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a b s t r a c t
Novae and coronae are large volcanotectonic features on Venus, with a contentious and possibly nonunique origin and enigmatic relationship. Their formation is most commonly explained by ﬂexure and
fracturing of the strong rigid Venus lithosphere atop mantle upwelling and/or downwelling. Here we
present new 3D high-resolution thermomechanical model of mantle plume/diapir impingement into
warm and thin lithosphere with Venus-like surface temperature. Numerical results suggests that novalike and corona-like structures can result from magma-assisted convection of weak ductile crust, induced
by decompression melting of the hot rising mantle plume. During the initial stage, nova forms by stellate
fracturing of a topographic rise forming atop the growing crustal convection cell. Few million years
later, nova can convert to coronae by inward dipping concentric fracturing of the nova rise margins
and subsequent outward thrusting of partially molten crustal rocks over the surface. An outer annulus
of concentric normal faults forms in the outer rise region of the downbending brittle upper crust,
whereas an inner annulus of concentric thrust faults forms in front of the outward thrusting crustal
wedge. A trench-like depression forms between these two annuli. Resembling retreating subduction, the
rudimentary concentric upper-crustal slab warms up rapidly and recycles into the convection cell. The
convection cell remains active for up to 15 million years, fueled by heat and magma from the plume.
Predicted surface topography and fracturing patterns agree with some small to moderate size novae and
coronae on Venus.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Venus novae are “radially fractured centers” 100–300 km in diameter; 64 have been identiﬁed (Crumpler et al., 1996; Aittola
and Kostama, 2000; Krassilnikov and Head, 2003). These structures were also coined as “radial corona-like features” (Stofan et
al., 1992) and “failed coronae” (Janes and Turtle, 1996). Dense radial fracturing and raised topography are common, and massive
amounts of volcanism are seen in some. In contrast to volcanoes,
novae show a dominance of tectonic activity over volcanic activity (Krassilnikov and Head, 2003). Radial fracturing patterns of
novae form at early stages and associate with dike swarm emplacement (Grosﬁls and Head, 1995, 1996; Ernst et al., 2001),
whereas concentric tectonic features (where present) are formed
later (Krassilnikov and Head, 2003). Novae are subdivided into
four topographic classes: (N1) upraised, (N2) annular, (N3) ﬂat
and negative, and (N4) plateau-like. 40.3% of the novae population started to form before emplacement of regional plains with
wrinkle ridges on Venus and 11.3% completed their activity be-
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fore this time; 88.7% of the population of novae were active after
regional plains formation (Krassilnikov and Head, 2003). Detailed
structural analysis shows novae evolution often but not always
leading to the formation of corona-like features (Krassilnikov and
Head, 2003).
Venus coronae are 513 approximately circular structures that
range in diameter from 60 km to over 1000 km (Barsukov et al.,
1984; Stofan et al., 1992, 2001; Glaze et al., 2002; Grindrod and
Hoogenboom, 2006). Nearly all coronae have associated volcanic
and tectonic features, including large numbers of small (<50 km
diameter) volcanoes, extensive ﬂow deposits, radial and concentric
fractures and ridges (Squyres et al., 1992; Stofan et al., 1992, 2001;
Roberts and Head, 1993). Coronae typically have a raised rim superimposed on which is an annulus of closely spaced concentric
fractures and/or ridges. Based on the extent of their annulus coronae are subdivided into Type 1 (406 coronae with >180◦ annulus)
and Type 2 (107 coronae with <180◦ annulus) (Stofan et al., 2001;
Glaze et al., 2002). Nine topographic groups of coronae comprise (Smrekar and Stofan, 1997; Glaze et al., 2002): (C1) dome,
(C2) plateau, (C3) rim surrounding interior high or dome, (C4) rim
surrounding depression, (C5) outer rise, trough, rim, inner high,
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Fig. 1. Initial geometry (a) and thermal structure (b) of the numerical model. Cross-section trough the center of the model is shown. w and h are width and height of the
plume/diapir, respectively (Table 1).

