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Abstract
Numerical modelling studies of the various hypotheses of Venus’ thermal evolution, such as the uniformitarian, catastrophic,
differentiated planet hypothesis have been conducted. However, these studies often failed to investigate the influence of the mantle
thickness and core-mantle boundary temperature on their results. As these parameters are not very well constrained, a modelling
study was conducted to assess their influence. Besides that, the influence of the rarely used temperature-dependent conductivity
was investigated and the first numerical validation of the subcrustal lid rejuvenation hypothesis was conducted. A two dimensional,
Cartesian, square box was used with free slip boundary conditions and isothermal top and bottom boundaries. A temperature
dependent viscosity with the inclusion of a yield stress was used. It was found that the mantle thickness determines whether or
not a periodic regime can be accommodated: a thin mantle cannot result in a periodic regime. To a lesser extent, the core-mantle
boundary temperature influences this as well. This is particularly the case, when it is combined with the temperature-dependent
conductivity, which causes the periodic regime to be stable over a larger range of yield stresses. In order to obtain more realistic
models in the future, additional heat sources should be added to the model in the form of shear heating, adiabatic heating and
internal heat production.
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1. Introduction

Venus is the neighbour of Earth that is closest to the Sun. The
two planets are very similar in size, mass and average density
(see Table 1). However, despite their similarity Venus and Earth
are very different at present. For example, the Earth has a mag-
netic field, while Venus appears to have none. Besides that,
Earth displays plate tectonics, while Venus does not. Further-
more, Venus spins backwards, compared to Earth as well as
very slowly (the duration of one Venus day is ∼ 243 Earth days
(Mueller et al., 2012)). These differences indicate a different
evolution of the planets. Whether or not this is solely due to
Venus’ closer proximity to the Sun remains at present unclear
and is hard to quantify. Insights into the evolution of Venus
could provide new insights on why Earth is a unique planet that
supports life along with insights into the general evolution of
terrestrial planets.

Table 1: A comparison between Earth and Venus1

Venus Earth
Radius (m) 6.0518 × 106 6.3710 × 106

Mass (kg) 4.8673 × 1024 5.9722 × 1024

Density (kg m−3) 5243 5513

In order to obtain insights in the evolution of Venus, data has
been collected and analyzed from space missions and Earth-
based observations. These observations in turn triggered the
development of various hypotheses concerning the different
stages of the evolution of Venus. In order to determine whether
these hypotheses can accurately reproduce the data, Monte
Carlo simulations, analytical solutions and numerical models
have been used.

In this work an overview is presented of the observations of
Venus from space missions and the subsequent hypotheses re-
garding the evolution of Venus, focusing on the evolution of its
mantle dynamics. In order to contribute to the current literature
on mantle dynamic models, a modelling study is conducted to

1http://solarsystem.nasa.gov/planets/profile.cfm?Object=

Earth&Display=Facts

http://solarsystem.nasa.gov/planets/profile.cfm?Object=

Venus&Display=Facts
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Table 2: Measurements of surface temperature and pressure

Space mission Temperature (K) Pressure (MPa) Reference
Venera 4, 5, 6 770 ± 60 9.8+4.7

−2.0 Avduevsky et al. (1970)
Venera 7 747 ± 20 8.8 ± 1.5 Avduevsky et al. (1971)
Venera 8 743 9.1 Vinogradov et al. (1973)

(no uncertainties available)
Venera 9, 10 735 ± 5 9.2 ± 0.3 Florensky et al. (1977)

investigate the influence of the mantle thickness and the core-
mantle boundary temperature on the mantle convective regime,
as these parameters are at present unknown. Furthermore, the
influence of a temperature- and pressure-dependent conductiv-
ity is investigated and a new hypothesis is tested, as no previous
modelling studies have looked into that yet (see Section 6).

2. Past missions to Venus

Venus is completely covered in clouds, so information about the
surface of the planet cannot be obtained directly from Earth-
based measurements. Hence, space missions to Venus are re-
quired in order to study the surface of Venus, and from that the
activity and dynamics of Venus. In this section an overview of
the past space missions to Venus and their contribution to our
present-day understanding of Venus is presented.

2.1. Venera missions
The Russian Venera 1 - 16 probes were launched from 1961 to
1984 with varying degrees of success to gather data from Venus.
Venera 1 and 2 were designed as flybys, but failed to send data
to Earth. Venera 3 - 6 orbiters were designed to investigate the
atmosphere of Venus. After the failure of Venera 3, Venera 4 - 6
succeeded in measuring some physical and chemical character-
istics of the Venusian atmosphere. For example, the composi-
tion of the atmosphere was estimated (see Table 3 (Vinogradov
et al. (1968) and Avduevsky et al. (1970))). Venera 4 also inves-
tigated the presence of a magnetic field on Venus. The results
from this experiment could indicate either magnetization of the
ionosphere or an intrinsic magnetic dipole moment which cor-
responds to a surface field of 30 × 10−9 T (Russell, 1976). In
comparison, Earth’s magnetic field at the surface has a magni-
tude of 50 × 10−6 T (Glassmeier et al., 2008). Extrapolation of
the temperature and pressure measurements of Venera 4 - 6 re-
sulted in the first empirical estimate of the surface temperature
and pressure on Venus (see Table 2).

Venera 7 deployed a probe designed to withstand the surface
conditions on Venus, that landed on the surface of Venus (see

Table 3: Atmospheric composition as measured by Venera 4 - 6 at P = 0.6
MPa (Vinogradov et al. (1968) en Avduevsky et al. (1970))

Species Percentage (%)
CO2 95 ± 2
N2 3.5 ± 1.5
H2O 0.4 ± 0.2
O2 < 0.4

Figure 1) on December 15, 1970 (Avduevsky et al., 1971). The
descent of the probe through the atmosphere resulted in vertical
temperature and pressure profiles of the Venusian atmosphere,
leading to better estimates of the surface temperature as shown
in Table 2.

Venera 8 measured both wind velocities and the temperature
in a vertical profile of the Venusian atmosphere, and deployed
a lander as well. The wind speeds were found to be 15 - 40
m s−1 between 40 and 20 km altitude with a decrease in wind
speed around 15 km altitude. Vertical winds of 2 - 5 m s−1

were found at 20 - 30 km altitude. Surface winds on Venus are
0.1 m s−1 or less (Ainsworth and Herman, 1975). The gamma
ray spectrometer on board of the lander of Venera 8 measured
the content of radioactive potassium, uranium, and thorium on
the surface of Venus (see Table 4 and Figure 1 for the location
of the landing site). Vinogradov et al. (1973) interpreted this
as a granitic composition and concluded that Venus must be a
differentiated planet like Earth.

Table 4: Abundance of radioactive elements in rocks at the Venera 8 lander site
(Vinogradov et al., 1973)

Species Weight percentage (%)
K 4.0 ± 0.2
U (2.2 ± 0.4) × 10−4

Th (6.5 ± 0.3) × 10−4

Venera 9 and 10 both contained landers as well, so new es-
timates of the surface temperature and pressure were obtained
(see Table 2 and Figure 1). The wind velocities that were mea-
sured were 0.5 to 1 m s−1. The rocks that the landers were
able to analyze were found to be similar to Earth’s basalt in ra-
dioactive content. The density of the rocks was measured to be
2800±100 kg m−3 (Florensky et al., 1977).

The landers of Venera 11 and 12 (see Figure 1) both gath-
ered more detailed information on the Venusian atmosphere.
New information regarding the rocks on Venus was obtained
by Venera 13 and 14 (see Figure 1), as these missions were
able to determine the elemental composition of the rocks. The
chemical composition of the rock that was analyzed by Ven-
era 13 was similar to the potassium alkaline basalts commonly
found in rift zones and on oceanic islands on Earth (Surkov
et al., 1983). The rocks analyzed by Venera 14 had a composi-
tion similar to that of tholeiitic basalts of the oceanic crust on
Earth (Surkov et al., 1983). Measurements of the physical and
mechanical properties of the rocks showed that the Venusian
rocks consist of weakly cemented, porous structures (Surkov
et al., 1984). Based on the data from Venera 8, 9, 10, 13 and
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14, Surkov et al. (1984) concluded that the rocks on Venus are
most likely formed during volcanic eruptions.

Besides analyzing rock samples, Venera 13 and 14 also took
panoramic photographs of their landing sites. An analysis of
these photographs, as conducted by Florensky et al. (1983) indi-
cated the presence of ripple marks, thin layering and differential
erosion on the surface of Venus. Some of the visible formations
were interpreted as lithified clastic sediments (Florensky et al.,
1983).

The next step in the Venera missions was to image the sur-
face and to measure the altimetry. Therefore, Venera 15 and
16 both had radar imaging equipment on board, in addition to
Fourier spectrometers to measure the atmospheric composition
of the top cloud level (Oertel et al., 1985). Venera 15 and 16
did not map the entire surface of Venus. From the radar im-
agery and altimetry measurements, the distribution of impact
craters could be studied, leading to estimates of the age of the
surface of Venus and hypotheses on the tectonics of Venus (see
Section 3.2 and Section 5.5).

2.2. Pioneer Venus

The Pioneer Venus project by NASA consisted of 2 missions,
namely the Pioneer Venus Orbiter and the Pioneer Venus Mul-
tiprobe.

The Pioneer Venus Orbiter was launched in May 1978 and
was designed to study the atmosphere of Venus as well as the
topography, surface characteristics and gravity field. The Pio-
neer Venus Orbiter mapped 93% of the surface of Venus with a
surface resolution higher than 150 km and the vertical accuracy
exceeded 200 m (Pettengill et al., 1980). The gravity and al-
timetry data indicate that the observed highlands, such as Ishtar
Terra and Aphrodite Terra, are isostatically balanced (see Sec-
tion 3 and Figure 1) (Masursky et al., 1980).

The atmospheric experiments resulted in the discovery of a
decrease in SO2 concentration in the top clouds in the period
1978 - 1986 (Esposito et al., 1988). Esposito et al. (1988) ex-
plained this behaviour by proposing episodic injection of SO2
into the atmosphere. This could be caused by active volcanism.

The Pioneer Venus Multiprobe was launched in August 1978
and designed to study the atmosphere of Venus. Apart from a
large probe that carried seven experiments to study the atmo-
spheric composition and particles, three identical small probes,
the North probe, the Night probe and the Day probe, targeted
different parts of Venus to measure regional variations in at-
mospheric composition. One of the results was the presence of
three different cloud regions at an altitude of ∼ 49 km (Tomasko
et al., 1979).

2.3. Vega

The Russian Vega program consisted of two sister spacecrafts,
Vega 1 and Vega 2, that were launched in 1984 on Decem-
ber 15 and 21, respectively. The Vega mission was designed
to study both Venus and the comet Halley that appeared in
1986. The Vega mission deployed two balloons in the atmo-
sphere to measure the temperature, the pressure, the velocity of
vertical winds, the backscatter of cloud particles, the ambient

light level, and the frequency of lightning in situ (Sagdeev et al.,
1986). In order to further study the composition of rocks on the
surface of Venus, landers identical to those of the Venera mis-
sions were used. The lander of Vega 1 landed in the Mermaid
Valley and the lander of the Vega 2 mission landed on the pre-
viously unanalyzed northeastern slope of the Aphrodite Terra
(see Figure 1 for the landing sites) (Surkov et al., 1986). Based
on the content of radioactive elements in the rocks, it was found
that the rocks are similar to basic rocks (mostly tholeiitic basalts
and gabbros) of the Earth’s crust (Surkov et al., 1987). The ana-
lyzed rocks at the Vega 2 site were interpreted more specifically
as being olivine gabbro-norite (Surkov et al., 1986).

2.4. Magellan

The Magellan spacecraft was launched on May 4, 1989. Its
main objective was to map the surface of Venus with a syn-
thetic aperture radar and to measure the gravity field of Venus.
A variety of deformational features was imaged by Magellan,
such as families of graben, wrinkle ridges, ridge belts, moun-
tain belts, quasi-circular coronae and broad rises with linear rift
zones with dimensions of hundreds to thousands of kilometers
(see also Section 3.3) (Solomon et al., 1992). These last two
deformation styles are not observed on Earth and appear to be
unique to Venus. The mapping of Magellan also resulted in a
detailed knowledge of the distribution of impact craters, which
is indistinguishable from random (also see Section 3.2).

The images from Magellan confirm that the surface of Venus
is probably volcanic, based on the photographs and geochem-
ical data from the Venera and Vega missions (Kargel et al.,
1993). More specifically, the data are consistent with mafic
and basaltic compositions of the rocks (Head et al. (1992) and
Kargel et al. (1993)).

