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Abstract

The coexistence ofVenusian highlands, attributed to long-lived axisymmetricmantle plumes, and uncompensated coronae, attributed
to transient discrete mantle ‘thermals’, is difficult to reconcile withmodels of mantle convection under thermally steady-state conditions.
However, cratering and geological studies indicate a uniformly young surface age (∼ 700 Myr) as well as a comparable timescale for
resurfacing (∼ 100 to 400 Myr), possibly consistent with a recent lithospheric overturn and a transient mantle thermal regime. We use
laboratory experiments on free and forced thermal convection at high Rayleigh number (Ra∼107) in a variable viscosity fluid to
investigate the steady-state and transient thermal regimes preceding and following such an overturn. From analyses of shadowgraph
images and time series of global and local variations in temperature, basal heat flux and viscosity, we establish steady-state stagnant- and
active-lid states and characterize two intermediate transient regimes. Flow in steady-state stagnant lid is in the form of intermittent
thermals, consistent with published work. During the transition to active-lid convection the stagnant lid is stirred into the interior using a
conveyor belt. Spreading of this cold fluid along the hot boundary leads to a transition to a “mixedmode” of flow from the hot boundary:
approximately isoviscous thermals rise from the thermal boundary layer ahead of the advancing cold front and low viscosity plumes rise
from behind the front, as a result of an enhanced temperature contrast. The longevity of this regime and the timescale for the transient
depends on the rate of overturn (Pe) and the aspect ratio of the system (A). The magnitude of local temperature, viscosity and heat flux
variations increases with Pe and can exceed steady-state values for active-lid convection. Additional numerical simulations show that the
mixed mode regime will occur in the presence of internal heating, and for no- and free-slip boundaries. In contrast, the transition from
active-lid to stagnant-lid convection is marked by a change from a flow composed of plumes and large-scale overturning motions to a
regime dominated by rising and sinking thermals on a timescale of thermal diffusion. Applied to Venus, our results support a hypothesis
that the contemporaneous coexistence of the Atla and Beta highlands regions with interspersed uncompensated coronae is consistent
with a transient thermal regime following a lithospheric overturn. It is also expected that such coronae formedN250Myr after the uplift of
the highlands. Implications of the thermal origin of coronae for Venusian mantle structure are also explored.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Among the most intriguing classes of topographic
features on Venus are approximately 500 quasi-circular
coronae [1–3]. Coronae are typically ∼ 250 km in
diameter [3,4] and are concentrated in a large triangular
region bounded by the highlands Atla, Beta and Themis
(known as the BAT region) (Fig. 1a) [1,5]. Interpretations
of the axisymmetric shapes of coronae, combined with
their association with a broad variety of volcanic and
tectonic features [1,6–8] have contributed to a general
picture that they are, directly or indirectly, related to
transient upwellings from the upper mantle or the core–
mantle boundary (CMB) (e.g. [5,9–12]), the nature and
origin of which remain an area of active research [5,7,13–
18]. In contrast, the BAT highlands themselves are
generally thought to reflect continuous and strong
upwelling flow in the mantle. This picture stems from
considerations of a combination of large volcanic
constructs on each of the highlands (e.g. [7]) as well as
strong axisymmetric geoid highs analogous to those
observed over Hawaii [19].

In a recent paper, Johnson and Richards [5] analyze the
statistical distribution of coronae characterized by positive
gravity anomalies, plausibly explained by dynamic
support from upwelling flow in the mantle. These authors
find that whereas the majority of these “uncompensated”
features are concentrated within the BAT region, the
distribution of compensated coronae is relatively insen-
sitive to geographical region. From the geometric
relationship between the BAT highlands and uncompen-
sated BATcoronae, along with inferences drawn from the
results of laboratory experiments on mantle convection
(e.g. [20–22]), Johnson and Richards [5] develop a
conceptual model for a “mixed-mode” style of Venusian
mantle convection that explains the temporal coexistence
of coronae and the highlands (Fig. 1b). In particular,
Johnson and Richards [5] envision that mantle convection
driven by heat transfer from Venus' core is in a regime
characterized by two types of upwelling. Approximately
steady flow in long-lived narrow axisymmetric conduits,
akin to the style of flow often inferred to occur within
mantle plume conduits (i.e. “tails”) in the Earth (e.g. [23–
25]), gives rise to the highlands (see discussions in
[26,27]). In contrast, transient mantle thermals [28–30]
are suggested to explain coronae [20,21]. (A more
complete discussion of the conditions that give rise to
mantle plumes and thermals can be found in [31]).

The Johnson and Richards [5] model is consistent with
available geophysical and volcanological constraints and
elegantly explains the coexistence of coronae and the
highlands. However, while the model is plausible, the
inferred large lateral variations in the style of mantle
upwelling flow present a difficult conundrum for existing
geodynamic models of mantle convection. In particular,
whereas long-lived, axisymmetric plume conduits are
thought to be characteristic of upwellings that are greater
than one or two orders of magnitude less viscous than
surrounding mantle [23,24,31–36], transient thermals are
typical of flows in which the viscosity variations are order
unity [21,37,38]. In addition, under thermally steady-state
conditions a number of studies have implied or shown that
the conditions leading to either upwellings in the form of
thermals or upwellings in the form of low viscosity
plumes are distinct and highly restrictive [31,39,40] and
thus it is unclear how two such regimes may occur
together at the same time. For example, approximately
isoviscous thermals are expected to form if the internal
mantle temperature is close to that of the core–mantle
boundary, a characteristic of stagnant-lid convection
expected to occur in a one-plate planet [41,42]. In
contrast, the large temperature variations in the hot
thermal boundary layer that can give rise to low viscosity
plume conduits may arise only in an “active lid” regime
characterized by subduction and large-scale stirring of the
cold lithosphere [31,34,43]. Thus, to explain the coexis-
tence of uncompensated BAT coronae and the Atla and
Beta regions with a “mixed-mode” model (Fig. 1b) an
essential issue is to establish the origin of large lateral
differences in the temperature drop across the thermal
boundary layer at the core–mantle boundary of Venus.

