in continuum-based numerical models 

Figure 2. Experimental setups. A: Setup for 
a cone coupled to its basement (cone out-
line dashed in white). B: Schematic cross 
section of this setup. C: Cross section of the 
decoupled cone setup.

1GSA Data Repository item 2013090, model scaling 
parameters, dimensionless numbers analysis, and unre-
stricted décollement model results, is available online 
at www.geosociety.org/pubs/ft2013.htm, or on request 
from editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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of (1) volcano-induced fl exure, (2) fl exure with 
aspects of spreading along a ductile or low-fric-
tion detachment, and (3) pure volcano spread-
ing (cf. McGovern and Solomon, 1993; Borgia, 
1994; van Wyk de Vries and Matela, 1998). 
While our models did not simulate incremental 
volcano growth, numerical models that did (e.g., 
McGovern and Solomon, 1993) suggest lower 
stress magnitudes but similar structural arrange-
ments. Such agreement supports the broad 
applicability of our results.

Natural Examples
The model end-member sagging architec-

ture closely matches that of Elysium Mons 
(Fig. 1B) and other Martian volcanoes (Byrne 
et al., 2009). These volcanoes therefore lack 
an effective basal decoupling, and as also sug-
gested by correlated gravity and topographic 
data (McGovern et al., 2002), they overlie thin 

(and thus fl exible) basements relative to the edi-
fi ce load. Our results support the interpretation 
of fl ank terraces as caused by lithospheric fl ex-
ure (Byrne et al., 2009).

The hybrid sagging-spreading architecture of 
Olympus Mons, with its mid- to upper fl ank ter-
races and its lower-fl ank normal faults (Fig. 1C), 
can be explained by decoupling of the volcano 
from a fl exing basement. Its distinctive 6–8-km-
high basal scarp can be attributed to mass wast-
ing along a thrust front formed largely by fl exural 
slip. Our models therefore illustrate the impor-
tance of not only spreading (Borgia et al., 2000; 
McGovern and Morgan, 2009), but also sagging, 
in this volcano’s structural development.

On Earth, geophysical data enable estimates 
of ΠSag (see the Data Repository). For Hawaii, 
ΠSag ≈ 0.025–0.074, which in experiments leads 
to a dominance of sagging. This is consistent 
with geophysical and bathymetric evidence for 

lithospheric fl exure of 7–8 km (Dietz and Men-
ard, 1953; Zucca et al., 1982), though less so 
with the restricted, subtle terracing of Mauna 
Loa’s northwest fl ank and the dominance of 
spreading features on the Big Island’s upper and 
lower slopes (Fig. 1D). Additional mechanisms 
that enhance edifi ce spreading, such as mag-
matic intrusions (Borgia, 1994) or elevated pore 
fl uid pressure, may thus play an important role 
at Hawaii. For La Réunion, conversely, ΠSag ≈ 
0.006–0.016, which experimentally leads to a 
dominance of spreading with only very subtle 
sagging. This is consistent with geophysical and 
structural observations (Fig. 1A) (e.g., Gallart et 
al., 1999).

More generally, our results help inform stud-
ies of volcanic hazard, eruption behavior, and 
lithosphere dynamics. The models show that 
sagging decreases, while spreading increases, 
the risk of landslide and sector collapse (Fig. 3). 

Figure 3. Experimental results. Top row: Plan-view photographs of deformation (dashed circle shows the initial cone diameter). Middle row: 
Cumulative horizontal displacements and strain fi elds (dilatation [or area change] = Exx + Eyy). Bottom row: Structural sketches. Thick or thin 
lines are major or minor faults; red are normal (ticks on the downthrown side); blue are reverse (fl ags on the hanging wall). A: Basement-
coupled cone (ΠSag = 0.042). B–D: Decoupled cones (ΠSag = 0.042, 0.017, and 0.007, respectively).
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They allow evaluation of likely sagging- or 
spreading-infl uenced sites of intrusive and erup-
tive activity (cf. Kervyn et al., 2009; Delcamp et 
al., 2012a, 2012b). They also enable recognition 
of mechanical interaction of volcano and base-
ment during fl exure, a factor rarely considered in 
estimates of lithosphere properties such as elas-
tic thickness. Finally, our experiments provide a 
basis for better understanding geodetically mea-
sured volcano deformation, from which further 
modeling of natural complexities (e.g., dike/
sill intrusions, incremental volcano growth, and 
varying deformation rates) could be considered.

In summary, our models isolate structural 
architectures of volcano sagging and volcano 
spreading end members, and characterize a 
continuum between them. We show that a vol-
cano’s position within this continuum depends 
on edifi ce-basement coupling and on the base-
ment’s fl exural properties. This provides a fi rst-
order framework for understanding the role of 
gravity-driven deformation in the structural 
and eruptive development of large volcanoes 
throughout the Solar System.
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Figure 4. Schematic block diagrams of the continuum of large volcano structure. Dotted 
lines show predeformed states. Small arrows indicate movement directions; half-arrow pairs 
indicate the slip sense on faults. R—initial cone diameter; R′—fi nal cone diameter. A: End-
member sagging architecture. B: Hybrid sagging-spreading architecture. Inset shows how 
material may collapse due to oversteepening of the prominent basal thrust scarp. C: End-
member spreading architecture.