2.5. Venus Express

Venus Express (ESA) was the first European mission to Venus
and was designed to investigate the atmosphere, the plasma
environment and the surface of Venus from orbit (e.g., Titov
et al. (2006) and Svedhem et al. (2007)). Venus Express was
launched on 9 November, 2005 (Svedhem et al., 2007). One
of the instruments aboard was the Visible and Infrared Ther-
mal Imaging Spectrometer (VIRTIS), designed to investigate
the atmospheric properties of Venus as well as optical surface
properties (Drossart et al., 2007). The spectral emissivity mea-
sured by VIRTIS was used to determine the chemical composi-
tion of the surface of Venus and to study likely candidates for
hotspots on Venus. Due to anomalously high thermal emissiv-
ity values, Smrekar et al. (2010) identified compositional dif-
ferences in lava flows at three different locations that are poten-
tial hotspots: Imdr, Themis, and Dione Regiones (see Figure
1). The interpretation of these compositional differences is a
lack of weathering, thereby indicating that the lava flows are
relatively young (Smrekar et al., 2010). The age of the lava
flows was determined to be younger than 2.5 Myr and possibly
even younger than 250.000 years (Smrekar et al., 2010). This
indicates that Venus is at present volcanically active (see also
Section 3.2 and 5).
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The Venus Monitoring Camera was used for thermal map-
ping of the surface (Markiewicz et al., 2007). Bright features
that appeared and disappeared in the time span of a few days in
the Ganiki Chasma (see Figure 1) were interpreted as being the
result of the presence of hot matter at or just above the surface
(Shalygin et al., 2014). This could be lava, gas or a combination
of both.

Like the Pioneer Venus Orbiter, the Venus Express mission
provided information about the SO2 concentration in the clouds
of Venus with the use of the Spectroscopy for Investigation
of Characteristics of the Atmosphere of Venus (SPIVAC)
instrument (Marcq et al., 2013). Again, a decrease in SO2
concentration was measured in the period 2007 - 2012 (Marcq
et al., 2013). Besides that, Marcq et al. (2013) found latitudinal
and temporal variations in the abundance of SO2. As a
cause for these episodic SO2 injections, Marcq et al. (2013)
suggested active volcanism with, more specifically, periods
of increased buoyancy of the volcanic plumes. If there is no
active volcanism on Venus, the SO2 concentrations over time
can be explained by long-period oscillations of the general
atmospheric circulation.

In summary, past missions have provided a wealth of in-
formation about present-day Venus. The surface temperature
and pressure have been determined accurately; the surface of
Venus has been mapped; and rocks on the surface of Venus
have been sampled. Data from the missions indicate a mafic
(or basaltic) composition of the surface of Venus. Indications
for active volcanism are present from emissivity data, thermal
mapping and SO2 abundances in the atmosphere.

3. Observations of the surface of Venus

The interpretation of the observations of the various missions
to Venus provides information on the history and current state
of the planet. In this section, the results of the global mapping
measurements, which resulted in information regarding the to-
pography, gravity and impact crater distribution are discussed.

3.1. Global topography & gravity

In this section the topography and gravity maps of Venus are
presented. Besides that, several hypotheses that could explain
the topography and gravity distribution and their correlation are
discussed.

3.1.1. Topography
The radar altimetry measurements made during the first 8
months of the Magellan mission were analysed by Ford and
Pettengill (1992). It was found that the surface heights exhibit
a unimodal distribution, where more than 80% of the surface
lies within 1 km of the mean radius of 6051.84 km. Several
steep features with slopes greater than 30◦ were found on the
southwest face of the Maxwell Montes, the southern face of the
Danu Montes and the chasmata to the east of the Thetis regio
(see Figure 1). This is also confirmed by the synthetic aperture
radar measurements.

Another topography model was made by Rappaport et al.
(1999) (see Figure 1), who used the altimetry measurements
in combination with a gravity model from which the spacecraft
position was derived in detail. From the topography distribu-
tion it can be concluded that Venus consists of only one plate at
present (Schubert et al., 2001). However, there are features ev-
ident from the topography that resemble tectonic features on
Earth. Regions that portray rift zone characteristics are the
Beta, Atla, Eistla and Bell Regiones (see Figure 1) (Schubert
et al., 2001). An example of a major collision zone, such as
the mountain belt that links the Alps and the Himalayas, is the
Aphrodite Terra. Another feature is the Ishtar Terra (see Figure
1), which is as large as 2000 - 3000 km in length. It is a region
of elevated topography with the Lakshmi Plateau (see Figure
1) as its major feature. This plateau is similar to the Tibetan
Plateau, with a mean elevation of 4 km (Schubert et al., 2001).
Like the Tibetan Plateau, the Lakshmi Plateau is surrounded
by mountain belts similar to the Himalayas: the Akna, Danu,
Freyja and Maxwell Montes reach elevations of ∼10 km (see
Figure 1).

To explain the high topography on Venus, two main hypothe-
ses were put forward according to Schubert et al. (2001). The
first hypothesis (1) is that the high topography on Venus is com-
pensated by crustal roots, following the Airy model of isostasy
for Earth (Schubert et al., 2001). The other hypothesis (2) is that
the interaction of mantle convection with the lithosphere is re-
sponsible for the high topography. This is also called dynamic
topography. An example of this are the equatorial highlands
on Venus (excluding the Ovda and Thetis Regiones), which are
generally associated with upwellings in the mantle (Schubert
et al., 2001).

An example of a model combining these two hypotheses in
order to explain the topography of Venus is given by Morgan
and Phillips (1983). They show that 93% of surface topography
of Venus can be explained by variations in lithospheric thick-
ness (hypothesis (1)). If the assumption is made that crust forms
at hot spots (a version of hypothesis (2)), the model corresponds
to the surface topography for 99%.

Hence, even though Venus appears to be a one-plate planet at
present, there are topographic features indicating tectonics. The
precise cause of the high topography is at present uncertain.

3.1.2. Gravity
In 1981 part of the gravity field of Venus was determined for
the first time from Doppler tracking data of the Pioneer Venus
Orbiter (Dickey et al., 1997). The raw Doppler tracking data
was corrected for many known effects on the radio signal, such
as the rotation of the Earth, the orbital motion of the spacecraft,
planetary pertubations, relativity and the atmosphere of Venus
(Sjogren et al., 1983). The filtered data provided information
about the gravity field because the position of the spacecraft de-
pends on the local gravity field of Venus. These first estimates
of the gravity field showed a very high ratio between geoid and
topography compared to Earth. This lead to estimates of the
compensation depths of the topography of approximately 100
km or more (Dickey et al., 1997).
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Figure 1: Topographic map of Venus, modified from Rappaport et al. (1999). The three terras of Venus are indicated. Other topographic regions are indicated by
numbers: 1. Metis Regio; 2. Asteria Regio; 3. Beta Regio; 4. Phoebe Regio; 5. Devana Chasma; 6. Themis Regio; 7. Helen Planitia; 8. Lakshmi Planum; 9. Akna
Montes; 10. Vesta Rupes; 11. Danu Montes; 12. Maxwell Montes; 13. Fortuna Tessera; 14. Sedma Planitia; 15. Guinevere Planitia; 16. Sif Mons; 17. Gula Mons;
18. Eistia Regio; 19. Navka Planitia; 20. Alpha Regio; 21. Lavinia Planitia; 22. Leda Planitia; 23. Bell Regio; 24. Thetus Regio; 25. Tellus Tessera; 26. Niobe
Planitia; 27. Ovda Regio; 28. Thetis Regio; 29. Diana Chasma; 30. Artemis Chasma; 31. Aino Planitia; 32. Dali Chasma; 33. Ozza Mons; 34. Maat Mons; 35.
Atla Regio; 36. Ultrum Regio; 37. Imdr Regio; 38. Ganiki Chasma; 39. Freyja Montes; 40. Dione Regio. Landing sites of space missions are indicated by letters:
a. Venera 7; b. Venera 8; c. Venera 9; d. Venera 10; e. Venera 11; f. Venera 12; g. Venera 13; h. Venera 14 i. Vega 1; j. Vega 2.

A more recent model of the gravity field of Venus was made
in 1999, when Konopliv et al. (1999) incorporated data from
Doppler tracking of the Magellan spacecraft to obtain the global
gravity field. Following from that, Konopliv et al. (1999) devel-
oped a 180 degree spherical harmonics model for the geoid of
Venus, which is shown in Figure 2. Notable areas with high
positive gravity anomaly include the Beta and Atla Regio (see
also Figure 1).

3.1.3. Correlation topography and gravity
Comparing Figures 1 and 2 shows that the topography and
gravity anomalies on Venus seem to correlate, in contrast to
Earth. More quantitatively, Konopliv et al. (1999) correlated
the geoid and topography for different spherical harmonic de-
grees. For spherical degrees 120 to 150, it was found that there
is a high correlation near the Beta Regio (>0.8) and the Atla Re-
gio (∼0.8) (see Figures 1 and Figure 2). Other regions of high
correlation (∼0.5) are the Ishtar Terra and the eastern Eistla Re-
gio. For higher spherical degrees of 150 to 180 the Beta Regio
again shows the highest correlation, together with parts of the
Atla and eastern Eistla Regiones.

In order to explain the correlation between topography and
gravity, Sjogren et al. (1983) speculated that the different
topography-gravity ratios could reflect differences in internal
density distribution or topographic compensation depth.

Simons et al. (1997) relied on the two main hypotheses for to-

pography. Simons et al. (1997) suggested that the data from the
highland plateaus and tessera regions is consistent with isostatic
compensation of the topography by variations in the thickness
of the crust (hypothesis (1)). The maximum thickness of the
crust in these regions was estimated to be 40 km maximum.
The topography-gravity correlation of the other regions, which
mainly comprise rises, plains and lowlands, are probably the
result of mantle tractions at the base of the lithosphere (hypoth-
esis (2)) (Simons et al., 1997).

In summary, the high topography on Venus correlates with
large gravity anomalies. Proposed explanations for this in-
clude isostatic compensation and dynamic topography. Al-
though combinations of these can account for up to 99% of
the surface topography, the gravity cannot be explained fully.
Therefore, at present there is no model that can explain both
the gravity and topography distribution on Venus.

3.2. Age of the surface
Knowledge about the age of the surface of Venus is important
in order to obtain some constraints on the evolution of Venus.
As an example, a smooth and relatively young surface would
indicate some form of repetitive crust renewal. The mapping
of the surface of Venus, and the resulting impact crater distri-
bution that was discovered by various missions, therefore lead
to estimates of the age of the surface of Venus. In this section
these estimates are discussed.
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Figure 2: Geoid of Venus with respect to a reference sphere, from Konopliv et al. (1999). Contours are at 10 m intervals.

One of the first studies that tried to determine the age of the
surface was conducted by Schaber et al. (1987), who interpreted
the data from the Venera 15 and 16 missions. As these missions
only mapped about 25% of the surface, the results from Schaber
et al. (1987) were preliminary. Based on the assumption that
the cratering rate on Earth and Venus is similar for craters ≥ 20
km and taking into account the uncertainty in the history of
impact craters on Earth, Schaber et al. (1987) concluded that
the average age of the surface of Venus could be as great as 450
Myr.

In a follow-up study, Schaber et al. (1992) studied the data
from Magellan, which mapped a larger portion of the Venusian
surface (89%) in higher resolution than the Venera missions.
Schaber et al. (1992) identified 842 craters on Venus’ surface
ranging from 1.5 to 280 km in diameter. By studying the size-
density distribution of the craters, Schaber et al. (1992) found
that the average age of the surface is approximately 500 Myr.
Here, the density distribution of impact craters is defined as
(Price and Suppe, 1994):

ρ =
n
A

(1)

where n is the number of impact craters in the area A which
is considered. Schaber et al. (1992) interpreted this result as
an indication of one or more resurfacing events that erased the
planet’s cratering record of which the last ended 500 Myr. Sch-
aber et al. (1992) argued that the amount of volcanic activity
declined after this resurfacing event.

In contrast to this, Zahnle and McKinnon (1996) found an
age of the surface of Venus of 800+800

−400 Ma. A more recent
study, conducted by Korycansky and Zahnle (2005), showed

that the age of the surface of Venus is 740±110 Myr, using
Monte Carlo methods and cratering distributions.

The aforementioned studies all assumed a global uniform sur-
face age. However, the surface age does not necessarily have
to be uniform. Hansen and Young (2007) looked at the impact
craters in detail, and observed that the morphological character-
istics are indicative of deterioration of the impact crater. With
this observation, Hansen and Young (2007) were able to divide
impact craters in age groups, where old craters have smooth
interiors and degraded annuli (Hansen and Young, 2007).

It was found that several regions of different age can be iden-
tified based on their impact crater density. When this age di-
vision is taken into account, it seems that the lowlands are
generally associated with old surface age regions (Herrick and
Phillips, 1994). The crustal plateaus are generally located in the
intermediate age regions. The regions where possible tectonic
or volcanic activity has been proposed lie in the young surface
age regions. The reason for this age distribution is at present
still unclear. Possible explanations are discussed in Section 5.

Some impact craters also have specific features such as dark
haloes, bright floors and parabolic features. The age for these
types of craters was calculated by Herrick and Phillips (1994),
which resulted in an age of 140, 80 and 30 Ma, respectively.
In line with this, Herrick and Rumpf (2011) showed that
impact craters experienced postimpact tectonic deformation or
volcanism by studying stereo-derived topography. This implies
that resurfacing histories that are based on the assumption that
impact craters are at the top of the stratigraphic column are
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invalid (see also Section 3.3.2 and 5). From their new results on
postimpact deformation, Herrick and Rumpf (2011) postulated
a young mean surface age of Venus of approximately 150 Myr.