It is important to realize that the spatial and temporal
coexistence of thermal regimes giving rise to contempo-
raneous low viscosity mantle plumes and isoviscous
mantle thermals is problematic if and only if Venus is
currently in a thermally steady-state regime. Indeed, it is
unclear whether it is reasonable to expect such a
condition. Constraints on the mean surface age derived
principally from cratering studies [44–46] are consistent
with an average age of only 700–800Myr. In addition, the
results of detailed analyses of the local statistics of
cratering populations [47] and recent geological mapping
[8,48] are collectively consistent with either a rapid
(∼100 Myr) or more gradual (N400 Myr) global re-
surfacing of the planet. Explanations of the nearly uniform
and young surface age have been presented in terms of a
catastrophic overturn of the Venusian lithosphere fol-
lowed by little resurfacing thereafter (e.g. [45,49–52]), a
more “gradual” resurfacing [48], and the outward
expression of an episodic style of plate tectonics [51–
54]. Although the timescale and style for resurfacing is
poorly constrained, the fundamental transition in tectonic
regime to a current one-plate state beginning about 700–
800 Myr ago is undisputed. If the resurfacing is related to
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a foundering of the lithosphere occurring on a timescale of
100–400 Myr then it is reasonable to hypothesize the
Venusian mantle to be currently adjusting to a new ther-
mal condition [e.g. [55]]. Consequently, in this paper we
use laboratory experiments supported by a small suite of
numerical simulations to explore in detail the transient
regime of mantle convection that may follow an overturn
of the lithosphere.We also investigate the transient regime
following the cessation of forced large-scale stirring. In
addition to characterizing these regimes our goal is to
Fig. 1. a) Corona distribution superposed on a map of the Venus geoid modif
triangular area bound by the Beta–Atla–Themis (BAT) highland regions (r
positive geoid anomalies, consistent with dynamic support from mantle upw
mantle convection proposed by Johnson and Richards [5] to explain the coex
region) and the highlands themselves. Whereas coronae are proposed to be
explained in terms continuous axisymmetric mantle upwellings. See text.
identify whether it is reasonable to expect such a mixed-
mode of convection, as described in Fig. 1b, in the mantle
of Venus following a lithospheric overturn.

2. Laboratory experiments

2.1. Apparatus and method

Our convection experiments are performed in
the 30 cm×33 cm×22.5 cm tank shown in Fig. 2. The
ied from Johnson and Richards [5]. Coronae are concentrated within a
ed triangle). Beta and Atla are characterized by strong, axisymmetric
elling. b) A conceptual model for a “mixed-mode” style of Venusian
istence of dynamically-supported coronae (principally within the BAT
the surface expression of transient thermals, the highlands are better
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sidewalls are insulated plexiglass. The upper (cold) and
lower (hot) boundaries are aluminum heat exchangers
throughwhich cold and hot water is pumped at a high rate,
such that isothermal boundary conditions, characteristic
of Rayleigh–Benard convection, are achieved. Our
working fluid is ADM 36/43 corn syrup, which has a
viscosity that depends strongly on temperature (Table 1).
Submerged a few millimeters below the cold boundary is
a 2 mm thick motor-controlled “conveyor” belt con-
structed of reinforced neoprene that is used to drive a tank-
filling large-scale flow. The belt is extensively drilled with
1 cm diameter holes to maximize thermal contact with the
roof heat exchanger.

At the start of each experiment, boundary tempera-
tures are set such that the system evolves to a regime of
Fig. 2. a) A schematic diagram of the experimental apparatus. b) Cartoons sho
steady-state stagnant-lid convection at high-Rayleigh
number that is quantitatively similar to previous studies
(e.g. [30,38]) (Fig. 2b, Table 2). A statistical steady-state
is indicated by constant and equal heat fluxes at the cold
and hot boundaries and a well-defined mean internal
temperature that does not vary in time. We note that the
belt is positioned near the top of the stagnant part of the
cold thermal boundary layer and thus does not influence
the flow in this regime [56]. Once this basic state is
established the conveyor belt is turned on at a fixed
velocity that we vary. Resultant large-scale flow over-
turns and stirs the cold thermal boundary layer into the
underlying fluid, and forces an active-lid style of
convection [53] (Fig. 2b). Where possible the belt is
driven until thermally steady-state conditions are
wing stagnant-lid and (forced) active-lid convection in our experiments.



Table 1
Physical properties

Parameter Symbol Value

Coefficient of thermal
expansion of syrup⁎

α 5.61×10−4 °C−1

Density of syrup⁎ ρ ρ(T )=103(−5.60774×10−4T+
1.46201) kg/m3

Dynamic viscosity
of syrup⁎⁎

μ μ(T )=exp(6.7057−0.1353T+
0.0004T 2 ) Pa s

Gravitational
acceleration

g 9.81 m/s2

Thermal conductivity
of syrup⁎

K K(T ) = 0.365 + 0.00245T W/
m/°C

Thermal diffusivity
of syrup⁎

κ 1×10−7 m2/s

⁎ from Jellinek et al., 2003 [56].
⁎⁎ measured in our laboratory.