(C6) outer rise, trough, rim, inner low, (C7) rim only, (C8) depression, and (C9) no discernible signature. In contrast to novae,
coronae activity was greatest before formation of regional plains
with wrinkle ridges (Basilevsky and Head, 1998; Ivanov and Head,
2001).
Origin of novae and coronae is contentious and possibly nonunique (cf. reviews in Aittola and Kostama, 2000; Krassilnikov
and Head, 2003; Grindrod and Hoogenboom, 2006). The most
common explanation suggests an interaction of the strong rigid
Venus lithosphere with mantle upwelling and/or downwelling (cf.
reviews in Krassilnikov and Head, 2003; Grindrod and Hoogenboom, 2006). To date, no numerical model of nova formation
has been developed, whereas numerical models of corona formation have predominantly focused on crustal surface ﬂexure cased
by mantle diapirs/plumes and/or lithospheric gravitational instabilities (e.g., Stofan et al., 1991; Janes et al., 1992; Koch, 1994;
Koch and Manga, 1996; Smrekar and Stofan, 1997; Hoogenboom
and Houseman, 2006; Elkins-Tanton et al., 2007; Stein et al., 2010).
Whereas these models were able to reproduce some of the observed coronae topographies, predicted corona sizes were often
larger (600–3000 km, Smrekar and Stofan, 1997; Hoogenboom and
Houseman, 2006) than average 250 km diameter of Venus coronae
(Smrekar et al., 2010). Recently, an alternative magmatic loading
model (Dombard et al., 2007) demonstrated that crustal deformation caused by spreading of a giant melt intrusion in a ductile
lower crust could possibly account for smaller (200–300 km) coronae sizes (Dombard et al., 2007).
Indeed, all previous numerical models of coronae were twodimensional or assumed cylindrical geometry and characteristic
surface fracturing patterns of novae and coronae were not reproduced due to rheological limitations. In addition, previous thermomechanical models assumed relatively strong and thick lithosphere (Smrekar and Stofan, 1997; Hoogenboom and Houseman,
2006). However, recent global mapping of crustal and lithospheric
thickness on Venus suggest that 47% of the planet has an estimated very low elastic thickness value of 0–20 km, indicating
either isostatic compensation or thin elastic lithosphere (Anderson
and Smrekar, 2006). Thin elastic lithosphere of 10–20 km has
also been detected under some of the recently volcanically active hotspots on Venus associated with mantle plumes (Smrekar
et al., 2010). Most recent study of crustal thickness and support
of topography on Venus (James et al., 2013) also used rather low

globally-uniform elastic thickness of 20 km as a best-ﬁt model parameter. These ﬁndings suggest that some of coronae and nova
structures may actually result from mantle plumes/diapirs interaction with the thin and warm Venus lithosphere that may allow
penetration of mantle upwellings to the bottom of the crust (e.g.,
Koch and Manga, 1996). This plausible scenario associated with
strong decompression melting of the plume (e.g., Ueda et al., 2008;
Sobolev et al., 2011) has not been modeled thermomechanically,
thus leaving a gap in quantitative testing of potential mechanisms
for novae and coronae formation.
This work documents results from new 3D numerical thermomechanical model of mantle plume/diapir interaction with a relatively warm and thin lithosphere having Venus-like surface temperature and gravity conditions (Fig. 1). The viscous-brittle/plastic rheological model is based on experimentally determined ﬂow
laws and allows for crustal fracturing, which can be compared
to observations. The spontaneous development of both nova-like
and corona-like structures with characteristic radial and concentric fracture patterns was systematically reproduced in numerical
experiments.
2. Numerical model
The initial model setup impinges a thermal mantle plume/diapir (30–100 km in radius) into a thin and warm lithosphere with
35 km thick maﬁc crust (Fig. 1). Tail-free geometry of the plume
is assumed in accordance with previous results suggesting dominance of discrete plume heads (thermals) on Venus (Jellinek et al.,
2002). The Eulerian computational domain is equivalent to 404 ×
404 × 100 km3 (Fig. 1) and is resolved with a regular rectangular
grid of 405 × 405 × 101 nodes and contains 130 millions randomly
distributed Lagrangian markers (both smaller and larger models
were also explored, see Table 1). All sides of the model have free
slip mechanical boundary conditions. The free surface boundary
condition atop the crust is implemented by using a “sticky” atmosphere (Schmeling et al., 2008) with low density (1 kg/m3 )
and viscosity (1018 Pa s). The employed numerical code I3ELVIS
(Gerya and Yuen, 2007) combines conservative ﬁnite differences on
a fully staggered grid and marker-in-cell techniques with multigrid
solver. This allows for large viscosity contrasts and strong localization of visco-brittle/plastic deformation (Gerya, 2010, 2013). The
momentum, mass and heat conservation equations are solved on
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Table 1
Conditions and results of numerical experiments.
Model