Other studies focused on the age of specific regions, in order
to determine whether Venus is currently active or not. Price
and Suppe (1994) found that there is a low impact crater den-
sity on large volcanic structures compared to the average crater
density on the surface of Venus. Because of this, Price and
Suppe (1994) addressed the question whether this observation
was a random distribution of craters after the global resurfacing
event, which Price and Suppe (1994) date 300 - 500 Myr ago, or
whether it was due to the ongoing tectonics and volcanism on
Venus. By using Monte Carlo tests to calculate the density dis-
tributions for randomly generated point sets, it was found that
the probability that the impact crater density in an area is ran-
dom is less than 0.015. From this, Price and Suppe (1994) con-
clude that volcanic and tectonic activity younger than the global
resurfacing event altered the crater density. In line with this,
Price and Suppe (1994) estimated the ages of several features
indicating volcanic activity: the mean age of volcanoes, lava
flood fields, coronae (see Section 3.3.1) and rifts was found to
be 70 - 125 Ma. This indicates that volcanic and tectonic activ-
ity indeed continued after the global resurfacing event and that
Venus is probably an active planet at present (Price and Suppe,
1994). In line with this, Basilevsky (1993) estimated the age
of rifting and volcanism in the Atla Regio on Venus based on
the previous study by Schaber et al. (1992). Basilevsky (1993)
used information deduced from impact craters and stratigraphy
based on photogeologic analyses. It was found that the rifting
and its associated volcanism in the Alta Regio were recently
active during the last ∼50 Myr.

However, Zahnle and McKinnon (1996) argued that Venus
is most likely a non-active planet. The reason for this is their
estimate of Venus’ surface age: if the surface of Venus is indeed
only 400 Myr old, the global resurfacing event had to have
occurred reasonably fast, in 50 Myr or less, because otherwise
the relative ages would have been apparent in the impact crater
distribution. On the other hand, if the surface of Venus is 800
Myr old, a global resurfacing event of approximately 100 Myrs
is possible. Zahnle and McKinnon (1996) argued that when the
time since the last resurfacing event increases, the likelihood
that Venus is now in between resurfacing events diminishes.
Therefore, Zahnle and McKinnon (1996) conclude that it is
likely that Venus is a non-active planet.

In summary, there remains an inconsistency between different
studies as to the exact age of the surface of Venus. The rea-
son for this is that the crater distribution as mapped by various
missions can be interpreted differently in terms of the number
of impactors. Besides that, the variety of Monte Carlo meth-
ods that were used all have different advantages and limitations
concerning the different scenarios that they take into account.
Furthermore, some studies try to discern the surface age from
isolated impact craters studies, without taking into account the

geological evidence. However, most models agree that a resur-
facing event occurred on Venus 800 − 300 Myr ago regardless
of whether Venus is active at present or not.

3.3. Regional observations

In addition to the global mapping of the various space missions
that lead to a general understanding of the topography, gravity
and surface age, many regional and smaller scale observations
were made as well. These observations were mainly the result
of the detailed mapping of the Magellan mission. In this sec-
tion, the surface features unique to Venus are described, as are
the most notable regional observations.

3.3.1. Surface features unique to Venus
The mapping cycles of the Magellan mission allowed for the
discovery of many surface features also found on Earth, such as
volcanoes, mountains, rift valleys and aeolian structures. How-
ever, several surface features that were discovered from the im-
ages from Magellan bore no direct resemblance to structures
on Earth. In fact, they appeared to be unique to Venus. In
the following, the surface features that are unique to Venus, the
tesserae and the coronae, are described and possible mecha-
nisms of their formation are discussed.

The tessera regions are highly deformed regions character-
ized by multiple tectonic lineaments (see Figure 3a)(Hansen
et al., 1999). Usually they are exposed in crustal plateaus
(Hansen et al., 1999). The mechanism of the formation of the
tesserae remains at present unclear, but several hypotheses have
been proposed. For example, Hansen et al. (1999) proposed
that the thickened crust of the tesserae is caused by the interac-
tion between mantle plumes or downwellings and thin Venusian
lithosphere. More recently, Hansen (2006) proposed the lava-
pond hypothesis. The lava pond hypothesis explains the crustal
plateau formation of tesserae with the solidification of a huge
lava pond. The lava pond could in turn be the result of a large
bolide (a diameter of 20 - 30 km) that impacted with the litho-
sphere (Hansen, 2006).

Coronae are pancake like, oval-shaped volcanic features (see
Figure 3b). Their size ranges from 60 - 2000 km diameter (Sto-
fan et al., 1992). The annulus around the coronae (which gives
it a crown-like appearance) ranges from 10 - 150 km in diame-
ter. The tectonic features associated with these annuli can be ex-
tensional, compressional or both. Morphologically, coronae are
similar to large shield volcano structures (Stofan et al., 1992).
Stofan et al. (1992) noted that the spatial distribution of coro-
nae is not random. Instead, the coronae are found in clusters and
chains. The largest corona on Venus is Artemis in the Aphrodite
Terra (see Figure 1 and 3b). Similar to the tesserae, the origin
of coronae is not clear. Most hypotheses centre around the gen-
eral idea that coronae are the result of mantle plumes (Stofan
et al., 1992), but the details of the hypotheses vary (see also
Section 6.3). One of the reasons for this is that different coro-
nae could have different modes of origin. More specifically, the
larger coronae such as the Artemis corona probably had a dif-
ferent formation mechanism than the smaller coronae that likely
overlie sill-like intrusions.
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(a) Tessera in Ovda Regio (b) Artemis corona

Figure 3: Figure (a) from Hansen (2006) and figure (b) from Stofan et al. (1992). Examples of surface features unique to Venus: (a) a Synthetic Aperture Radar
image of a tessera region in the Ovda Regio with indicated scale and (b) an image from Magellan of the Artemis corona with a diameter of 2600 km. See Figure 1
for the locations on the map of Venus of these features.

A feature that is not unique for Venus is the so-called wrinkle
ridge. Wrinkle ridges are tectonic, ridge-like features that can
extend for hundreds on kilometers. They are formed when the
surface, which for example consists of lava or sediments, cools
and contracts. On Venus, wrinkle ridges occupy approximately
43% of the plains (Bilotti and Suppe, 1999). The correlation
between wrinkle ridges, plains and lows in the geoid suggest
that they could overlie regions of downwelling or delamina-
tion (Ghail, 2015). On Earth wrinkle-ridges are also present,
although they are then generally referred to as reverse normal
structures. Apart from Venus and Earth, these features are also
found on the Moon, Mars and Mercury (Watters, 1988).

3.3.2. Detailed observations from Magellan
Through studying the detailed images from Magellan, several
noticeable observations were made. In this section, the obser-
vations most relevant to the tectonic activity and the mantle pro-
cesses on Venus are discussed. Moreover, hypotheses on the
tectonics or the mantle convective regime of Venus should be
able to explain these features (see Section 5).

According to Hansen and Young (2007) most impact craters
on the surface of Venus are relatively pristine. In other words,
few of the impact craters are flooded or faulted. According to
Hansen and Young (2007) this could indicate that the mecha-
nism of destruction of impact craters on Venus results in com-
plete destruction of the impact craters beyond recognition. This
interpretation of the radar images from Magellan is in direct
contrast with the study from Herrick and Rumpf (2011), who
argued that impact craters experienced postimpact volcanism
and tectonic deformation (see Section 3.2). So, although the
images from Magellan provide a valuable source of data, the
interpretation of them can vary significantly.

It has been shown by numerous studies (see Hansen and
Young (2007) and references therein) that thin layers or lava
flows cover the extensive lowland regions. In contrast, the lava
flows required to completely bury an impact crater should be
approximately 650 m thick, based on the height of the annuli of
impact craters (Hansen and Young, 2007).

Another noticeable observation is that the pristine impact
craters are located on top of tesserae, indicating that the im-
pact craters are younger than the deformation of the tesserae
(Hansen and Young, 2007). However, it is difficult to distin-
guish between pristine craters and subsequent (partial) tectonic
alteration, because the structures of the fracture zone may be
influenced by the highly damaged zone around impact craters.
Taking into account the study of Herrick and Rumpf (2011), it
might even very well be that the impact craters are not at the
top of the stratigraphic column.

Besides being noticeable observations, it is important that hy-
potheses that try to explain the evolution of Venus can explain
these detailed, regional observations as well. The different in-
terpretations of the data can however lead to different models.
Possible hypotheses are discussed in Section 5.

4. Constraints on the interior of Venus

By using the direct measurements of the surface of Venus, in-
formation about the interior of Venus can be obtained. Most
studies that were based on direct observations focused on the
composition and size (or thickness) of the crust and core. Be-
cause the bulk density and radius of Venus are known, charac-
teristics of the mantle can be deduced by combining the various
data sets concerning the crust and core. In this section the con-
straints on the crust and core of Venus that are supported by
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data are discussed.

4.1. The crust

Both the thickness and the density of the crust can provide
an indication of the amount of melting in the mantle (James
et al., 2010) and are important parameters in geodynamical
modelling. Therefore, a thorough understanding of these pa-
rameters is necessary. However, few direct constraints can be
placed on the thickness and density of the crust on Venus. For
example, the lack of availability of seismic data because of the
high surface temperature on Venus, results in the fact that there
is no direct data available on the depth of the Moho.

One method for constraining the crustal thickness is the use
of spectral measures that are sensitive to the topography and
gravity. Examples of these spectral measures are the admittance
and coherence. Because of the low resolution of the gravity
data which is used for the calculation of the coherence, usually
admittance data are used.

Anderson and Smrekar (2006) used admittance spectra to
produce a high-resolution global admittance map of Venus. An
inversion of this map resulted in estimates of the elastic, crustal
and lithospheric thickness of Venus. The modelled ranges of
crustal and elastic thickness were 0 − 90 km and 0 − 100 km
respectively. The range in crustal thickness was interpreted
by Anderson and Smrekar (2006) as an indication for Venus’
present day activity.

Another method that is used to estimate the crustal thickness
is based on the topography and gravity data while assuming iso-
static compensation (see Section 3.1.3), but to date, few global
maps of the crustal thickness of Venus have been produced
(James et al., 2010). This is mainly due to the unconstrained
Moho depth. However, according to James et al. (2010) even
if a value for the average crustal thickness would be chosen, a
global crustal thickness map of Venus is not easily produced.
The main reason for this is that Venus’ topography is probably
supported by a number of sources, such as the isostatic com-
pensation which results from variations in the thickness of the
crust, lithospheric stresses, density anomalies in the crust and
dynamic support in the form of dynamic topography (James
et al., 2010).

James et al. (2010) were among the first to produce a global
map of crustal thickness variations, by using Bouguer gravity
anomalies in combination with the available detailed surface
topography. James et al. (2010) found that the mean crustal
thickness on Venus is approximately 30 km, which can be con-
sidered as an upper limit of the crustal thickness.

The mean crustal density was interpolated from measure-
ments of gamma-ray backscattering by Venera 8 (Aitta, 2012)
and was found to be approximately 2700 - 2900 kg m−3.

4.2. The core

One of the first questions that was addressed concerning the
core was whether the core is liquid, solid or has a solid inner
core and a fluid outer core like Earth. As Venus appears to
lack an internal magnetic field (Aitta, 2012) it seems plausible
to assume that Venus has a different core structure than Earth in

Figure 4: Figure from Dorn et al. (2014): the probability density function (pdf)
of the core radius from an inversion method using mass and radius of Venus.
The final, posterior estimate of the pdf (blue) calculated by inversion from a
prior pdf estimate (red) is compared to an independent estimate of Aitta (2012)
(green).

which at the least a growing solid inner core is absent. However,
the lack of a magnetic field on Venus could also be explained
by the slow spin rate of Venus or a lack of differentiation.

Evidence for a difference in core structure comes from the
Doppler tracking data of the Magellan and Pioneer Venus Or-
biter missions. From this, the second harmonic potential Love
number k2 has been estimated to be k2 = 0.295 ± 0.066 (Kono-
pliv and Yoder, 1996). Modelling studies of the phase of the
core and its Love number, predict a k2 value of 0.23 ≤ k2 ≤ 0.29
for a liquid iron core and k2 = 0.17 for a solidified iron core
(Konopliv and Yoder, 1996). Hence, the Doppler data suggests
that the core of Venus is liquid (Konopliv and Yoder, 1996).
However, these estimates have been made while making as-
sumptions on the viscosity of the core, which leads Bougher
et al. (1997) to suggest that the fluidity of Venus’ core is much
like Earth’s.

The second question concerning Venus’ core relates to its
size. Seismic data that could result in the determination of the
core size are at present unobtainable, but the core size could
also be determined from the moment of inertia factor of Venus,
I/MR2 (Mocquet et al., 2011). Here, I is the moment of inertia,
M is the mass of Venus and R is the mean radius of Venus. The
moment of inertia factor is a measure for the mass distribution
in the planet. However, this values is at present unknown, be-
cause of the slow spin rate of Venus and its dense atmosphere
which corrupts information due to the atmospheric drag on the
spacecraft during measurements (Mocquet et al., 2011). Be-
cause of this, different methods are used to obtain first order
constraints on the size of the core.