Table 2
Properties of 5 experiments discussed in the text

Run Regime Ra Pe λi⁎ λι⁎ θ q⁎

(W/m2)

14 Stagnant lid 5.4×107 – 4 4 .75 980
Transient I 2.9×107 9100 15 19 .61 2400
Active lid 2×107 9100 11 17 .60 2000

15 Stagnant lid 5.2×107 – 4 4 .74 970
Transient I 3×107 23,000 12 22 .66 2000
Active lid 2.6×107 23,000 8 19 .63 1100

17 Stagnant lid 1.1×108 – 4 5 .78 1300
Transient 8.6×107 4500 8 13 .75 2900
Active lid 5.7×107 4500 7 12 .66 2100

18 Stagnant lid 3.3×108 – 4 4 .79 1200
Transient I 3.2×107 2300 4 6 – 2700
Active lid – 2300 – – – –

19 Stagnant lid 2.8×107 – 4 4 .75 1200
Transient I 2.6×107 31,000 – 35 – 3300
Active lid – 31,000 – – – –

All transient flows are complex and properties are based on
measurements made at stack 1 and stack 2 (Fig. 2). In cases where
there are no values reported for the transient or active-lid regimes we
could not maintain a fixed velocity condition at the to surface for
sufficient time to obtain a reliable measurement. See text.
⁎ is the maximum during the transient, and the mean for stagnant- and
active-lid. Other values represent means.
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achieved. However, the large viscous stresses involved
in stirring the cold lid into the underlying fluid make the
experiments technically difficult, and ultimately limit
the range of parameter space we are able to investigate
(Table 2).

Experiments are quantified using time series of
temperature and local heat flux. Local heat flux is
measured using four Omega HFS4 heat flux sensors
distributed across the hot boundary (Fig. 2). Wire
thermocouples are located along the hot, cold and
sidewall boundaries, and in the interior of the system. To
characterize the local vertical and lateral temperature
and viscosity variations in the hot thermal boundary
layer in both transient and steady-state regimes, as well
as the corresponding local heat fluxes, we apply
thermocouple stacks above two heat flux sensors
(referred to as “stack 1” and “stack 2”). Stack 1 and
stack 2 are constructed of 4 to 6 J-type thermocouples
spaced 0.5 to 1 cm apart, designed to record the
downstream evolution of the hot thermal boundary layer
occurring in response to the forced spreading cold
material. In addition, the qualitative structure of all
flows is characterized using a combination of time-lapse
and still photographs of shadowgraphs, which capture
fluid motions by mapping vertical and lateral variations
in refractive index that occur with corresponding
changes in temperature.

2.2. Dimensionless parameters

Five dimensionless parameters characterize our
experiments. The aspect ratio, A=H /w=1.3, is constant.
All experiments are conducted at high Prandtl number,
(Pr=μ /ρκ≥104) such that the Reynolds number for all
experiments is less than about unity and inertial effects
may be neglected. Here, μ is viscosity, ρ is density, κ is
thermal diffusivity, H is the layer depth and w is the tank
width (Table 1). The vigour of buoyancy-driven motions
is characterized by the Rayleigh number,

Ra ¼ gqiaDTH
3

lij
ð1Þ

where μi is the viscosity based on an appropriate mean
interior temperature (Table 2), ΔT is the temperature
drop from the hot boundary to the cold boundary, g is
gravity and α is the coefficient of thermal expansion.
The velocity of the imposed circulation is varied for
each experiment and is expressed with a Peclet
number,

Pe ¼ VH
j

; ð2Þ

where V is the belt velocity. The magnitude of the total
viscosity variations in the system is given by the total
viscosity ratio,

kt ¼ lc
lh

; ð3Þ

where the subscripts “c” and “h” denote parameters
measured at the cold and hot boundaries. All of our
experiments are conducted under approximately
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constant and high Ra (N107) conditions (Table 2). In
addition, λt∼103, such that the convection is in the
stagnant-lid regime when Pe=0 [21,30].

Along with these external parameters it will
be useful to introduce some additional parameters
determined internally. We define internal temperature,
θ = ( T i − Tc) / ( Th − Tc) and the hot boundary
layer viscosity ratio, λh⁎=μi

⁎ /μh. Because we are
interested in transient phenomena, which may not be
global in scale, λh⁎ is a local viscosity ratio, where the
superscript “⁎” indicates values based on the maxi-
mum temperature differences recorded at stack 1 and
stack 2. For the same reason, we define a local heat
flux ratio q⁎, which is the measured convective heat
flux, q, normalized to the average steady-state
stagnant-lid heat flux, qs. We also define the local
internal temperature normalized to the stagnant-lid
Fig. 3. Shadowgraph images showing the evolution of the system away from
a) Steady-state stagnant-lid convection in which upwellings are transient therm
apparent in time series of temperature. b) The conveyor belt at the cold bound
down the sidewall to the floor of the tank. c), d) Cold fluid spreads across t
λt≈103.
value, θi⁎=(Ti⁎−Tc) / (Tis−Tc), where the superscript
“s” denotes “stagnant lid”. Under statistically steady-
state conditions these local parameters are equivalent
to the global values.

3. Experimental results

In Table 2 we present results from 5 experiments from
a larger series of 21 runs. In particular, we identify and
characterize two transient thermal regimes. The first
(transient 1) occurs when the belt is turned on, and the
system is forced to evolve from steady-state stagnant-lid
convection towards steady-state convection in the active-
lid regime. The second (transient 2) occurs when the belt
is turned off, and the system returns from steady-state
active-lid convection towards a fully developed stagnant-
lid regime. Owing to practical difficulties involved with
a stagnant-lid regime following initiation of forced stirring from above.
als. Transient cold downwellings are not observed in this image but are
ary is turned on, resulting in a forced advection of the cold stagnant lid
he floor and is stirred into the fluid interior. Ra=1.1×108, Pe=4500,
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achieving steady-state active-lid convection over a range
ofPe conditions our discussion of this regime is limited to
its qualitative features.