Model
width
(km)

Model
height
(km)

Grid step
size
(km)

C 0 /C 1 a
(MPa)

φ0 a

Maximal
viscosity
(Pa s)

Plume
width/height
(km)

Plume
temperature
(K)

Mantle
temperature
(K)

Results

vean

196

100

1

10/3

0.1

1023

80/40b

2060

1758

pre-nova dome, nova, corona

23

80/40b

2060

1758

pre-nova dome, novae

veap

202

98

0.5

1/1

0.1

10

veas

196

100

1

1/1

0.1

1023

80/40b

1960

1658

veat

pre-nova dome, nova, corona

196

100

1

1/1

0.1

1023

90/45

1960

1658

pre-nova dome, nova, corona

vebk

500

100

1

20/3

0.15

1023

90/45

1960

1658

pre-nova dome, nova, no corona (Fig. 6)

vebm

196

100

1

20/3

0.15

1023

110/55

1973

1658

pre-nova dome, nova, no corona

vebn

196

100

1

1/1

0.1

1024

90/45

1960

1658

pre-nova dome, nova, corona

vebo

196

100

1

1/1

0.1

1024

100/40

1960

1658

pre-nova dome, nova, corona

vebp

404

100

1

1/1

0.1

1024

100/40

1960

1658

pre-nova dome, nova, corona (Fig. 2)

vebpcd

404

100

1

1/1

0.1

1024

100/40

1960

1658

pre-nova dome, nova, no corona

vebq

404

100

1

1/1

0.1

1024

200/40

1960

1658

pre-nova dome with an outer rise, nova,
corona (Fig. 4)

vebr

404

100

1

1/1

0.1

1024

150/40

1960

1658

pre-nova plateau with an outer rise, nova
with an outer rise, corona

vebs

404

100

1

1/1

0.1

1024

80/40

1960

1658

pre-nova dome, nova, no corona

vebt

404

100

1

1/1

0.1

1024

60/30

1960

1658

dome, no nova, no corona

vedcd

404

164

1

1/1

0.1

1024

100/50c

1960

1658

pre-nova dome with an outer rise, nova
with a central crater-like depression,
corona (Fig. 7a)

a
b
c
d
e

φ0 is the internal friction coeﬃcient, C 0 and C 1 are the initial and ﬁnal rock strength, respectively.
Equivalent values, spherical plume with 30 km radius was prescribed at the depth of 65 km.
Equivalent values, spherical plume with 40 km radius was prescribed at the depth of 120 km.
Diabase ﬂow law (Ranalli, 1995) is used for the crust.
Experiment has been stopped after nova formation.