One of the most conservative models is to scale Earth’s struc-
ture to the size of Venus and determine the core radius from this
Yoder (1995). This results in a core radius of approximately

9



3000 km.
Aitta (2012) used a theoretical approach to calculate the size

and composition of the core in which the mantle density is sim-
ilar to that of Earth. It was found that the core is liquid with a
radius of 3228 km and it has slightly more impurities than the
inner core boundary fluid of the Earth (Aitta, 2012).

Dorn et al. (2014) used an inversion method based on
Bayesian analysis to obtain a probability density function of the
core radius from observations of the mass, radius and chemical
composition of the planet. Dorn et al. (2014) found that the
95% credible interval of the core size is 0 to 2810 km (see Fig-
ure 4), which is slightly lower than the estimate by Aitta (2012).
The reason for this is that Aitta (2012) found that the core is en-
riched in the lighter elements.

However, despite the various modelling and inversion stud-
ies, a definite estimate of the core size and composition of
Venus is still unavailable. Therefore, a range of core sizes
should be tested before conducting the actual parameter study.
Yoder (1995), for example, tested core sizes ranging from 2700
km up to 3600 km to determine the most likely core size to
conduct their studies with.

5. The thermal evolution of Venus

Now that the observations on the surface and the constraints
on the interior of Venus have been presented, this information
can be placed in the larger context of the thermal evolution of
Venus. The present-day surface heat flux of Venus could pro-
vide some constraints on the thermal evolution of Venus, but
at present no measurements of the surface heat flux have been
made. Hence, other means of obtaining an estimate of the sur-
face heat flux have been proposed. These methods typically
stem from models and hypotheses on the thermal evolution of
Venus. In the following, the most important thermal evolu-
tion models of Venus are discussed focusing on their prediction
of the present-day heat flux. Besides that, the different global
resurfacing models for the different thermal evolution models
are discussed in terms of their ability to explain the observa-
tions. Lastly, the constraints that data can place on the nature
and style of the global resurfacing event are discussed.

5.1. Uniformitarian model

In the uniformitarian model there is a balance between the ra-
diogenic heat and heat from the secular cooling on the one
hand and the heat transport through the mantle and the litho-
sphere on the other hand (Schubert et al., 2001). This balance
is maintained through a thin, stable lithosphere in which heat
is transported by conduction. For this near-steady-state heat
loss model, the surface heat flux can be obtained by scaling the
Earth’s heat loss to Venus according to the mass ratio between
the two planets (Turcotte, 1995):

qs,V =
MV

ME
·

QE

4πR2
E

, (2)

where the subscript E and V denote Earth and Venus respec-
tively. Using MV = 4.87 × 1024 kg, ME = 5.97 × 1024 kg

and RE = 6371 × 103 m, Turcotte (1995) found a surface
heat flux of qs,V = 63 mW m−2, when they use a heat flux
of QE = 3.55 × 1013 W for Earth. Using the same method,
but another value for the heat flux of Earth QE = 4.2 × 1013 W,
Solomon and Head (1982) found a surface heat flux of qs,V = 74
mW m−2. The difference in these estimates arises from a dif-
ferent assumption on the Earth’s heat flux. Therefore, there is a
large uncertainty in these estimates even for one specific model.
The estimate of the Venusian heat flux that is the most generally
accepted is qs,V = 74 mW m−2 and other models (see Sections
5.2 and 5.3 for example) try to fit this estimate using, for exam-
ple, heat fluxes that vary over time.

The scaling of the two planets implicitly assumes that the
amount of heat-producing elements is similar in both Venus and
Earth. This assumption is reasonable and in accordance with
the present-day understanding of planetary accretion (Schubert
et al., 2001). Considering the similar size between Earth and
Venus, it is also likely that the heat from secular cooling is sim-
ilar. As Venus does not display plate tectonics as on Earth, an-
other mechanism for heat transport is necessary for the unifor-
mitarian hypothesis. This mechanism could be the transport of
larger material fluxes through the mantle, which leads to a more
vigorously convecting mantle and a higher Rayleigh number.
As the Rayleigh number is most sensitive of the viscosity of
the mantle (see Section 9.1 for the definition of the Rayleigh
number), this implies that the mantle of Venus has a smaller
viscosity than Earth, when the uniformitarian model is consid-
ered.

5.1.1. The equilibrium volcanic resurfacing hypothesis

The equilibrium volcanic resurfacing hypothesis aims to ex-
plain Venus’ surface features through continuous volcanic and
tectonic activity, and is in line with the uniformitarian thermal
evolution model of Venus. This hypotheses is able to explain
the near-random impact crater distribution and the global sur-
face age of Venus. If there was near-continuous volcanic and
tectonic activity, one would expect a lot of impact craters to be
(at least partially) buried by volcanic flows. This is in line with
the interpretation of the data by Herrick and Rumpf (2011), but
Hansen and Young (2007) argued that this hypothesis is un-
likely, because of their interpretation of the data as pristine im-
pact craters on the surface of Venus (see Section 3.3.2).

If a global resurfacing event is assumed, the volcanic activity
should have been able to bury impact craters older than ∼500
Myr. As the heights of impact crater rims can be up to 650
m (see Section 3.3.2), global lava flow stacks of over 750 m
thick would be required (Hansen and Young, 2007). Although
thick lava flows could accumulate to this thickness over time,
the analysis of SAR images show the presence of extensive thin
lava flows on Venus (see Section 3.3.2).

Hence, the equilibrium volcanic resurfacing hypothesis is
able to explain some of the geological observations, but fails
to explain others. To which extent the equilibrium resurfacing
hypothesis is plausible, depends on which of the different inter-
pretations of impact crater data is favoured.
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5.2. Catastrophic model

In accordance with the observations that lead to the proposal
of a resurfacing event, the catastrophic model explains the heat
loss of Venus through a series of global subduction episodes of
the lithosphere (Schubert et al., 2001). It is assumed that the
lithosphere stabilized itself around 500 Myr ago after the last
global resurfacing event. Since then, the interior of the planet
has been heating up.

Several alternative models have been proposed to explain
Venus’ thermal evolution of the last 500 Myr, which are dis-
cussed in this section.

5.2.1. Global overturn followed by surface quiescence
Arkani-Hamed and Toksöz (1984) and Arkani-Hamed (1994)
suggested that the mantle of Venus was very convective until
500 Myr ago, which resulted in the solidification of the core of
Venus. In the last 500 Myr the plate tectonics on Venus ceased
and a buoyant crustal lid formed on Venus, which resulted in
the present-day hot spot volcanism as a means of cooling the
planet. Hence, Arkani-Hamed and Toksöz (1984) and Arkani-
Hamed (1994) proposed that the last global resurfacing event
500 Myr ago is (and will be) followed by surface quiescence.

As discussed in section 4.2, the prediction of the solid core
is not yet supported by data. In contrast, the data suggest a
completely liquid core or an Earth-like core which has partly
solidified. Besides that, the estimated heat production in the
interior of Venus is not in balance with the estimated surface
heat flux which results from hot spot volcanism and conduction
through the buoyant crustal lid.

5.2.2. The episodic global subduction hypothesis
Turcotte (1993) and Turcotte (1995) stated that the internal
temperature build up in Venus will ultimately trigger another
global subduction event in the future (after the most recent
global overturn of the mantle), as the thickened lithosphere
will become unstable eventually. Another mechanism for
the periodic overturn of the mantle could be that the mantle
convection is periodic due to chemical differentiation (see
Schubert et al. (2001) and references therein).

Based on the half-space cooling model, a prediction of the
present-day surface heat flux can be made for both catastrophic
models with the following equation (Turcotte, 1993):

qs =
k(Tm − Ts)
√
πκt

, (3)

where k = 3.3 W m−1 is the thermal conductivity, Tm = 1500
K is the mantle temperature, Ts = 750 K is the surface tem-
perature, κ = 1 × 10−6 m2 s−1 is the thermal diffusivity, and
t = 500 Myr is the time. This results in a present-day surface
heat flux of qs = 11.1 mW m−2. This is significantly lower
than the estimated surface heat flux from the Earth scaling. To
account for the remaining heat removal, Turcotte (1993) sug-
gested a vigorous episode of tectonics and volcanism after a

global resurfacing event, but before surface quiescence. How-
ever, Ghail (2015) pointed out two main problems with this hy-
pothesis. First, the global resurfacing event is the process that
stabilises the lithosphere, by generating new lithosphere. Be-
sides that, the vigorous process that was proposed cannot be
tested numerically or geologically.

5.2.3. The catastrophic volcanic resurfacing hypothesis
The resurfacing event proposed by the catastrophic volcanic
resurfacing hypothesis consists of the geologically rapid (10
- 100 Myr) burial of preexisting impact craters by means of
lava flows with a thickness of 1 - 3 km across Venus’s sur-
face (Hansen and Young, 2007). This way, the current near-
random distribution of impact craters can be explained by the
initial craterless surface that would be a result of the burial of
preexisting craters.

However, not all the observations can be explained by the
catastrophic volcanic resurfacing hypothesis. For example, ob-
servations show that Venus is mostly covered in thin lava flows
(see Section 3.3.2) instead of the thick lava flows proposed by
this hypothesis. Besides that, the distinct regions of different
average surface age are not explained by this hypothesis, be-
cause all impact craters would have been buried at approxi-
mately the same time, leading to a uniform global surface age
(Hansen and Young, 2007). In order to overcome this problem
of different average surface ages, slight variations of the catas-
trophic volcanic resurfacing hypothesis can be proposed. For
example, three stages of volcanic burial could account for the
different surface ages.

5.2.4. The global stratigraphy model
The global stratigraphy model is a stratigraphic model consis-
tent with the catastrophic volcanic resurfacing hypothesis. It
states that before the mean surface age t there was global defor-
mation of tesserae, followed by several stages of extensive vol-
canism (Basilevsky and Head, 1998). During this stage, parts
of the tesserae were buried and the regional plains were formed
(Basilevsky and Head, 1998). Next, successive episodes of
compression, tension, compression and finally, tension charac-
terized the history of Venus. This series of tectonic deformation
was derived from the unconformities visible in photos and radar
images from the surface of Venus which showed tesserae, dense
fractioning, broad ridging and wrinkle ridging (Basilevsky and
Head, 1998). At time t until the present, Venus tectonic history
was mainly characterized by regional rifting and volcanism re-
lated to that.

According to Hansen and Young (2007) this global stratig-
raphy model could predict regions of different surface age, due
to the episodes of compression and tension. The higher-lying
crustal plateaus could be associated with a higher surface age,
while the lowlands could be associated with a lower surface age,
as a result of volcanic flooding. However, this is in direct con-
trast with the interpretation of the data by Hansen and Young
(2007) (see Section 3.3.2). However, as the global stratigraphy
model is a model inferred from the observations that the plains
are younger than the tesserae and the rifts and volcanoes are
younger still, the argument from Hansen and Young (2007) is
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Figure 5: Figure modified from Hansen and Young (2007). Time evolution of the surface of Venus as predicted by the SPITTER stratigraphic model. The various
stages of the evolution are described in the text.

likely incorrect. The global stratigraphy model proposes thick
lava flows like the catastrophic volcanic resurfacing hypothesis,
while observations indicate thin lava flows. The observation of
thin lava flows could however be just a regional observation.
Whether or not the global resurfacing event was accommodated
by thick lava flows is one the predictions that future missions to
Venus could test.

5.2.5. The SPITTER model
The SPITTER model is a stratigraphic model that is consistent
with the catastrophic evolution model and was recently devel-
oped by Hansen and Young (2007). The SPITTER-hypothesis,
short for Spatially Isolated Time-Transgressive Equilibrium
Resurfacing hypothesis, proposes an evolution of Venus’ sur-
face in various stages (see Figure 5 for a graphic evolution of
the surface of Venus according to the SPITTER model): (i) Ini-
tially meteorites impacted the surface of Venus and Venus had
a thin lithosphere (stage t1 in Figure 5). (ii) Next, a crustal
plateau with characteristic tessera was formed on this litho-
sphere, thereby effectively destroying the impact craters within
the plateau (stages t2 and t3 in Figure 5). (iii) After this, a new
crustal plateaus formed, which again destroyed impact craters
in its area. At the same time, the first crustal plateau could de-
cay topographically, while leaving the tessera intact. Thin vol-
canic flows could in turn bury parts of the tessera, but are too
thin to completely cover the impact craters (stages t4 and t5 in
Figure 5). (iv) Continuing this sequence results in the destruc-
tion of impact craters by the formation of crustal plateaus and
the covering of the surface in various layers of thin lava flows
(stages t6 and t7 in Figure 5). At the same time volcanic rises
could develop on top of mantle plumes, as indicated in stage
t8 in Figure 5 by the dashed circle. (v) Over time, the whole
lithosphere of Venus is thickened by these processes. When a
sufficiently thick lithosphere is reached, the crustal plateaus that
were formed just prior to this are preserved (stage t9 in Figure

5).
The main difference between the SPITTER model and the

global stratigraphy model is that the SPITTER model states
that the stratigraphic sequence is a result of regional tectonics
instead of global tectonics. The SPITTER hypothesis can ex-
plain a lot of the observations that were interpreted by Hansen
and Young (2007). For example, the SPITTER-hypothesis pro-
poses that the lowland regions could be remnants of ancient
crustal plateaus. Hence, the SPITTER-hypothesis is able to ex-
plain the correlation between the old average surface age and
the lowland regions.