3.1. Qualitative results

3.1.1. Transient 1: stagnant-lid to active-lid convection
Figs. 3 and 4 are time series of shadowgraph images

characterizing the transition away from a stagnant-lid
regime as the cold boundary layer is stirred into the
underlying fluid through one complete overturn. In
Fig. 3a, Pe=0 and the flow is in the stagnant-lid regime
under statistically steady-state conditions. Convection is
in the form of intermittent rising and sinking thermals.
The internal temperature, θ=0.76, and the viscosity
ratio, λh=4 (i.e. order 1), which are quantitatively
consistent with previous studies [20,21,30,38]. The very
small refractive index contrast between the upwelling
thermals and colder fluid interior is indicative of the
small temperature difference that corresponds with an
order 1 viscosity variation [31,38].
Fig. 4. Shadowgraph showing a snapshot from transient 1. The advancing cold
λh⁎=60 and nascent low viscosity plume instabilities (large heads) are observe
The clustering of thermals near the leading edge of the cold front reflects a hig
the lateral spreading of cold material causes the hot boundary layer to thicken
The ratio of the diameter of low viscosity plume heads to the diameter of th
Taylor theory. Ra=1×108, Pe≈28,000, λt≈103.
Figs. 3b–d and 4 capture the evolution in flow
regime after the belt is turned on. Cold and dense fluid,
characterized by a high refractive index contrast, is
forced down the sidewall and along the hot boundary.
Hot thermal boundary layer fluid is, in turn, overrun and
“bulldozed” ahead of this advancing front of cold fluid
(e.g. [57]) resulting in a thermal boundary layer that
thickens monotonically downstream. Local advective
thickening of the hot thermal boundary layer directly
ahead of the cold front enhances convective instabilities
such that frequency of thermal formation is higher than
that occurring further downstream (Fig. 4), where the
thermal boundary layer grows by vertical thermal
diffusion alone. The magnitude of this spatial variation
in thermal formation frequency depends on the
importance of lateral advection of thermal boundary
layer fluid and consequently increases with Pe. This is
discussed in more detail below.

Hot thermal boundary layer that is overrun by the
cold current is trapped as a so-called “squeeze layer”
[58]. Further thickening of the squeeze layer by
front extends to midway across the tank. Upstream from the cold front,
d. Downstream from the cold front λh⁎=4 and upwellings are thermals.
her frequency of thermal formation. This is interpreted to occur because
downstream more rapidly than it would by vertical conduction alone.
ermals scales approximately as (λh⁎/λh

s )1/3, consistent with Rayleigh–



Fig. 5. Shadowgraph images of transient 2: The evolution from steady-
state active-lid convection following cessation of the imposed large-
scale flow. a) Steady-state active-lid convection. Dark bubbles show
the geometry of the imposed motions (white arrow). Rising low
viscosity plumes are drawn into the large-scale flow [Jellinek et al.,
2003]. Plume conduits are clustered near the left side of the tank. b), c)
The belt is turned off and plumes rise more vertically. Heads and
trailing conduits are evident in c). Ra=2×107 (during steady-state
active lid), Pe=26,000, λt≈103, λh≈16.
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conductive heat transfer from the hot boundary leads to
convective instabilities that take the form of low
viscosity plumes with large heads and narrow axisym-
metric conduit tails rising through the cold layer (Fig. 4)
[31,37]. These plume heads are larger in diameter than
the thermals forming downstream of the spreading cold
fluid. Where possible the ratio of the diameter of the
plume heads to the diameter of the thermals was
measured as close to the leading edge of the hot
boundary layer as possible and found to be proportional
to (lh⁎ /λh

s
)1/3, consistent with expectations from Ray-

leigh–Taylor theory [23,59–61].
An essential characteristic of this transient regime is

that large lateral variations in temperature and viscosity
across the hot boundary layer lead to a mixed mode style
of flow characterized by a contemporaneous formation
of approximately isoviscous thermals and low viscosity
plumes in the same flow. However, it is important to
note that once the cold material blankets the cold
boundary entirely the flow from the hot boundary is in
the form of low viscosity plumes only. Thus, in our
system the coexistence of these two types of upwelling
structures is a characteristic of the early part of this
transient regime. More generally, the longevity of this
regime depends on the rate at which the cold boundary
layer is overturned, Pe, and the length of the hot
boundary expressed as a function of the aspect ratio, A,
which we do not vary.

3.1.2. Transient 2: active-lid to stagnant-lid convection
Active-lid convection under thermally steady-state

conditions is achieved in only a few cases. An essential
difference to the stagnant-lid regime is that the stronger
cooling effect of stirring the cold fluid in contact with
the top boundary into the underlying fluid interior leads
to a lower interior temperature and to larger temperature
and viscosity variations in the hot thermal boundary
layer. A time series of shadowgraph images illustrating
steady-state active-lid convection and the thermal
transient following the cessation of the imposed stirring
is shown in Fig. 5. Fig. 5a shows a fully developed flow
composed of an asymmetrical large-scale flow along
with sheared low viscosity plumes ascending from the
hot boundary [35,62] (Table 2). Fig. 5b and c shows the
transient regime in which the forced flow has ceased and
plumes with large heads rise vertically. Because the
interior temperature is less than in the stagnant-lid
regime, vertically rising plume heads carry a compar-
atively much greater excess temperatures (indicated in
Fig. 5 by the large contrasts in refractive index
compared to Fig. 3a), and are significantly less viscous
and larger than thermals.

3.2. Quantitative results for transient 1

To characterize the evolution in flow regime as a
function of Pe through transient 1 we analyze local time
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series of temperature, θi⁎, heat flux, q⁎, and the viscosity
ratio across the hot thermal boundary layer, λh⁎ acquired
from both stack 1 and stack 2 (Fig. 2). It is important to
note that whereas the stacks capture the hottest
temperature in the thermal boundary layer (the hot
boundary temperature), by virtue of their design they do
not necessarily capture the lowest temperature carried
by cold material that advances across the hot boundary.
Consequently, our absolute measurements at these
locations likely underestimate the effects of the
spreading cold front on the local temperature and
viscosity variations. However, relative differences
between experiments (and between each experiment
and the stagnant-lid case) are preserved such that we
may characterize and compare flows in a self-consistent
way.