the non-deforming Eulerian grid whereas the advection of transport properties including viscosity, plastic strain, temperature etc.
is performed with the moving Lagrangian markers.
The initial thermal structure and thickness of the lithosphere
(Fig. 1) is deﬁned by a linear geotherm with 753 K at the surface and 1658–1758 K (Table 1) asthenospheric mantle temperature (Armann and Tackley, 2012) at 50 km depth. An adiabatic
thermal gradient of 0.5 K/km is initially prescribed in the asthenospheric mantle. The simpliﬁed mantle plume is prescribed in the
center of the model as a deep half-ellipsoid shaped mantle region
with elevated (1960–2060 K, Table 1) temperature (Fig. 1). Temperature dependent thermal conductivity is used for the mantle
[k = 0.73 + 1293/( T + 77)] and the crust [k = 1.18 + 474/( T + 77)]
(Clauser and Huenges, 1995). The thermal boundary conditions are
753 K at the top, 1673 K (1773 K in hotter mantle models) at the
bottom and zero heat ﬂux on all other sides of the model. In order
to insure an eﬃcient heat transfer from the surface of the crust
thermal conductivity of the “sticky” atmosphere (Fig. 1) is taken
to be hundred times higher (200 W/m/K) than that of the lithosphere (1–4 W/m/K). Gravitational acceleration of 8.87 m/s2 has
been used in the model.
The rheological model implies constant low viscosity (1018 Pa s)
of molten crust and magma extracted from the plume. State of
the art visco-plastic rheology is used for the solid maﬁc crust and
mantle based on experimentally determined ﬂow laws (Ranalli,
1995): dry olivine ﬂow law is used for the mantle and plagioclase
(An75 ) ﬂow law is applied for the maﬁc crust (stronger diabase
ﬂow law has also been tested for the crust, Table 1). An upper cutoff limit of 1023 –1024 Pa s (Table 1) is used for the crustal
and mantle viscosity that is high enough to ensure negligible viscous deformation of the brittle upper crust. State of the art brittle/plastic rheology of the crust assumes fracture-related strain
weakening (Lavier et al., 2000; Huismans and Beaumont, 2002;
Hieronymus, 2004; Buck et al., 2005; Choi et al., 2008; Gerya and
Burg, 2007; Gerya, 2010, 2013) induced by percolation of magmatic ﬂuids and is implemented by using rock strength limitation
in form

σII  C γ + φγ P
φγ = 1 when P < 0 (tensile fracture),
φγ = φ0 (1 − γ /γ0 ) for γ  γ0 and φγ = 0
for γ > γ0 when P  0
C γ = C 0 + (C 1 − C 0 )γ /γ0

 

γ=


σII =

1
2

(conﬁned fracture)

for γ  γ0 and C γ = C 1 for γ > γ0

(ε̇i j(plastic) )2 dt ,

1   2
σ ,
2 ij

where σII is second stress invariant (Pa), P is dynamic pressure on
solids (Pa), φγ is the internal friction coeﬃcient for the conﬁned
fractures (φ0 is the initial internal friction coeﬃcient), γ  0 is integrated plastic strain (γ0 = 0.1 is the upper strain limit for the
fracture-related weakening caused by percolation of magmatic ﬂuids; Gerya and Burg, 2007), t is time (s), ε̇i j (plastic) is plastic strain
rate tensor, C γ is the rock strength at P = 0 (for both conﬁned
and tensile fracture) that depends on the plastic strain γ (C 0 and
C 1 are the initial and ﬁnal strength values for the fracture-related
weakening, respectively). The stress limitation for tensile fracture
is formulated from a theoretical criterion (Rozhko et al., 2007) for
tensile failure of a ﬂuid-ﬁlled crack. This criterion is based on Grifﬁth’s theory (Murrell, 1964) and has been veriﬁed experimentally
(Jaeger, 1963). Strain weakening assumed in the model is similar
to those in previous numerical models of magma-assisted tectonic
processes such as mid-ocean ridge extension (Hieronymus, 2004;
Buck et al., 2005; Choi et al., 2008; Gerya, 2010, 2013) and intrusion emplacement into the crust (Gerya and Burg, 2007).
Partial melting of the mantle plume, melt extraction and percolation toward the bottom of the crust is implemented in a
simpliﬁed manner (Gerya, 2013). According to our model, maﬁc
magma added to the crust is balanced by melt production and
extraction in the plume. However, melt percolation (e.g., Katz,
2010) is not modeled directly and considered to be nearly instantaneous (Connolly et al., 2009). The standard (i.e. without melt
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extraction) volumetric degree of mantle melting M 0 changes with
pressure and temperature according to the parameterized batch
melting model of Katz et al. (2003). Lagrangian markers track the
amount of melt extracted during the evolution of each experiment. The total amount of melt, M, for every marker takes into
account the amount of previously extracted melt and is calculated
as (Nikolaeva et al., 2008)

M = M0 −




n

where
n M ext is the total melt fraction extracted during the previous n extraction episodes. At the initial moment of time (Fig. 1),
all
 mantle and plume rocks are assumed to be melt-depleted
( n M ext = M 0 ). The rock is considered non-molten (refractory)
when the extracted
melt fraction is larger than the standard one