However, the main problem with both the global stratigra-
phy model and the SPITTER model is that they treat the radar
images as photographs, which could lead to the erronous inter-
pretation of some stratigraphic units.

5.3. Differentiated planet model

The differentiated planet model assumes that the heat-
producing elements are not equally distributed in the planet’s
interior (like the uniformitarian model), but are instead frac-
tionated into the crust. The generated heat is then lost through
conduction. Schubert et al. (2001) showed that it is possible to
construct a differentiated model in which the mantle is solid if
almost all the heat-producing elements are located in the crust,
there is little to no secular cooling of Venus, and the heat-
producing elements are located uniformly through the crust.

The assumptions that all the heat-producing elements are sit-
uated in the crust and that there is no secular cooling simplifies
the model for the surface heat flux even more. The surface heat
flux is then given by the following equation:

qs = ρcHcyc (4)

where ρc = 2900 kg m−3 is the crustal density, Hc is the heat
production and yc is the thickness of the crust. This equation
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can be solved if the heat production and thickness of the crust
are known. Estimates for these values are determined by Schu-
bert et al. (2001) for different values of the Urey ratio. The Urey
ratio U is the ratio between radiogenic heat production H and
the total surface heat flux qs of the planet:

U =
H
qs

(5)

The remaining heat is supplied by the secular cooling of the
planet. For an Urey ratio of 0.6 Schubert et al. (2001) found
Hc = 130 × 10−12 W kg−1 and yc = 100 km, which results in
a surface heat flux of qs = 37.7 mW m−2. An Urey ratio of
0.8 results in Hc = 230 × 10−12 W kg−1 and yc = 75 km and a
subsequent surface heat flux of qs = 50.0 mW m−2.

The implication of this model is that most likely the crust
would have thickened over time while there is also very little
crustal recycling. This could then result in depletion of the man-
tle of radiogenic elements, which could lead to a reduction of
radiogenic elements in volcanic surface rocks and a decay in
the amount of volcanism over time.

5.4. Subcrustal lid rejuvenation model

The subcrustal lid rejuvenation model is an alternative hypoth-
esis that was recently proposed by Ghail (2015). It is based
on a possible decoupling between the crust and mantle part of
the stagnant lid, assuming that Venus is at present in a stag-
nant lid regime. The stagnant lid regime is a regime in which a
rigid, stagnant lid overlies a convecting mantle (see also Section
6). Ghail (2015) showed that Venus’ crust is partly decoupled
from the mantle for typical geological strain rate of ∼ 10−15 s−1

for various temperature gradients. A detachment layer forms
when the thickness of the crust ranges from 10 - 15 km. If the
mantle part of the stagnant lid is sufficiently detached from the
crust, this lid can be rejuvenated by thinning and subsequent
recycling, which would be a subcrustal analogue to the surface
plate tectonics on Earth.

A simple cooling half-space model with an upper boundary
condition of the temperature at the bottom of the crustal layer
Tc was used to estimate the heat flux predicted by this model.
A surface heat flux of 71.2 mW m−2 was found for a lid recy-
cling rate of 4.0 ± 0.5 km2 yr−1 (Ghail, 2015). Assuming that
the present-day surface heat flux of Venus should be 74 mW
m−2 based on the scaling from Earth to Venus, there is a ∼ 10%
deficiency in the surface heat flux of the subcrustal lid rejuve-
nation model. This deficiency can be explained by radiogenic
elements in the crust, which were not taken into account in this
simple calculation and by heat loss from the core (Ghail, 2015).
The implication of these results is that Venus is able to maintain
a stable tectonic regime without episodic global resurfacing by
means of rejuvenating the subcrustal lid.

Two possible mechanisms for the lid rejuvenation have been
proposed. The first mechanism is lid rejuvenation by plumes.
When a mantle plume impinges on a stagnant lid, the lid will
become warmer and thinner and is uplifted as a result. At the
surface of Venus this would be displayed as a large topographic
swell. Nine topographic swells with diameters of ∼ 1000 km

that could possibly be the result of plume impinging have been
identified on Venus. In order to lose the amount of heat that was
estimated for Venus by the scaling from Earth, approximately
75 ± 2 plumes similar to the Hawaiian plume in size should be
active at any time on Venus. This is more than ten times the
amount of active topographic swells that is estimated for Venus
at present (Ghail, 2015).

The second mechanism is delamination of the subcrustal lid,
which can occur when the crustal detachment layer is suffi-
ciently weak.

Although the crust is detached from the mantle in this model,
the crust moves vertically because of the cooling and heating of
the subcrustal lid beneath it. Observations show an association
between topographic rises and rifts and other features, which
could indicate that subcrustal lid rejuvenation drives geological
processes at present (Ghail, 2015).

5.5. Constraints from data

Apart from the theoretical hypotheses for the global resurfacing
event, statistical analysis of the impact crater observations is an-
other method that is used to determine Venus’ tectonic surface
evolution.

In an early study, Bullock et al. (1993) used a 3D Monte
Carlo model of the resurfacing event in which the observed dis-
tribution of volcanic features from the Magellan mission was
incorporated. Assuming that the impactor and volcanism rates
were constant, the following scenario of the resurfacing event
resulted in surfaces statistically equivalent to that of Venus: a
volcanic flux of 0.37 km3 yr−1 operating for 550 Myr on a sur-
face that was initially craterless.

Strom et al. (1994) used Monte Carlo simulations as well to
estimate that only 4% - 6% of Venus’ surface has been vol-
canically resurfaced after the global resurfacing event around
300 Myr ago which yielded a near craterless surface. Similarly,
Price and Suppe (1995) concluded that about 14% of Venus has
been resurfaced by volcanism in addition to the 6% that has
been resurfaced by tectonic deformation, by studying the hyp-
sometry and the distribution of volcanism and impact craters.
The lava production rate in the period after resurfacing was 0.01
- 0.15 km3 yr−1 according to Strom et al. (1994), with most
of the recent volcanism on Venus occurring in the Beta-Atla-
Themis region.

By studying the impact crater densities on coronae and large
volcanoes, Namiki and Solomon (1994) also concluded that
volcanoes and volcanism associated to coronae have been ac-
tive for the last 500 Myrs on Venus.

More recently, Romeo (2013) investigated four different
resurfacing models using Monte Carlo statistics on the inter-
action between inpact cratering and volcanism. The main aim
of this study was to explain the observations in the Beta-Atla-
Thermis region. The first two models were catastrophic resur-
facing models, with one model having a drastic decay of vol-
canic activity after the resurfacing event and the other model
having only a moderate decay. The third and fourth models
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were both equilibrium resurfacing models, with one model hav-
ing a magmatic event followed by gradual decay of volcanism.
The other model was similar, but lacked the magmatic event.
The model that best explained the observations of the Beta-
Atla-Thermis region is the first model of global catastrophic
resurfacing followed by drastic decay of the volcanic activity.

In an attempt to explain the presence of both young and old
volcanic plains, Ivanov and Head (2014) investigated the pro-
portion of impact craters in these features in order to estimate
the size of the volcanic resurfacing event. It was found that the
style of volcanic resurfacing on Venus has changed during the
last 500 Myr: at first there was global volcanic activity, which
resulted in the formation of regional plains. After this stage, the
volcanism became more localized.

O’Rourke et al. (2014) used Monte Carlo simulation to dis-
tinguish between two possible styles of volcanic resurfacing:
thin lava flows or large shield volcanoes. The impact crater dis-
tribution on Venus is best explained by a model with localized
thin lava flows according to O’Rourke et al. (2014).

The results from the studies mentioned above are all incon-
sistent with pure catastrophic or equilibrium models for the
global resurfacing event. Instead, these studies indicate that
the resurfacing event was a more complex event. The range
in conclusions between these models stems from the fact that
these studies are based on simplistic assumptions concerning
the style of the global resurfacing event, so the results most
probably fail to capture the full complexity of the resurfacing
event.

Herrick (1994) summarized the resurfacing history of Venus
by distinguishing the following stages in the history of Venus:
(i) Before 800 Ma the crust of Venus was tectonically deformed
because of horizontal movement. (ii) Then, 800 - 300 Myr
ago, a global resurfacing event in the form of a brief period of
global volcanism resulted in a nearly uniform elevation accross
the planet. (iii) After the global resurfacing event, the geology
of Venus has been dominated by large volcanoes and limited
horizontal movement of the crust. The cause that Herrick
(1994) proposed for this geologic history is the cooling of
the mantle which caused the lithosphere to become positively
buoyant.

The models that are discussed here each provide an explanation
for the thermal evolution of Venus. If future missions to Venus
could measure the surface heat flux on Venus, a preferred model
can be chosen. This model should also be able to explain the
global resurfacing event ∼ 500 Myr ago. The model that is
most designed to fit this specific part of Venus’ history is the
catastrophic model.

6. Previous modelling studies

Numerical models are used to test the various hypotheses on
Venus in a self consistent manner. The main focus of models fo-
cusing on the recent mantle evolution of Venus has been to test
the conditions under which Venus is in the stagnant regime, pe-
riodic regime or the mobile lid regime. The stagnant lid regime

is the presumed present-day regime of Venus, which supports
the uniformitarian model (Section 5.1), the catastrophic model
in which the global resurfacing event is followed by surface qui-
escence (Section 5.2.1) and the differentiated planet model. The
periodic regime predicts episodes of global mantle overturn,
consistent with the catastrophic model (Section 5.2.2). The mo-
bile lid regime is the present-day regime of Earth, and there is
little indication that Venus is in the mobile lid regime at present,
but Venus could have been in the mobile lid regime in the past.

In order to study the thermal evolution models of Venus that
have been discussed in Section 5, ideally three dimensional
models of Venus are run from the formation of Venus up until
present. This is however, computationally too demanding and
therefore, at present, not realistic. However, the use of the pa-
rameterized convection approach ensures that the thermal evo-
lution models can be studied numerically. This method uses
the Nusselt number - Rayleigh number relation to account for
the contribution of mantle convective heat transfer to the overall
energy balance of a planet. Numerous studies using the param-
eterized convection models have been conducted, but these are
not discussed here, because the modelling study of this work
focuses on a model with dimensions (see Section 7). Instead,
other numerical models are discussed which are not necessarily
based on the parameterized convection approach.

One of the earlier, simple models of the mantle convection on
Venus with a constant viscosity and lacking any phase changes,
was studied by Schubert et al. (1990). The three dimensional
spherical models were heated from below and internally. The
upper boundary represented the base of a rigid, isothermal litho-
sphere or was stress-free, in order to assess the role of the rigid
lithosphere on the mantle convective regime. The mantle thick-
ness was assumed to be 2941.5 km, in accordance with an as-
sumed core size of 3110 km. This estimation of the mantle
thickness resulted from an assumed ratio Rinner/Router = 0.514,
where Router is the radius of Venus and Rinner is the radius of
the core of Venus, based on the assumption that Venus’ mantle
is probably slightly thicker than Earth’s mantle (Schubert et al.,
1990). It was found that models with a rigid lithosphere as
upper boundary have a higher surface and mantle temperature
and there were more upwellings than models with a stress-free
boundary condition. The mantle convective regime with a rigid
lithosphere was overall characterized by closely spaced, short
wavelength features. Schubert et al. (1990) suggested that the
mantle plume activity could cause the clustering of coronae on
Venus.

After initially simple models, such as the one described
above, a range of parameters was investigated to quantify their
influence on the mantle convective regime on Venus. In this sec-
tion, the influence of phase changes and viscosity on the mantle
convective regime are discussed. Lastly, the models that incor-
porate complex rheologies in order to better capture the whole
mechanics of Venus’ mantle convection are discussed.

6.1. Influence of viscosity
Several studies regarding the influence of the viscosity of the
mantle convective regime on Venus have been conducted. Usu-
ally a simple temperature-dependent viscosity implementation
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is used to describe the rheology of Venus’ mantle (Schubert
et al., 2001). For numerical calculations of the Earth, such a
simple implementation would be insufficient and a more com-
plex rheology is needed to describe the brittle and ductile fail-
ures that accompany Earth’s plate tectonic regime. However, as
Venus does not display plate tectonics, this simple approach is
sufficient (Schubert et al., 2001). A temperature-dependent vis-
cosity easily results is a stagnant lid regime if the viscosity con-
trast is big enough. Therefore, one of the most distinct effects
of the viscosity is that it determines in which mantle convective
regime Venus is.