3.2.1. Temporal dynamics: frequency of thermal
formation

Fig. 6a and b shows time series for the internal tem-
perature for stagnant-lid convection under steady-state
conditions along with the corresponding power spectra.
Fig. 6. Plots showing the temporal dynamics of the hot thermal boundary l
internal temperature for run 15 (Table 2); b) power spectra for the same exper
(stack 2) and cold TBL during stagnant-lid convection. Frequencies for the
indicating that convective instabilities in the hot and cold boundary layers are
c) Power spectra from a time series of temperature from stack 2 obtained dur
causes the frequency of hot thermal formation to increase. See text.
Two observations are noteworthy. First, as mentioned
above, the mean interior temperature, θ≈0.76 and
convection is in the form of intermittent thermals
expressed as positive temperature anomalies, consistent
with previous work [31]. Second, we identify distinct
frequencies for the formation of hot and cold thermals in
both the hot and cold thermal boundary layers the ratio of
which is consistent with that found by Schaeffer and
Manga [20].

As outlined above, the spreading of cold fluid along
the hot boundary influences the temporal (and spatial)
dynamics of the hot boundary layer. To analyze these
transient data in the spectral domain we lowpass filter
the data and remove the secular trend such that the
time series are quasi-stationary. Because frequency
resolution is ultimately limited by the number of
convective instabilities that can occur during length of
the transient it is enhanced for low-Pe flows.
Nevertheless, comparison of Fig. 6b and c illustrates
how the power spectra at stack 1 evolve in response to
the progressive stirring of cold boundary layer material
during transient 1 for a run in which Pe=23,000.
ayer during stagnant-lid convection and transient 1. a) Time series of
iment based on time series of temperature recorded in both the hot TBL
formation of hot and cold thermals are found in both boundary layers,
influenced by sinking (cold) and rising (hot) thermals, respectively [63].
ing transient 1. The advection of cold material along the hot boundary
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Comparison of the average hot frequency through the
transient with that during the stagnant lid suggests that
there is a shift to a higher frequency, consistent with
the advective thickening of the hot thermal boundary
layer discussed above (Fig. 4).

3.2.2. Temperature and viscosity variations
The coexistence of thermals and plumes during

transient 1 implies that lateral temperature, and thus
viscosity, variations govern the structure of the flow in
this regime. Fig. 7 shows the evolution of local
temperature variations recorded at stack 1 and stack 2
as a function of Pe for four experiments. Each
experiment begins in the stagnant-lid regime. The belt
is then turned on for N1 full overturns. Only the
experiments in Fig. 7b, c and d reach steady-state active-
lid conditions before the belt is turned off (or the
conveyor belt system fails). The internal temperatures
under these conditions are 0.60bθb0.66. The interior
temperature is greater than 0.5 because the measure-
ments are local values and do not include lateral
temperature variations arising due to the cavity-flow
structure of the forced large-scale stirring.
Fig. 7. Local temperature variations in the hot TBL at stack 2 (solid lines)
Table 2), normalized to the average θσ during steady-state stagnant-lid conve
dashes) and turned off (short dashes). ΔT across the hot thermal boundary la
Since the position of these thermocouples was fixed, they may not have cap
Comparison of the data from both stacks charac-
terizes the downstream thermal evolution of the
advancing cold material and its influence on the
structure of the vertical and lateral temperature varia-
tions within the thermal boundary layer. Following the
onset of stirring the average and maximum cold
temperatures decline from the stagnant-lid values as
the temperature drop from the hot boundary increases.
Both the cooling of the thermal boundary layer and the
vertical temperature gradients across each stack are
maximized for the largest Pe (Fig. 7a). In addition, the
local internal temperature is lower at stack 2 than at
stack 1 because the cold front warms as it spreads
across the hot boundary. For more moderate Pe (Fig. 7b,
c) the internal temperature declines to a minimum value,
where it remains. For the lowest Pe experiment (Fig. 7d)
there is little difference to the stagnant-lid case.

Fig. 8 shows the local variations in λh⁎ that
correspond to the temperature variations in Fig. 7. As
for temperatures, viscosity ratio increases when the belt
is turned on, and is maximized for large Pe. Whereas for
Pe=23,000, a nearly 6-fold increase in λh⁎ is observed,
little variation compared with the stagnant-lid case is
and stack 1 (dashed lines) for different Pe (runs 15, 14, 17 and 18 in
ction. The vertical lines mark the time when the belt is turned on (long
yer was measured 4 cm above the hot boundary in stack 1 and stack 2.
tured the full extent of the temperature difference across the hot TBL.



Fig. 8. Plot of local viscosity ratios measured at stack 2, normalized to the average λs during stagnant-lid convection for different Pe. Plot parameters
are the same as in Fig. 7. See text for discussion.
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recorded for Pe∼2300. We note that the 6-fold increase
in λh⁎ is around a factor of 1.5 smaller than that which
would be obtained from comparison of the ratio of
plume to thermal head sizes (Section 3.1.1) and the
discrepancy is due to the way in which stack 2 samples
the vertical temperature field.

3.2.3. Local heat flux
Fig. 9 shows local heat flux measured beneath stack

2 as a function of Pe for five experiments. At the start of
the transient q⁎ increases linearly from 1 to a maximum,
the magnitude of which increases with Pe. Subsequent-
ly, q⁎ declines from this maximum and in some cases
recovers a constant and lower value characteristic of
steady-state active-lid convection. Following cessation
of the forced stirring q⁎ decreases from the to a steady-
state stagnant-lid value at a rate approximately propor-
tional to t1/2, consistent with a response determined by
the timescale for thermal diffusion.