(i.e. when
n M ext > M 0 ). If M > 0 for
 a given marker, the melt
fraction M ext = M is extracted and
n M ext is updated. The extracted melt fraction M ext is assumed to propagate much faster
than the rocks deform (Connolly et al., 2009). Melts produced in
the entire model are added evenly to the top of the shallowest partially molten mantle region located atop the plume. The magma
region forms atop the plume by accumulation of the extracted
melts at the deforming crust/mantle boundary. Size and shape of
the magma region forms spontaneously (Fig. 2a, right column) and
is regulated by the dynamics of melt supply from the plume and
lithospheric and crustal deformation. In this simpliﬁed model no
ﬂow ﬁeld divergence is created in response to melt accretion to
the bottom of the magma region. Additional space for the melt is
assumed to be created by viscous compaction and subsidence of
the melt-bearing mantle inside the plume. In order to ensure melt
volume conservation and account for mantle compaction and subsidence in response to the melt extraction, melt addition to the
bottom of the magma region is performed at every time step by
converting the shallowest markers of hot partially molten mantle
into new magma markers. The total volume of these new magma
markers matches the total volume of extracted melt computed for
the time step. This simple crust accretion algorithm does not account for volcanic processes and dyking above the magma regions,
neither does it account for internal convection, melt segregation
and crystal differentiation inside these regions.
Crystallization of magma and melting of the crust are computed
from the simple linear batch melting model (Gerya, 2013)

M = 0 when T < T solidus ,
M = ( T − T solidus )/( T liquidus − T solidus )
when T solidus < T < T liquidus ,
M = 1 when T > T liquidus ,
where M is volumetric melt fraction, T solidus = 1327 + 0.091P
and T liquidus = 1423 + 0.105P are, respectively, solidus and liquidus temperature (K) of the crust (Hess, 1989) at a given pressure
P (MPa). The effective density of the maﬁc magma and molten
crust is calculated as (Gerya, 2013)

ρeff = ρsolid 1 − M + M

ρ0molten
ρ0solid

where ρ0solid = 3000 kg/m3 and ρ0molten = 2800 kg/m3 are the
standard densities of solid and molten crust, respectively and ρsolid
is the density of solid crust at given P and T computed from





Cp eff = Cp + Q L

αeff = α + ρ

M ext ,



due to equilibrium crystallization of molten rocks is included implicitly by increasing the effective heat capacity (Cp eff ) and the
thermal expansion (αeff ) of the partially crystallized/molten rocks
(0 < M < 1), calculated as (Gerya, 2013)







ρsolid = ρ0solid × 1 − α ( T − 298) × 1 + β( P − 0.1) ,
where α = 3 × 10−5 1/K and β = 10−5 1/MPa are thermal expansion and compressibility of the crust. The effect of latent heating