To illustrate and quantify this, Schubert et al. (2001) con-
ducted a series of models with different viscosity contrasts.
Each model was a 8 × 8 × 1 rectangular box with free slip
and isothermal top and bottom boundary conditions and pe-
riodic side boundaries. It was found that low viscosity con-
trasts of 1 − 10 are characterized by a fairly symmetrical spoke
pattern of up- and downwellings (Schubert et al., 2001). For
slightly higher viscosity contrasts of 102−103 the model results
are characterized by an asymmetric long wavelength pattern of
a cylindrical downwelling surrounded by narrow upwellings.
High viscosity contrasts of 104 − 105 result in a small wave-
length pattern of upwellings and downwellings under a stag-
nant lid. The increase of the viscosity contrast results in a lower
Nusselt number and an increasing velocity. These findings are
supported by theory (Solomatov, 1995) and spherical three di-
mensional models (see Schubert et al. (2001) and references
therein).

Trompert and Hansen (1998) used a more complex rheology
that is both temperature and strain rate dependent combined
with the concept of a yield stress:

µ =
2

1
µT

+ 1
µε

(6)

with

µT = exp(−RT ), (7)

and

µε = µ∗ +
σ
√
ε̇ : ε̇

, (8)

where R is a constant that controls the viscosity contrast due
to temperature, µ∗ is the effective viscosity at high stresses, σ
is the yield stress, and ε̇ is the strain rate tensor. The use of
this rheology results in a rigid lid on top of a convective fluid,
that can break if the stresses are high enough (Trompert and
Hansen, 1998). The model that was considered was a Cartesian
box of 4 × 4 × 1, with a heated bottom. Assuming that the
height of the box is equal to the depth of the mantle, a domain of
11600×11600×2900 km was modelled (Trompert and Hansen,
1998). The model resulted in periodic regimes with episodes of
subduction and growth of a stagnant lid. The duration of the
mantle overturns can be roughly estimated by dimensionalizing
the time between overturns (∼ 0.04) according to the following

relation:

t = t′ ·
D2

κ
(9)

where t is the time in seconds, t′ is the dimensionless time, D =

2900 km is the reference length and κ is the thermal diffusivity.
For simplicity, the thermal diffusivity is assumed to be 10−6 m2

s−1. The duration of the period of mantle overturn then can
be calculated to be approximately 10660 Myr. This period of
overturn is too large, taking into consideration that Venus is
only 4600 Myr old. However, the reason for this could be the
simplicity of the model, as the model lacks, for example, phase
boundaries, internal heating and continents.

6.2. Influence of phase changes
Phase changes are important parameters for studying the mantle
convection of Venus, because they have the potential to strat-
ify the mantle convection. One of the first studies to inves-
tigate the influence of phase changes on the style of convec-
tion of Venus was conducted by Steinbach and Yuen (1992).
The tested models were two dimensional boxes with an as-
pect ratio of four. Models with both an olivine→ spinel phase
change and a spinel → perovskite phase change favoured lay-
ered mantle convection, while a model with only the spinel
→ perovskite model did not favour the layered mantle convec-
tion as strongly. The different phase transition depth in Venus
compared to Earth, increased the tendency towards whole man-
tle convection. This convection regime is also favoured by a
potentially lower Rayleigh number in Venus. Steinbach and
Yuen (1992) speculated that a change in the style of convection
regime from layered in the past to whole mantle convection at
present may have been responsible for the global resurfacing
event 500 Myr ago. This is then in line with models predicting
only a single global resurfacing event in the history of Venus.

Three dimensional models with phase changes were con-
ducted by Schubert et al. (2001) and included the exothermic
phase change at a depth of 440 km and an endothermic phase
change at a depth of 740 km. The spherical models had isother-
mal boundary conditions and an inner boundary condition of
free slip, and a rigid outer boundary. The viscosity is depen-
dent on the density via a power-law. The results showed a con-
vective style similar to that of Earth models: the upper mantle
contains downwellings that cannot initially break the layering
which results from the phase change so that cold material ac-
cumulates at this discontinuity. When enough cold material is
accumulated the material breaks through the discontinuity into
the lower mantle. As the timing of breakthroughs at different
locations in the model overlap, the mantle is never fully in the
layered mantle convection regime or the whole mantle convec-
tion regime. A quick comparison to previous models without a
phase change, as discussed in Section 6 show that the models
that include phase changes are characterized by longer wave-
length features.

6.3. Influence of phase changes together with viscosity
A first step towards a more complex model of Venus’ mantle
consisted of implementing both phase changes and viscosity
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simultaneously in a 4 × 4 × 1 model in order to study their
combined effect on mantle convection (Schubert et al., 2001).
The box was heated from below and had isothermal bottom and
top boundary conditions. The side boundaries were reflecting
boundaries. The phase changes at 440 km and 740 km were
included and three different viscosity implementations were
tested: (1) The model with a constant viscosity shows weakly
time-dependent, whole mantle convection in which broad up-
and downwellings easily penetrate the phase changes. The
mode of convection is similar to models without phase changes
(Schubert et al., 2001). (2) The model with a variable viscosity
shows some degree of layering in which the broad, sheet-like
downwellings cannot penetrate the phase transition, but smaller
features such as cold plumes are able to get into the lower man-
tle. Like the constant viscosity mantle, this model is weakly
time-dependent. (3) The model with a variable viscosity with
a yield stress shows a very strong time dependence with heat
fluxes varying from 20 to 45 mW m−2. The most dominant fea-
tures are subduction-like, linear zones of downwellings. This
model most accurately predicts the episodic global subduction
hypothesis, as discussed in Section 5.2.2. The degree of layered
mantle convection varies in this model, because of the periodic
character of the mantle convection. It was concluded that the
inclusion of a temperature-dependent viscosity favours layered
mantle convection (Schubert et al., 2001). Case (2) would most
likely represent Venus, as Venus does not display plate tectonics
(case (3)). This would implicate that Venus’ mantle convective
regime is at present layered.

6.4. Advanced models
Apart from modelling studies that investigate the influence of
various parameters on the mantle convective regime on Venus,
several recent studies have endeavored to capture the complex-
ity of Venus’ mantle convection. In this section several stud-
ies that aim to explain some of Venus’ features are briefly dis-
cussed.

An advanced, numerical, spherical, two dimensional mantle
convection model that focused on capturing the complex pro-
cesses in the mantle of Venus was conducted by Armann and
Tackley (2012). The model included melting, magmatism, in-
ternal heat production, cooling of the core and a temperature-
dependent viscosity and was compared to the topography and
geoid observations (Armann and Tackley, 2012). Both stagnant
lid and episodic lithospheric overturn models were run. It was
found that the stagnant lid convection requires massive magma-
tism to accommodate heat loss in a magmatic heat pipe as its
dominant mode of heat loss. This massive magmatism would
lead to a very thick crust, which is inconsistent with the obser-
vations. The episodic models predict 5 − 8 overturns during
the entire evolution of Venus’ history, which each last for ap-
proximately 150 Myr. An episode of global overturn typically
initiates at one location, after which it spreads globally. Both
types of models, stagnant and episodic lid, are capable of pro-
ducing a topography and geoid that resemble the observations
on Venus.

In a follow-up study, Gillmann and Tackley (2014) studied
the coupling and feedbacks between the mantle and the atmo-

sphere on Venus. More specifically, the degassing of the mantle
and of atmospheric escape into space were coupled and stud-
ied to obtain a model of coupled mantle and atmosphere evo-
lution. Episodic overturns replenish the atmosphere over time
by means of volcanic degassing. It was found that the CO2
pressure is relatively stable over time, but the atmospheric wa-
ter vapor pressure is sensitive to volcanic activity, which can
lead to changes in the surface temperature of up to 200 K. This
prediction from modelling could be used during future space
missions to Venus as an additional possible means of detecting
active volcanism on Venus. When there is a low surface tem-
perature, a mobile lid regime is triggered. Otherwise a stagnant
lid regime is dominant.

Besides whole mantle convection studies, advanced models
regarding specific surface features of Venus have also been
conducted. An example of these, is the first three dimensional
model of the formation and evolution of coronae on Venus by
Gerya (2014). In this study, a mantle plume was modelled
that impinged warm, thin lithosphere in order to obtain a
corona-like structure. The numerical results suggests that
coronae can form from magma-assisted convection of ductile,
weak crust which results from the decompression melting of
a rising mantle plume. In the first stage of the formation of
a corona, a topographic rise is formed, after which it dips
inwards causing fracturing and thrusting.

It is clear that the mantle convection of Venus has already been
studied rigorously in detail, but a lot of work still remains to
be done. One of the major flaws of the previously described
models is that they assume a mantle thickness and core-mantle
boundary temperature at the start of their modelling study and
then focus on the effects of other parameters, such as viscos-
ity, without first assessing the role of the mantle thickness and
the core-mantle boundary temperature. It is particularly im-
portant to look at the effect of these two parameters, because
they are poorly constrained. Furthermore, the models described
above all either use a constant thermal conductivity k or a pres-
sure (or depth) dependent conductivity. However, Hofmeister
(1999) and van den Berg et al. (2001) proposed a temperature
and pressure-dependent conductivity. The effect of this con-
ductivity has not yet been tested on mantle convection models
of Venus. Lastly, the recently proposed hypothesis of subcrustal
lid rejuvenation has not been tested numerically yet. Therefore,
a new modelling study is proposed in which these issues are
addressed.

7. Modelling approach

The modelling study conducted in this work aims to shed more
light on the conditions under which the different mantle con-
vective regimes are stable, taking into account the different
possibilities of the mantle thickness (see also Section 4.2) and
temperature of the core-mantle boundary. More specifically
it is investigated when the mobile lid, periodic and stagnant
lid regime are stable with respect to the yield stress of the
lithosphere. Besides that, the influence of a temperature- and
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pressure-dependent thermal conductivity on the mantle convec-
tion regimes is investigated. The recently proposed subcrustal
lid rejuvenation model by Ghail (2015) is also briefly investi-
gated. In this section the code ASPECT that was used and the
model setup are described.

7.1. ASPECT

For the modelling study the massively parallel code ASPECT
(Advanced Solver for Problems in Earths ConvecTion) (Kro-
nbichler et al., 2012) for (in)compressible flows is used. AS-
PECT is a finite element code with second order elements,
which uses the numerical software packages DEAL.II2, TRILI-
NOS3, P4EST4 and an iterative solver. Key features of AS-
PECT include its flexibility with regards to geometries, as
two and three dimensional Cartesian, cylindrical and spherical
geometries are implemented; the implementation of a visco-
plastic rheology and an adaptive mesh refinement scheme (Kro-
nbichler et al., 2012).

ASPECT is capable of solving the compressible Stokes flow
equations and the complete heat equation, but for this modelling
study the following equations were used (see Table 5 for an
explanation of the symbols used in the equations):

∇P − ∇ · (2µε̇) = ρg, (10)

∇ · u = 0, (11)

ρCp

(∂T
∂t

+ u · ∇T
)
− ∇ · k∇T = 0 (12)

Here, equation (10) is the momentum conservation equation,
equation (11) is the incompressibility constraint from the mass
conservation equation, and equation (12) is the heat equation.
In this system of equations, the velocity and pressure are depen-
dent on both time t and position x. For a more detailed analy-
sis of the equations and implementations of various features in
ASPECT, the reader is referred to Kronbichler et al. (2012) and
Bangerth et al. (2015).

7.2. Model setup

As a model setup a dimensionalized version of the viscoplastic
thermal convection benchmark from Tosi et al. (2015) is used.
The domain is a two-dimensional square box of dimensions D×
D (see Figure 6), where D is the thickness of the mantle. The
gravity acceleration5 in the model g is 8.87 m s−2, as on Venus.
Constant material properties in the model, are the density ρ =

3300 kg m−3 and the heat capacity Cp = 1060 J kg−1 K−1 (see
also Figure 6). The value for the heat capacity results from the
constant value for the density, the thermal diffusivity (10−6 m2

2https://www.dealii.org
3http://trilinos.org
4http://www.p4est.org
5https://solarsystem.nasa.gov/planets/profile.cfm?