4. Numerical simulations of transient 1

A full series of numerical simulations in which we
reproduce and extend the laboratory results is beyond
the scope of this study. To accurately resolve local
variations in the temperature and viscosity structure of
the hot thermal boundary layer, and the corresponding
heat fluxes, for a larger range of Ra–Pe–λt–A
conditions during the early part of transient 1 is
particularly difficult. However, we can use numerical
simulations to explore the robustness of a number of
qualitative features of the mixed mode regime. Here we
carry out a small suite of calculations in which we
apply no-slip or free-slip basal boundary conditions
with wrap-around sidewalls in a 4×1 modeling
domain. This will allow us to explore the degree to
which the rigid boundary conditions used in our lab
experiments affect our main results regarding lower
boundary layer dynamics. For applications to Venus it
is useful also to consider whether volumetric internal
heating will reduce the temperature difference between
the hot boundary and interior mantle enough to alter or
inhibit the mixed mode of convection observed in the
experiments. Although a complete analysis of the
effects of various ratios of internal to basal heating is
beyond the scope of this paper we present the results of
two cases (60% and 97% internal heating) to place
bounds on possible behavior.

Some specific differences to the basic setup of our
experiments require discussion. In the presence of a



Fig. 9. Time series of local heat flux for all of the experiments in Table 2. The onset and cessation of the forced flow is indicated with dashed lines as
before.
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free-slip basal boundary condition a squeeze layer will
not form as it did in our experiments. We thus
investigate whether low viscosity plumes will form
during the transient by conductive heat transfer from the
hot boundary alone. One effect of employing wrap-
around sidewall boundary conditions is to reduce the
effects of rigid sidewalls on the structure and heat
transfer properties of the cold downwellings. In our
experiments extensive viscous coupling of the descend-
ing cold material to the sidewalls probably reduced the
amount of cooling carried to the floor because the
coldest and most viscous material may have remained
adhered to the walls.

4.1. Method

We use the CITCOM finite element code to solve the
equations of convection in the limit of infinite Prandtl
Number [63]. Numerical simulations are initially run to
statistically steady-state conditions and the accuracy of
the code is tested against standard benchmark solutions
[64]. For these runs, convergence testing is also
performed to assure that simulations are well resolved.
Simulations reported are performed using 64×64
meshes over any 1×1 patch.
The non-dimensional system of equations with the
Boussinesq approximation is:

Aiui ¼ 0 ð4Þ
Aj½2leij� ¼ Aipþ RahT k̂ ð5Þ

AtT þ liAiT ¼ A
2
i T ð6Þ

q ¼ ½1−aðT−T0Þ�; ð7Þ

where Rayleigh numbers Rah=10
6–108 (for steady-

state runs) and Rah=10
8 (for transient runs) are based on

a viscosity at the hot boundary temperature and physical
properties defined in the usual way [42]. Here, ui is the
velocity vector, μ is the viscosity, T is temperature, εij is
the strain rate tensor, p is pressure, k̂ is the vertical unit
vector, and ρ is the density. Subscripts of zero indicate
reference values. Eqs. (4)–(6) are the continuity,
momentum and energy equations for incompressible
flow. Eq. (7) is the linearized equation of state.

We performed two sets of simulations. The first set is
used to explore lower boundary layer structure in the
end-member situations of stagnant and active-lid
convection at statistically steady state. The second set
of simulations explores the transient situation in which
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the stagnant-lid transitions to an active-lid mode of
convection.

For the first set of simulations, we apply a viscoplastic
mantle rheology that can allow for an active-lid mode of
convection and for an internal mantle viscosity that
depends strongly on temperature [53]. That is, for
convective stresses below a critical yield stress, τyield,
the viscosity is μ=Aexp(−γT), which is similar to corn
syrup (Table 1) and consistent with a mantle deforming in
the diffusion creep limit. Here, the rheological tempera-
ture scale γ=−d /dt(ln(μ)) [56]. For all simulations
reported on, the non-dimensional activation temperature
is set to 13.815511. This leads to a six order of magnitude
viscosity variation across the modeling domain. For
stresses above τyield, however, the rheology is nonlinear
and the effective viscosity is μ=τyield / I, where I is the
second strain-rate invariant. A useful consequence of this
shear-thinning rheology is that where convective stresses
exceed τyield the effective viscosity become very small
such that strain is localized in narrow shear zones and the
stagnant-lid fails in shear and founders, resulting in active-
lid convection. The second set of simulations is designed
to follow the lab experiments more closely and the
viscosity depends only on temperature. That is, no yield
stress is employed. Rather, as with the laboratory
experiments, the stagnant lid is forced to become active
by imposing velocity boundary conditions at the surface
of the modeling domain.

4.2. Results

Snapshots of stagnant-lid and active-lid regimes
under statistically steady-state conditions are shown in
Fig. 10. Snapshots of a) stagnant-lid and b) active-lid convection under s
Fig. 10. As with our experiments, the subduction and
stirring of the cold thermal boundary layer (blue) leads,
in turn, to a lower internal mantle temperature, a greater
temperature drop across the hot thermal boundary layer
(red), and a larger hot thermal boundary layer viscosity
ratio than the stagnant-lid case. In the stagnant-lid case
λh=4, quantitatively identical to our experiments, and
the (two-dimensional) upwelling structures are analo-
gous to thermals. In contrast, in the active-lid case
λh=10

3, corresponding to an internal temperature that is
the mean of the two boundaries, and upwellings are
analogous to the low viscosity plumes observed in our
experiments and elsewhere [31]. When internal heating
is included in the calculations the internal temperature is
proportionally higher in both regimes and λh smaller.

Examples from a series of calculations exploring the
transient regime are shown in Fig. 11. For these cal-
culations a horizontal surface velocity boundary condi-
tion is applied to a stagnant-lid starting model to force a
stagnant to active-lid transition. The surface velocity is
symmetrical about the center of the modeling domain
and the non-dimensional values of the horizontal
velocity are +600 to the left of the domain center and
−600 to the right of center. These values are below
the statistically steady state surface velocity that resulted
from active-lid simulations using a viscoplastic rheol-
ogy (Fig. 10). This allowed us to confirm that for the
transient cases the imposed surface velocity condition
was not doing external work on the system beyond
that which would result from internal buoyancy forces
alone. In principal, transient cases could be explored
using viscoplastic models with no imposed sur-
face velocity. However, preliminary simulations showed
tatistically steady-state conditions. Ra=106. See text for discussion.