QL
T



∂M
∂T

P =const

∂M
∂P

T =const

,
,

where Cp = 1000 J/kg is the heat capacity of the solid crust and
Q L = 380 kJ/kg is the latent heat of crystallization of the crust
(Turcotte and Schubert, 2002).
3. Numerical results
Reference model development (Fig. 2) shows six subsequent
stages that differ in terms of crustal deformation and topography
patterns: (1) pre-nova doming (Fig. 2a), (2) young (Fig. 2b) and
(3) mature (Fig. 2c) nova stages, (4) advancing (Fig. 2d), (5) subsiding (Fig. 2e) and ﬁnally (6) fossil (Fig. 2f) corona stages. Prenova doming is characterized by the plume–lithosphere mechanical interaction producing surface uplift and by the decompression
melting of the plume, which gives rise to the emplacement of a
large lower-crustal intrusion. A broad topographic dome forms at
the surface, which is dissected by radial and concentric fractures.
Some concentric fractures also form at the outer margins of the
dome (Fig. 2a). Young and mature nova stages associate with intense lower crustal melting, triggered by heat and magma from
the plume (Fig. 2b, c). Buoyancy of molten rocks initiates a localized crustal convection cell, which pierces the crust (Fig. 2c). The
rise of the convection cell is manifested by focused surface uplift at
the center of the pre-nova dome, thus forming a young steep-sided
nova rise (Fig. 2a–c, Fig. 3, 0.3–3.3 Myr). At the mature nova stage,
a weakly-pronounced wide circular depression and outer rise start
to form around the nova rise (Fig. 2c, Fig. 3, 3.3 Myr). The nova rise
is intensely dissected by a characteristic stellate pattern of radial
tensile fractures (Crumpler et al., 1996) (Fig. 2b, c), which can serve
for the development of dike swarms (e.g., Grosﬁls and Head 1995,
1996; Ernst et al., 2001). Small transient crater-like central depression can also form in some models (model “vedc” in Table 1), due
to the strong concentric tensile crustal deformation atop the rising
nova. At the mature nova stage, molten rocks close to the surface
may cause massive volcanism, which is also documented for some
of the nova rises (Krassilnikov and Head, 2003).
If the buoyant force of the partially molten crustal convection cell overcomes the brittle strength of the upper crustal lid,
the mature nova structure can be transformed into an advancing corona (Fig. 2d). This happens by concentric inward-dipping
fracturing of the nova rise margins and subsequent overthrusting of partially molten lower-middle crustal rocks over the surface
of the down-bending brittle upper crust. An annuli fracture pattern forms at this stage (Fig. 2d). An outer annulus of concentric
normal faults forms in the extensional outer rise region of the
downbending upper crust, similar to terrestrial outer rise bending regions of subducting oceanic slabs (Ranero et al., 2003). An
inner annulus is comprised of inward dipping concentric thrust
faults marking the advancing front of the overriding crustal wedge
supplied by partially molten crust spreading outward. Between
these two contrasting tectonic regions a deep trench-like depression forms (Fig. 2d), which is again similar to the situation in
subduction zones. The process thus resembles retreating subduction (e.g., Sandwell and Schubert, 1992; Ueda et al., 2008) at its
incipient stage. The overthrusted rudimentary concentric uppercrustal slab warms up rapidly and recycles into the convection cell.
The advancing corona reaches its maximal lateral extent within the

T.V. Gerya / Earth and Planetary Science Letters 391 (2014) 183–192

187

Fig. 2. Subsequent development of the nova and corona structures in the reference numerical model (model “vebp” in Table 1). Topography in the ﬁrst column is computed
relative to the level of 10 km from the top of the model. Distribution of the effective viscosity of the crust (ηeff = 2σε̇II , where σII = 12 (σij )2 and ε̇II = 12 (ε̇i j )2 are second
II
invariants of deviatoric stress and strain rate, respectively) in the second column is taken at the topographic surface. Distribution of the effective viscosity takes into account
localized brittle deformation and shows patterns of the active fractures at the surface.
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Fig. 3. Modeled radial topography proﬁles for different stages of the reference model
development shown in Fig. 2. Numbers in brackets refer to possible topographic
groups of nova and coronae discussed in the text.

next 1–2 Myr and then begins subsiding in response to the conductive cooling of the crustal convection cell at the surface and
the surrounding colder crust (Fig. 2e). Cooling leads to the gradual
solidiﬁcation of partially molten rocks, which lasts for more than
15 Myr (Fig. 2e, f, right column). The longevity of the crustal convection cell is related to the heat supply from the gradually spreading and cooling mantle plume that ﬁnally becomes accreted to the
lithosphere (Fig. 2e, f). Surface development during the subsidence
stage is manifested in an overall topographic relaxation associated
with a preferential degradation of the central rise high (Fig. 2e,
Fig. 3, 8.9 Myr). An inner circular depression separating the rise
and the crustal wedge forms at this stage (Fig. 2e, Fig. 3, 8.9 Myr).
The active fracture pattern during this stage differs signiﬁcantly
from the advancing corona and consists of weakly pronounced radial fractures, which dissect both the inner and outer zones of the
corona (Fig. 2e). At the culminate stage of the process (Fig. 2f) the
crustal convection cell becomes inactive due to the complete solidiﬁcation of previously molten crustal rocks. A ﬂat topography forms
(Fig. 2f, Fig. 3, 26.7 Myr), which preserves the zoning of the subsiding corona pattern. In the end a fossilized corona forms, which
continues to exist as a tectonically inactive, yet visible surface feature (Fig. 2f, left column).
It is also worth noting that, despite of magma addition to the
crust, the reference model development associates with overall
crustal thinning under nova and corona structures (Fig. 2, right
column). This crustal thinning results from the strong lithospheric
extension above the spreading plume head (Fig. 2a–d, right column) and relaxes partly during the subsiding and fossil corona
stages (Fig. 2e, f, right column).
4. Inﬂuence of model parameters
The corona size depends directly on the size of the mantle
plume/diapir. Large plumes release more magma and heat into the
lower crust and produce bigger coronae, which also develop more
rapidly (cf. Fig. 2 and Fig. 4). Further, larger and wide plumes tend