Object=Venus&Display=Facts

s−1) and the surface thermal conductivity (3.5 W m−1 K−1) by
using the following equation (see Table 5 for an explanation of
the used symbols):

Cp =
k
ρκ

(13)

The mechanical boundary conditions are free slip conditions
on all boundaries, so that τxy = τyx = 0 and u · n = 0. The
temperature and pressure boundary conditions at the top of the
domain are a surface temperature Ts = 740 K and a surface
pressure P = 9.3 MPa for the standard models (see Section
2 and Table 2). To investigate the subcrustal lid rejuvenation
hypothesis of Ghail (2015), the top boundary conditions are
changed to a surface temperature Ts = 900 K and a surface
pressure P = 300 MPa. These values correspond to the values
at the base of the crustal layer in the subcrustal lid rejuvena-
tion model. The temperature boundary condition at the bot-
tom of the domain is a fixed core-mantle boundary temperature
Tcmb. As the mantle thickness D and the temperature at the
core-mantle boundary Tcmb are still largely unconstrained (see
Section 4) both quantities are varied to investigate their influ-
ence on mantle convective regimes. As temperature boundary

Table 5: Nomenclature

Symbol Parameter Unit
1 Unit matrix -
α Thermal expansion coefficient K−1

γ Grueneisen parameter -
γT Viscosity contrast due to temperature Pa s
γy Viscosity contrast due to depth Pa s
κ Thermal diffusivity m2 s−1

∆µT Viscosity contrast due to temperature Pa s
∆µy Viscosity contrast due to depth Pa s
ε̇, ε̇i j Strain rate s−1

µ Viscosity Pa s
µ∗ Effective viscosity at high stresses Pa s
µlin Linear viscosity Pa s
µplast Non-linear, plastic viscosity Pa s
ρ Density kg m−3

σY Yield stress Pa
τxy, τyx Shear stress Pa
a Fitting parameter -
D Thickness of the mantle m
Cp Specific heat capacity J kg−1 K−1

g Gravity acceleration m s−2

k Thermal conductivity W m−1 K−1

k0 Reference thermal conductivity W m−1 K−1

K0 Bulk modulus Pa
K′0 Pressure derivative bulk modulus -
P Pressure Pa
t Time s
T Temperature K
Tcmb Core-mantle boundary temperature K
Ts Surface temperature K
u, ux, uy Velocity m s−1
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Figure 6: Model setup: boundary conditions and constant material properties are indicated. The thickness of the mantle D is varied in the modelling study, as is the
core-mantle boundary temperature Tcmb.

conditions of the side-walls insulation is assumed, i.e. ∂T/∂x = 0.
To initiate the model, an initial temperature distribution of

the temperature field is prescribed:

T (x, y) =Ts + (D − y) ·
Tcmb − Ts

D

+
Tcmb

100
· cos

(
πx
D

)
· sin

(
π · (D − y)

D

)
. (14)

Here, Tcmb/100 is the amplitude of the initial perturbation in the
temperature distribution.

Following Tosi et al. (2015), the viscosity is calculated us-
ing harmonic averaging between a linear viscosity µlin that only
depends on temperature and depth and a plastic, non-linear vis-
cosity µplast that depends on the strain rate:

µ(T, y, ε̇) = 2
(

1
µlin(T, y)

+
1

µplast(ε̇)

)−1

. (15)

In this equation, the linear viscosity is given by the following
formula (Tosi et al., 2015):

µlin(T, y) = exp
(
− γT ·

T − Ts

Tcmb − Ts
T + γy ·

y
D

)
, (16)

where γT = ln(∆µT ) and γy = ln(∆µy). These parameters con-
trol the total viscosity contrast in the system due to temperature
(∆µT ) and pressure (∆µy). Following Tosi et al. (2015), the vis-
cosity contrast due to temperature was chosen to be ∆µT = 105

Pa s and the depth-dependent velocity contrast was chosen to
be ∆µy = 10 Pa s.

The non-linear, plastic viscosity is given by

µplast(ε̇) = µ∗ +
σY
√
ε̇ : ε̇

(17)

with

√
ε̇ : ε̇ =

√
ε̇i jε̇i j

=

√(
∂ux

∂x

)2
+

1
2

(
∂ux

∂y
+
∂uy

∂x

)2
+

(∂uy

∂y

)2
. (18)

In this equation µ∗ represents the effective viscosity at high
stresses and σY is the yield stress. Both quantities are assumed
to be constant, after Tosi et al. (2015). The value for µ∗ is 1024,
which results from dimensionalizing the Tosi et al. (2015) quan-
tity. Yield stresses are varied to investigate which mantle con-
vective regime is dominant for a certain yield stress. It is ex-
pected that a low yield stress results in an easily breakable up-
per lid which results in a mobile lid regime. High yield stresses
would probably result in the stagnant lid regime with a rigid up-
per lid. The periodic regime is expected for intermediate yield
stresses (Tosi et al., 2015).

In order to investigate the influence of temperature- and
pressure-dependent conductivity, models are run with either a
constant conductivity of k = 3.5 W m−1 K−1 or a variable con-
ductivity, following Hofmeister (1999) and van den Berg et al.
(2001):

k(T, P) =k0

(
740
T

)a

exp
[
−

(
4γ +

1
3

)
α(T − 740)

](
1 +

K′0P
K0

)
+ 0.0175 − 0.0001037T +

2.245T 2

107 −
3.407T 3

1011

(19)

Because there are no constraints on the various constants in
this equation for Venus, it is assumed that Venus and Earth are
similar with regards to these parameters. So, in equation (19)
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Figure 7: Time series of the surface heat flux, average temperature and RMS velocity after the system reached a strictly periodic regime. These results are for a
model with mantle thickness D = 3100 km, core-mantle boundary temperature Tcmb = 3850 K and yield stress σY = 375 MPa.

the constants that are used are k0 = 4.7 W m−1 K−1, a = 0.3,
γ = 1.2, α = 2.0 × 10−5 K−1, K0 = 261 × 109 Pa and K′0 = 5
(also see Table 5 for an explanation of the parameters).

In this study, the thickness of the mantle D was varied from
D = 2600 km to D = 3600 km (after Yoder (1995)) and the
core-mantle boundary temperature Tcmb was varied from Tcmb =

3200 K to Tcmb = 4500 K (Schubert et al., 2001). The resolution
that was used for all the models is 64×64. No higher resolution
was needed, because it was shown in Tosi et al. (2015) that the
resolution of a model in ASPECT does not influence the results.

8. Results

In this section the results of the modelling study are presented.
First, the three mantle convective regimes that are obtained with
these models are discussed, after which the influence of the
thickness of the mantle D, the core-mantle boundary tempera-
ture and the temperature-dependent conductivity are discussed.
Lastly, the results for the subcrustal lid rejuvenation model of
Ghail (2015) are presented.

8.1. The three mantle convective regimes

For each model with different D and Tcmb (see Section 8.2 and
8.3) the yield stress σY was varied in order to determine the
critical yield stresses at which the system changes its mantle
convective regime. It was found that for low values of σY the
system typically develops into a mobile lid regime (see Figure
9) in which the top part of the mantle, which behaves plasti-
cally, moves along the surface. For high yield stresses, the

system develops into a stagnant lid regime, where heat trans-
port is mainly accommodated through conduction. For inter-
mediate yield stresses, a periodic regime develops (see Figure
7). Note that the maxima of the average temperature in Fig-
ure 7 are out of phase with the the maxima of the surface heat
flux and RMS velocity. The reason for this is that during the
drop in temperature, the mantle is overturning which results in
a high RMS velocity and surface heat flux. An example which
illustrates the transition of mantle convective regimes with yield
stress is given in Figure 8 for a model with D = 3600 km and
Tcmb = 4500 K.

8.2. Mantle thickness

Models have been run with a mantle thickness D of 3600 km,
3100 km and 2600 km in order to investigate the influence of
the mantle thickness on the transitions of mantle convection
regimes (see Figure 10). It appears as if the transition from
mobile lid regime to periodic regime occurs at a lower yield
stress, when the thickness of the mantle is increased. Further-
more, the transition from periodic regime to stagnant lid regime
occurs at a higher yield stress for increasing D. Indeed, when
the mantle is too thin, there is no periodic regime at all, but in-
stead there is a transition zone between the mobile lid regime
and the stagnant lid regime. In this transition zone, the upper
thermal boundary layer moves very slowly, thereby resembling
both the mobile lid regime in part and the stagnant lid regime
(see Figure 9). From these models, it appears as if the thickness
of the mantle D is a controlling factor regarding the range of
yield stresses that result in a periodic regime. Besides that, Fig-
ure 10 shows that an increase in mantle thickness also reduces
the period of overturn.
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(a) Temperature field of the mobile lid regime (b) Temperature field of the stagnant lid regime

(c) Viscosity field of the mobile lid regime (d) Viscosity field of the stagnant lid regime

(e) Velocity field (magnitude) of the mobile lid regime (f) Velocity field (magnitude) of the stagnant lid regime

Figure 9: Representative mobile lid (left) and stagnant lid (right) models when they have reached steady state. Both models have a mantle thickness D = 3100 km
and a core-mantle boundary temperature Tcmb = 3850 K. Yield stress for the mobile lid model is σY = 200 MPa, while the yield stress for the stagnant lid model is
σY = 500 MPa.
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(b) D = 3100 km
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(c) D = 2600 km
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Figure 10: Results of all standard (i.e., not subcrustal lid) models. (a) Models with D = 3600 km for different values of Tcmb with (solid dots) and without (open
dots) temperature-dependent conductivity. (b) Similar to (a) but with D = 3100 km. (c) Similar to (a) but with D = 2600 km.
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Figure 8: The surface heat flux as a function of yield stress for a model with
mantle thickness D = 3600 km and core-mantle boundary temperature Tcmb =

4500 K. Different yield stresses result in different mantle convective regimes
(indicated): a mobile lid regime (see Figure 9), a periodic regime (grey, see
Figure 7) or a stagnant lid regime (see Figure 9). The surface heat fluxes in
the periodic regime are the maximum and minimum surface heat flux in a cycle
(see also Figure 7). The period of overturn is indicated for the models with a
periodic regime.

8.3. Core-mantle boundary temperature
The different core-mantle temperatures Tcmb that were used to
investigate the influence on the mantle convective regimes are
Tcmb = 3200 K, Tcmb = 3850 K and Tcmb = 4500 K. As was
to be expected, a higher core-mantle boundary temperature re-
sults in an overall higher surface heat flux as can be seen in Fig-
ure 10. Besides that, similar to the results of the mantle thick-
ness, an increase in core-mantle boundary temperature results
in a larger range of yield stresses in which the periodic regime
is stable. Also note that the critical yield stress which marks
the transition between the mobile lid regime and the periodic
regime shifts to larger yield stresses for increasing core-mantle
boundary temperature. Similarly, the transition zone between
the mobile lid and the stagnant lid regime for models with a
thin mantle shifts towards larger yield stresses.

The period of overturn seems not to be affected much by
the change in core-mantle boundary temperature, although the
range of the periods of overturn increases with increasing.
However, this is also partly due to the increase in the range of
yield stresses for which a periodic regime is stable.

8.4. Temperature-dependent thermal conductivity
Using a temperature- and pressure-dependent thermal conduc-
tivity k instead of a constant conductivity results in an increase
in overall surface heat flux (see Figure 10). Besides that, the
critical yield stress at which the transition from mobile lid
regime to periodic regime occurs shifts to lower yield stresses.
In line with that, the range of yield stresses at which the periodic
regime is dominant increases when a temperature-dependent
conductivity is used. The period of overturn decreases slightly
when a temperature-dependent conductivity is used. In Figure
10 there is no model that includes a temperature-dependent con-
ductivity for D = 2600 km and T = 3200 K, because the model
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Figure 11: Results of the subcrustal lid models for a mantle thickness D =

3100 km and a core-mantle boundary temperature of Tcmb = 3850 K compared
to the standard models for the same mantle thickness and core-mantle boundary
temperature.

lacked a driving force and therefore, did not develop. There-
fore, this model with such a thin mantle and low core-mantle
boundary temperature is considered unlikely for Venus.

8.5. Subcrustal lid rejuvenation models

The results for the subcrustal lid rejuvenation models are shown
in Figure 11. The subcrustal lid models were only run for
the typical, average mantle thickness D = 3100 km and core-
mantle boundary Tcmb = 3850 K. Remarkably, the results from
the subcrustal lid models show a trend that is in contrast with
the standard models, concerning the incorporation of the tem-
perature dependent conductivity. Where the standard models
usually show an increase in the range of yield stresses for which
the periodic regime is stable when the temperature dependent
conductivity is incorporated, the subcrustal lid regime shows
a decrease. Other than that, the values of the heat fluxes are
fairly similar. Hence, this modelling study indicates that the
subcrustal lid regime is indeed physically possible and could
account for the heat loss of Venus.

9. Discussion

The results show that the mantle thickness, the core-mantle
boundary temperature and the temperature dependent conduc-
tivity mainly affect the range of yield stresses for which a peri-
odic regime is stable and the critical yield stresses which mark
the transition from the mobile lid regime to the periodic regime
and the transition from the periodic regime to the stagnant lid
regime. In this section, the modelling study that was conducted
is surveyed critically and compared to previous studies. Fur-
thermore, exploratory models are presented that aim towards
complexifying the current model and possible future research
directions are suggested in line with that.
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Figure 12: Surface Rayleigh numbers for different mantle thicknesses D and
core-mantle boundary temperatures Tcmb. Contour lines of Rayleigh numbers
are indicated. The nine models tested in this study are indicated by white dia-
monds.