Fig. 11. Snapshots from several series of calculations of transient 1 (following the stagnant-lid regime indicated in Fig. 10a) in the presence of a) free-
slip, b) no-slip basal boundaries, c) 60% internal heating, and d) 97% internal heating. Ra=108. Sidewall boundary conditions are wrap-around.
Except in the unrealistic case of 97% internal heating, approximately isoviscous thermals form in the hot boundary layer ahead of the advancing cold
front, whereas low viscosity plumes, carrying a larger excess temperature, form behind.
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Fig. 11 (continued ).
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added complexities in that the aspect ratio of convection
cells could rapidly change during the transient state,
which effected lower boundary layer dynamics. Further,
depending on the choice of yield stress, episodic
regimes could result in which the upper boundary
layer became active for short time bursts and then
returned to a stagnant-lid state. Our intent, at this first
stage of work, is to isolate the effects of subduction and
stirring of the cold boundary layer on lower boundary
layer dynamics independent of such added complexities.
Thus, we opt for an approach more in line with the
laboratory experiments. This approach allows the aspect
ratio of cells to remain fixed through the transitional
regime. We are aware that aspect ratio changes deserve
future investigations but this would go beyond the scope
of this paper.

A no-slip basal boundary condition is applied in
Fig. 11a. As in our experiments, the subduction and
spreading of the cold thermal boundary layer along the
hot boundary traps a squeeze layer and causes a
monotonic increase in hot thermal boundary layer
thickness down stream. Large lateral variations in the
vertical temperature difference across the thermal
boundary layer drive a similar mixed mode of convec-
tion. Whereas thermals, carrying a small excess
temperature, are observed downstream of the cold
front, low viscosity plumes, carrying a much higher
excess temperature, rise through the cold layer. The
timescales and positions of such plume instabilities are
influenced by the rate at which cold material spreads. In
Fig. 11b we apply a free-slip basal boundary condition
and also obtain a mixed mode flow regime with some
subtle differences. In the absence of viscous coupling to
the bottom boundary the thermal boundary grows at the
base of the cold current by vertical thermal conduction
alone, and is consequently more uniformly thick (except
near the downwelling). The timing and location of
plume-forming instabilities is influenced less by the
lateral advection of cold material.

In Fig. 11c and d we show results from two
calculations including volumetric internal heating. The
initial state for both calculations is a stagnant-lid regime
under statistically steady-state conditions. In Fig. 11c,
the ratio of internal to basal heating is 60/40 and we find
that following the initiation of an active-lid regime a
mixed mode of convection again emerges with plumes
rising through the cold layer and thermals rising ahead
of the advancing front of cold material. One difference
to the purely basally heated cases is that a smaller
fraction of the rising thermals ascends to the top of the
mantle [cf. [65]]. In Fig. 11d the extreme case of nearly
purely internally heated convection (97%) is shown. A
mixed mode of convection is apparent near the hot
boundary. However, the temperature difference between
hot upwellings and surrounding mantle is sufficiently
small that neither plumes nor thermals rise across the
full depth of the mantle before diffusing away.

5. Conclusions

Following the initiation of subduction, the spatial and
temporal dynamics of the hot thermal boundary layer
depend on local conditions that vary in time. Results
from our experiments and numerical simulations show
that spreading of the cold stagnant lid along the hot
boundary leads to a mixed mode of convection with
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approximately isoviscous thermals forming ahead of the
cold front and low viscosity plumes forming behind.
This regime will persist for the time required for the cold
material to cover the hot boundary. For a given system
aspect ratio the longevity of the mixed mode regime
decreases with increasing Pe because the timescale to
cover the hot boundary with cold material is reduced.
The magnitude of the local temperature and viscosity
variations giving rise to low viscosity plumes increase
with Pe. These variations correspond also with varia-
tions in heat flux. One interesting result is that the local
heat flux can exceed the steady-state active-lid value
during transient 1.

Comparison with our numerical simulations suggests
that this regime will also emerge in the presence of inter-
mediate extents of internal heating, and for no- and free-
slip basal boundaries. However, the relative timing and
spatial relationship between thermals and low viscosity
plumes probably depends quantitatively on the mechan-
ical coupling to the hot boundary (e.g. Fig. 10) and may
depend on the relative proportions of internal to basal
heating. In particular, thermal formation observed directly
ahead of the advancing cold front (Fig. 4) may be
enhanced even further by the lateral advection, or
‘bulldozing’, of boundary layer fluid if the basal boundary
condition is free-slip. In addition, the timescale for plume-
forming instabilities upstream from the cold front may be
reduced if a significant squeeze layer is trapped during
spreading, a feature which is enhanced for rigid bound-
aries. The spacing of plumes and thermals will depend on
both the mechanical coupling to the hot boundary and on
variations in the vertical and lateral viscosity structure of
the hot thermal boundary layer (e.g. [61]).

6. Applications to Venus

6.1. The coexistence and relative timing of Atla and
Beta Regio and BAT coronae

Our combined experimental and numerical results
show that the contemporaneous coexistence of uncom-
pensated BAT coronae and the Atla and Beta highland
regions can indeed be explained as a result of a “mixed-
mode” style of mantle convection from the core–mantle
boundary (i.e. Fig. 1b). Such a regime can arise during a
thermal transient following a large-scale lithospheric
overturn. It is expected to persist for a timescale that
depends on the spatial extent and geometry of the
overturn, as well as the rates and styles of subduction
and subsequent mantle stirring. That this regime is
observed for no- and free-slip basal boundary conditions
suggests also that it will emerge if Venus has a liquid or
a solid core [66,67]. Significantly, this style of
upwelling flow is not consistent with ours and previous
laboratory experiments and numerical studies on
stagnant-lid and active-lid convection under thermally
steady-state conditions. Thus, whereas we confirm the
plausibility of the model proposed by Johnson and
Richards [5] (Fig. 1), we also identify the highly
restrictive conditions in which such a regime may occur.