Fig. 4. Topography evolution for the model with large and wide plume (model
“vebq” in Table 1). Note that nova and corona are displaced relative to the center of the plume.

to produce a complex topography during the pre-nova doming:
the central dome is surrounded by a circular depression and an
outer rise (Fig. 4a). The shape of the initial magma region formed
in the crust can change from dome-shaped (Fig. 2a, right column) to ring-shaped (Fig. 5a): rapid spreading of the large and
wide plume may produce a ring-like deﬂection of the crust/mantle boundary, where magma derived from the plume accumulates.
A molten crustal convection cell develops asymmetrically from this
ring and the resulting corona and nova structures are displaced
relative to the center of the plume (Fig. 4). The ring-like magma
regions above very large and wide plumes may potentially trigger
multiple crustal convection cells, which can form related coronae
at the surface (Fig. 5). On the other hand, smaller plumes/diapirs
fail to form corona (model “vebs” in Table 1) and produce only
nova structures. In these models, a smaller crustal convection cell
is located at the bottom of the crust and fails to pierce through
the brittle upper crust. A similar development is characteristic for
the model with a crust of greater brittle and/or ductile strength
(Fig. 6, models “vebk”, “vebm” and “vebpc” in Table 1). Although
the crustal convection cell in these models has a usual size (i.e. as
in Fig. 2c, right column) it is unable to pierce through the stronger
upper crust and fails to form a corona.
5. Discussion and conclusions
Numerical topographic and fracture patterns show notable similarities with some small to moderate size novae and coronae on
Venus (Figs. 3, 7). In particular, some of the observed topographic
groups of novae and coronae spontaneously form in our experiments (cf. Fig. 3). The topography rise associated with the stellate
fracture pattern resembles some of the typical nova structures observed on Venus (Fig. 7a, c) (Krassilnikov and Head, 2003). Stellate
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Fig. 5. Ring-like magma distribution above the large and wide mantle plume for the mature nova stage (a) (Fig. 4c) compared with ring-like distribution of arachnoids on
Venus (b) (http://pds.jpl.nasa.gov/planets/captions/venus/arach.htm). The circle in (b) shows presumable position of a lower-crustal magma ring formed by a large and wide
mantle plume, which possibly produced the arachnoids. Note that spatial scales of (a) and (b) are different.

Fig. 6. Topography evolution for the model with strong brittle crust (model “vebk”
in Table 1). No corona is formed in this model.

pattern of tensile fractures obtained for novae structures often associate with crater-like central depression observed in many natural raised novae (Fig. 7a, c). Complex modeled corona patterns also
ﬁnd analogies in nature (Figs. 3, 7b, d, 8). In particular, the multiple annuli structure of the Aramaiti Corona, which has not been
reproduced in previous numerical models, compares well with the
subsiding corona structure (Fig. 7b, d), in which ﬁve zones can be
distinguished: central rise, circular depression, crustal wedge with
thrust faults, circular trench, and outer rise with normal faults.
It should be mentioned, however, that the size of the numerical
corona for the reference model is 2.5–3 times smaller than the actual size of the Aramaiti Corona, which was presumably produced
by a ca. 3 times larger mantle plume/diapir than explored in the
reference model. The lack of a pronounced central depression in
numerical coronae may in part be due to the simpliﬁed incompressible model, which does not account for signiﬁcant thermal
contraction during crystallization of molten rocks under the corona
(Fig. 2c–f, right column). Future model improvement could also include addition of elasticity and parameterizations for the surface
volcanism and dike swarm emplacement. Subsequent work could