9.1. Rayleigh number

In order to explain the increase in the range of the yield stresses
under which the periodic regime is stable for increasing mantle
thickness and core-mantle boundary temperature, the Rayleigh
number can be used. The Rayleigh number is defined as (Tosi
et al., 2015):

Ra =
ρgα∆T D3

µκ
(20)

where ρ is the density, g is the gravity acceleration, α is the
thermal expansion coefficient, ∆T is the temperature difference
in the system Tcmb − Ts, D is the mantle thickness, µ is the
viscosity and κ is the thermal diffusivity defined as:

κ =
k
ρCp

(21)

where k is the thermal conductivity and Cp is the heat capac-
ity. Calculations of the surface Rayleigh number for a range of
possible mantle thicknesses and core-mantle boundary temper-
atures with ρ = 3300 kg m−3, g = 8.87 m s−2, α = 3.0 × 10−5

K−1, Ts = 740 K, µ at the surface is 2 × 1027 Pa s, k = 3.5 W
m−1 K−1 and Cp = 1060 J kg−1 K−1 are shown in Figure 12.
The viscosity contrast due to temperature of ∆µT = 105 Pa s ul-
timately results in a maximum Rayleigh number of ∼ 7.7 × 106

at the bottom of the mantle.
The increase of the range of yield stresses in which the

periodic regime is stable can be explained by an increase in
Rayleigh number which results from an increase in core-mantle
boundary temperature or mantle thickness. The reason for this
is that a mantle with a higher Rayleigh number convects more
rigorously, which in turn makes it easier to overturn the whole
mantle, even though the yield stress is quite high. Because
the definition of the Rayleigh number contains D3 it is evident
why the mantle thickness is more important for the critical yield
stress than the core-mantle boundary temperature.

Even so, the Rayleigh number cannot solely explain the re-
sults in Figure 10 as the ratio between the thickness of the man-
tle and the temperature at the core-mantle boundary seems to
be important as well. An example of this is provided by two
models with approximately the same surface Rayleigh number
of 50. A comparison between these two models (a model with
D = 3600 km and Tcmb = 3200 K and a model with D = 3100
and Tcmb = 4500 K) shows that a higher Tcmb, regardless of the
Rayleigh number, still causes an increase in surface heat flux
and an increase in the range of yield stresses for which the pe-
riodic regime is stable. Furthermore, the model with a thick
mantle has a smaller critical yield stress for the transition be-
tween the mobile lid and periodic regime than the model with a
thinner mantle.

Hence, even though the Rayleigh number plays a role, the
mantle thickness D and core-mantle boundary temperature Tcmb

ultimately determine the value of the critical yield stresses.

9.2. Subcrustal lid rejuvenation models
The results for the subcrustal lid rejuvenation models are not
significantly different from the standard models, although this
would be expected considering the significant change in bound-
ary conditions at the top, i.e. Ts = 900 K instead of Ts = 740 K
and P = 300 MPa instead of P = 9.3 MPa. The reason for the
minimum amount of change between these two models is that
the rheology that is used in these models is not pressure depen-
dent. So, even though the largest difference between the models
is the pressure, the model does not change. For a temperature-
and pressure-dependent conductivity, the subcrustal lid rejuve-
nation model indeed shows a more significant change. It is ex-
pected that future models with a more complex rheology that is
also pressure dependent would capture the process of subcrustal
lid rejuvenation better.

9.3. Evolution of the models
The results shown in Section 8 typically display the mantle con-
vection regime after the model has reached steady state. How-
ever, it is unknown whether Venus has already reached steady
state at present or not. Therefore, it might be useful to look at
the entire time evolution of the mantle models. Three typical
time evolutions in Figure 13 show the various ways in which
models develop before they reach steady state. It is particu-
larly interesting that some models show one or a few mantle
overturns before reaching a steady state stagnant lid regime (see
Figure 13(a) for an example). This evolution would be in line
with the hypothesis of surface quiescence after the last global
resurfacing event (see Section 5.2.1). Other models that reach a
‘steady state’ with a constant period (see Figure 13(c)) of over-
turn back the hypothesis of global episodic subduction (see Sec-
tion 5.2.2). Not shown in Figure 13 are the models that reach
a steady state stagnant lid or mobile lid regime without global
mantle overturns in their early history. These models verify the
uniformitarian model.

From these different model results, it is clear that the vari-
ously proposed thermal evolution models of Venus can be mod-
elled physically. The key factors that determine the mantle evo-
lution are ultimately the mantle thickness D, the core-mantle
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Figure 13: The entire time evolution of three resentative models: (a) Standard model for D = 3100 km, Tcmb = 3850 K, and σY = 400 MPa. After three initial
mantle overturns, the model reaches the steady state stagnant lid regime; (b) Subcrustal lid rejuvenation model for D = 3100 km, Tcmb = 3850 K, and σY = 300
MPa. Initially, the model is periodic with a period of mantle overturn of ∼ 10000 Myr, but the model converges to the steady state stagnant lid regime; (c) Standard
model for D = 3100 km, Tcmb = 3850 K, and σY = 375 MPa. The model develops a fully stable periodic regime, although the periodicity only becomes constant
after approximately 1.5 × 1011 years.

boundary Tcmb and the yield stress σY of the lithosphere. When
future space missions to Venus acquire more information on
these parameters, the parameter study conducted in this work
could help determine what thermal evolution Venus experi-
enced.

9.4. Period of overturn

The models predict a period of mantle overturn of 15000 up
to 55000 Myr. This is similar to the scaled periods of over-
turn of 10660 Myr (Trompert and Hansen, 1998) and ∼ 20480
Myr (Tosi et al., 2015). However, these values for the period
of overturn are not realistic, as the studies concerning the age
of the surface of Venus (see Section 3.2) generally predict that
the time since the last overturn is 300 to 800 Myr. Besides that,
the age of Venus is approximately 4600 Myr (like Earth), so a
periodic regime in which the period of overturn exceeds 4600
Myr is unrealistic or simply implies that Venus hasn’t experi-
enced a mantle overturn yet. The latter is however very un-
likely, because of the impact crater evidence (see Section 3.2).
Therefore, the likely explanation for the large period of over-
turn predicted by these models is a deficiency of the models.
There are several possible reasons why the model cannot cap-
ture a realistic period of overturn. It could be that there is not
enough heat supply for a fast mantle convection and period of
overturn, because of the omission of internal heat production,
frictional heating and adiabatic heating. Furthermore, the time
stepping may be too large to capture a short period of overturn.
Future modelling studies should focus on the effect of the in-
corporation of internal, frictional and adiabatic heating in order

to see whether a smaller and more realistic period of overturn
can be obtained (see also Section 9.6).

9.5. Surface heat flux
The surface heat flux that is predicted by the models presented
in Section 8 are lower than the expected present-day surface
heat flux of approximately 74 mW m−2 (see Section 5). The
simplicity of the models may be the cause for this, as several
additional sources of heat, such as the shear heating, adiabatic
heating and internal heat production, are omitted from these
models. Therefore, it is expected that future models that incor-
porate these features provide surface heat fluxes that are more
comparable to the estimated present-day surface heat flux (see
also Section 9.6).

However, the minimum surface heat flux that is predicted by
the models for a mantle thickness D = 3100 km and D = 3600
km for the periodic regime, matches with the theoretically pre-
dicted surface heat fluxes of 11.1 mW m−2 (see Section 5). This
result tends to lend some support to the notion that the models
presented in this work capture the most essential processes of
Venus mantle convection in the periodic regime.

9.6. Shear heating
In order to test the influence of extra sources of heat as dis-
cussed in Section 9.4 and 9.5, a set of preliminary models
was run which incorporates shear heating for a mantle thick-
ness D = 3100 km and a core-mantle boundary temperature
Tcmb = 3850 K. The results of these models are shown in Figure
15. Clearly, the incorporation of shear heating effects the model
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(a) Temperature field of the mobile lid regime (b) Temperature field of the stagnant lid regime

(c) Velocity field of the mobile lid regime (d) Velocity field of the stagnant lid regime

Figure 14: Representative results for a cylindrical model. The mobile lid regime model (left) was run with a yield stress σY = 200 MPa and the stagnant lid model
(right) with a yield stress σY = 550 MPa.

significantly. Most importantly, the periodic regime occurs at
much lower yield stresses σY for models including shear heat-
ing than models without shear heating. Besides that, the period
of overturn is lower as well. These findings support the hypoth-
esis that more advanced models that incorporate shear heating,
adiabatic heating and internal heat production could capture the
processes in the mantle of Venus better. More specifically, a

 10

 15

 20

 25

 30

 35

 40

 45

 50

 55

      

S
u
rf

a
c
e
 h

e
a
t 
fl
u
x
 (

m
W

/m
2
)

 5000

 15000

 25000

 35000

 45000

 55000

 65000

 200  300  400  500  600  700

P
e
ri
o
d
 o

f 
o
v
e
rt

u
rn

 (
M

y
r)

Yield stress (MPa)

Standard model
Shear heating   

Figure 15: Preliminary results for models that incorporate shear heating.

realistic value for the period of overturn could possibly be ob-
tained by the use of more complex models. Besides that, the
incorporation of shear heating results in a higher predicted sur-
face heat flux. This supports the assumption that future mod-
els which incorporate additional heat sources will provide heat
fluxes that are better comparable to the estimated present-day
heat flux (see Section 9.5).

9.7. Cylindrical models
Although the two dimensional Cartesian models used in this
work are very well suited for parameter studies concerning the
mantle of Venus, more realistic models are ideally spherical and
three dimensional. In order to investigate how the findings of
the two dimensional Cartesian models would translate to a two
dimensional cylindrical model a set of preliminary cylindrical
models was run with a mantle thickness D = 3100 km and a
core-mantle boundary temperature Tcmb = 3850 K. The resolu-
tion is lower than the Cartesian models, due to a time constraint.
The initial temperature distribution is a hexagonal perturbation,
analogous to the sine perturbation in the Cartesian models. The
results are presented in Figure 16 and representative models of
the mobile lid and stagnant lid regime are shown in Figure 14.

Unlike the Cartesian models, the cylindrical models do not
retrieve the periodic regime for the mantle thickness D = 3100
km and core-mantle boundary temperature Tcmb = 3850 K. In-
stead, they are more comparable to the Cartesian models with
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Figure 16: Preliminary results for cylindrical models.

mantle thickness D = 2600 km. The reason for this is prob-
ably that there is not enough heat in the cylindrical model to
act as a driving force for the periodic regime. The lack of heat-
ing results from the fact that the area of the studied domain is
much larger in the cylindrical model (∼ 87, 689, 390 km) than
in the Cartesian model (9, 610, 000 km), even though the mantle
thickness D is the same. It is expected that future models that
incorporate internal heat production, frictional heating and adi-
abatic heating will result in the ability of the cylindrical models
to capture the periodic regime as well.

10. Conclusion

Venus is an important planet to study as the evolution of this
planet could shed some light on why Earth is such a unique
planet. However, it is difficult to obtain observations and data
from Venus, as the planet is covered in clouds. Therefore, the
most efficient method of acquiring data is the use of space mis-
sions. In the past, space missions such as Pioneer Venus and
Magellan have mapped approximately 98% of the surface of
Venus, which resulted in information about the impact crater
distribution. As this distribution is indistinguishable from a ran-
dom distribution, a global resurfacing event ∼ 500 Myr ago
has been hypothesized to account for this. Several thermal
evolution hypotheses, such as the uniformitarian, catastrophic,
differentiated planet and subcrustal lid rejuvenation hypothesis
have been proposed in order to explain Venus’ thermal evolu-
tion together with the global resurfacing event. In order to vali-
date these hypotheses, modelling studies have been conducted.
However, several important parameter studies were neglected
in these modelling studies. For example, few modelling studies
have investigated the influence of the mantle thickness or core-
mantle boundary on the mantle convective regime of Venus,
while these parameters are largely unconstrained. Furthermore,
no studies have been conducted with a temperature-dependent
conductivity. Therefore, a modelling study was conducted to
study the aforementioned parameters.

It was found that the models retrieve the three mantle convec-
tive regimes: mobile lid, periodic, and stagnant lid. The period

of overturn is unrealistic, but future models that incorporate
shear heating, adiabatic heating and internal heat production,
should be able to capture more realistic periods of overturn. The
mantle thickness influences whether a periodic regime can be
obtained for a range of yield stresses. More specifically, a thin
mantle (∼ 2600 km) cannot accommodate a periodic regime,
while thicker mantles can. To a lesser extent, the core-mantle
boundary temperature influences this as well. Hence, it is im-
portant to investigate the effect of mantle thickness and core-
mantle boundary temperature on the model results, in order to
prevent biased results.

The temperature-dependent conductivity results in the occur-
rence of the periodic regime at lower yield stresses and over a
larger range of yield stresses. Therefore, future modelling stud-
ies should incorporate the temperature-dependent conductivity
to ensure that the periodic regime occurs at the correct yield
stress.

The subcrustal lid rejuvenation models showed for the first
time that the hypothesis proposed by Ghail (2015) can be nu-
merically validated. The difference between the standard model
and subcrustal lid rejuvenation model is small, because of a rhe-
ology that is not pressure dependent.

All in all, this study has shown that in order to understand
more about Venus’ mantle dynamics, it is important to study the
effects of the most basic parameters, such as mantle thickness
and core-mantle boundary temperature, because they can sig-
nificantly influence the results. Besides that, the incorporation
of a temperature-dependent conductivity could be yet another
addition to models in order to make them more realistic.

Future models should focus on the incorporation of addi-
tional heat sources in the model, such as shear heating, adiabatic
heating and internal heat production. Furthermore, the addition
of a pressure dependent rheology could significantly improve
the subcrustal lid rejuvenation models.
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