also focus on modeling gravity signatures of novae and coronae
produced by modiﬁcations of Venus surface topography as well as
underlying crustal and mantle density structures (e.g., Schubert et
al., 1994). In particular, crustal thinning above the spreading plume
found in our numerical experiments (Fig. 2, right column) could be
partly responsible for positive gravity anomalies associated with
some coronae (e.g., Schubert et al., 1994).
Crustal convection mechanism of novae and coronae formation requires thin and warm lithosphere with weak ductile crust,
which enables large horizontal surface displacements (outward
thrusting). This thrusting correlates with some of the observed
nova and coronae structures (Figs. 7d, 8) and is in strong contrast
with predominantly vertical surface motions predicted by previous
thermomechanical coronae models with strong rigid lithosphere
(Smrekar and Stofan, 1997; Hoogenboom and Houseman, 2006;
Elkins-Tanton et al., 2007). Warm lithosphere allows to reproduce successfully characteristic stellate novae structures and model
observed transformation of some novae to coronae (Krassilnikov
and Head, 2003). Warm lithosphere assumption seems also to be
in agreement with previous suggestion (Krassilnikov and Head,
2003) that vanishing of coronae activity after regional plains formation may be due to thickening of the lithosphere with time
(Krassilnikov and Head, 2003). However, numerical novae and
coronae do not comprise the entire spectrum of observed sizes
and topographic groups of these structures (Krassilnikov and Head,
2003; Smrekar and Stofan, 1997). Therefore, plume-induced crustal
convection is advocated here as a plausible but non-unique mechanism of novae and coronae formation on Venus.
One important question concerns the thermomechanical reasons for the apparent absence of novae and coronae on Earth, although they have similarities with some terrestrial features associated with large-scale magmatism and giant dike swarms (Herrick,
1999; Lopez et al., 1999; Ernst et al., 2001). A possible explanation is the high surface temperature on Venus compared to Earth.
The numerical models suggest the critical condition for the documented novae and coronae development is a low-viscosity ductile
crust with a hot and thin brittle upper crustal layer. The relatively
low strength of this thin upper layer can be easily overcome by the
buoyancy of large volumes of plume-induced magmas emplaced
into the ductile lower crust. Consequently, instead of forming large
ﬂattened intrusions in the lower crust (Dombard et al., 2007) these
magmas can rise as partially molten crustal convection cells. These
convection cells can pierce and fracture the thin brittle upper
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Fig. 7. Comparison of the simulated nova (a) (model “vedc” at 4.0 Myr, Table 1) and corona (b) (model “vebp” at 8.9 Myr, Fig. 2e, Table 1) patterns with the radar image (top)
and topography projection (bottom) of the Becuma Mons nova (c) (Krassilnikov and Head, 2003) and Aramati Corona (d) (Grindrod and Hoogenboom, 2006). Color code in
(a) and (b) is taken for the effective viscosity and topography, respectively. Note that spatial scales of (b) and (d) are different.

crust, thus forming various novae and coronae features at the surface. The hot surface temperature also precludes intense cooling of
molten crustal rocks approaching the surface, this allows them to
remain magmatically and tectonically active on a timescale of millions to tens of millions years, which is needed to form novae and
coronae (Fig. 2).
The numerical results can also have some implications for the
temporal relationship between novae and coronae on Venus. In
the numerical experiments, the formation of corona destroys the
smaller pre-existing (parent) nova rise (Figs. 2, 4). This may explain
to some extent why on Venus novae are less common and (typically) smaller and younger than coronae (Krassilnikov and Head,
2003). This age and size discrepancy between novae and coronae
can also be explained by the gradual cooling of the lithosphere and
reduction of plume sizes with geological time (Krassilnikov and
Head, 2003). Before the formation of regional planes on the surface of Venus, larger mantle plumes/diapirs triggered by a global

resurfacing event (Strom et al., 1994; Armann and Tackley, 2012)
interacted with warm and thin lithosphere producing many coronae that destroyed their parent nova structures (Figs. 2, 4). At the
later stage, smaller mantle plumes became more common, interacting with colder and thicker lithosphere, preferentially producing
novae rather than coronae (Table 1, Fig. 6). The models also suggest
raised novae with a stellate fracture pattern (Figs. 2b–e, 3a, 6, 7a)
are relatively short-living transient structures, which can be active
today. These structures should be characterized by ongoing tectonic and magmatic activity and elevated heat emission (Smrekar
et al., 2010) resulting from hot partially molten crustal rocks close
to the surface.
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