A constraint on the relative timing of uncompensated
BAT coronae and the Atla and Beta highlands may be
drawn from our work. Johnson and Richards [5] suggest
on thermal grounds that the population of BAT coronae
due to mantle thermals are younger than the isostatically
compensated coronae distributed broadly over the
surface of Venus. That is, assuming all coronae are
initially a surface expression of mantle thermals, one
way to distinguish the two populations of coronae is to
explain the current positive gravity anomalies associated
with BAT corona in terms of thermal buoyancy sources
in the mantle that decay over time. Thus, the
compensated coronae have equilibrated thermally by
thermal diffusion and perhaps melt production [68]. A
second characteristic that defines the two populations is
the geometric concentration of uncompensated coronae
within the BAT region. Johnson and Richards [5]
suggest that the focussing of these features within BAT
is due to a combination of effects related to the
spreading of cold sublithospheric drips at the core–
mantle boundary and upwelling flows into Atla and Beta
(Fig. 1b). Alternatively, as investigated here, the
clustering of thermals as well as the formation of low
viscosity axisymmetric upwellings giving rise to Atla
and Beta, may be governed by the spreading of an
overturned layer of cold lithosphere at the core–mantle
boundary: clustered thermals form ahead of the
advancing front of cold lithosphere as it ‘bulldozes’
and thickens the hot TBL ahead of it, and low-viscosity
plumes form behind. Indeed, the concentration of
dynamically supported coronae within BAT is not
inconsistent with thermals being focused by an
axisymmetric mantle return flow occurring in response
to a lithospheric overturn in a spherical geometry [69].
The relative timing of the surface expressions of both
upwelling features then depends on the timescales for
their formation and rise through the Venusian mantle.

Quantitative constraints on the timescales for the
formation of both types of upwelling features at the hot
boundary are complicated by interactions between the
spreading cold fluid, the hot thermal boundary layer and
the hot boundary itself. Figs. 4 and 6 suggest that thermal
formation is enhanced directly ahead of the advancing
front due to advective thickening of the thermal boundary



116 C.M.I. Robin et al. / Earth and Planetary Science Letters 256 (2007) 100–119
layer. Consequently the period of thermal formation is less
than that which would occur downstream of the cold front
by thermal diffusion alone. However, the magnitude of
the effect depends on Pe, which is not constrained for
Venus, and on the mechanical coupling to the core–
mantle boundary. The timescale of plume formation
depends on the initial thickness of the trapped squeeze
layer (no-slip boundaries) as well as the rates of vertical
thermal diffusion and lateral advection (no-and free-slip
boundaries).

Whereas constraints on the timescale of formation are
not straightforward, estimates of the relative times for
plumes and thermals to rise across the mantle can be
obtained readily. Such estimates thus indicate a lower
bound on the relative ages of uncompensated BAT
coronae and the Atla and Beta regions. We note that both
thermals and plumes are observed to form closely in time
in all experiments and simulations.We assume thatmantle
deformation is in the diffusion creep limit and take the
viscosity μ=μoexp(−γT ), where μ0 is a reference
viscosity and γ is again the rheological temperature
scale. Low viscosity plume heads are expected to rise
faster than thermals because they are both larger
and carry a greater excess temperature. The ratio of
the timescale of a thermal to ascend across the
mantle to that for a nascent plume head (i.e. starting
plume) is τth /τpl∼ (ΔTpl /ΔTth)(dpl /dth)

2∼ (ΔTpl /ΔTth)
(λh

pl /λh
th)2/3, where the diameters of plumes, dpl, and

thermals, dth, are expected to scale with the respec-
tive critical thermal boundary layer thickness such that
dpl /dth∼ (λh

pl /λh
th)1/3 (e.g. [61]). We take γ=0.0145,

which gives λh
th≈4 (the stagnant-lid value) for a thermal

excess temperature ΔTth≈100 °C as well as λh
pl≈100

and λh
pl≈200 for plume excess temperatures of ΔT-

pl≈200 °C andΔTpl≈300 °C, consistent with parameters
inferred for low viscosity mantle plumes in the Earth (e.g.
[31]). Assuming that the mean diameter of isostatically
compensated coronae indicate the average diameter of
underlying mantle thermals we take dth≈200 km.
Applying these values we obtain dpl /dth≈1.6–2.7 and
τth /τpl≈5–20. In addition, for 200≤ΔTpl≤300 °C, an
average Venusian mantle viscosity of 5×1020 Pa s and
reasonable physical properties [26,54,55] the timescale
for a low viscosity plume to rise across the full depth of the
mantle is expected to be 60–20Myr, respectively [70,71].
In contrast, nearly isoviscous thermals are expected to
take around 300 Myr to traverse the Venusian mantle.

If the plumes and thermals forming in response to a
lithospheric overturn emerge from the core–mantle
boundary region closely in time, it is reasonable to
expect the Atla and Beta highland regions to precede
BAT coronae by N250 Myr. With additional information
about the uplift history of the Atla and Beta highlands,
this relative timing also constrains the absolute age of
BAT coronae. In a recent paper, Vezolainen et al. [27]
apply an elegant combination of results from geological,
geomorphological and cratering studies to argue that the
timescale for the uplift of Beta Regio is less than about
one-half the mean surface age. Assuming a mean
surface age of 700–800 Myr, this result implies that
the uplift of Beta occurred over the last 350–400 Myr,
which is comparable to the timescale for a thermal to
rise across the mantle. Thus, it is reasonable to suggest
that some fraction of the uncompensated BAT coronae
may have formed within the last 100 Myr. Hence, we
propose the following rough timeline of events: i) Venus
experiences a gravitational collapse of the stagnant-lid
(700 Ma); ii) pieces of the cold lid reach and spread
across the CMB, forming squeeze layers beneath them
and ‘bulldozing’ the hot TBL ahead of them (500 Ma);
iii) low viscosity plumes from the squeeze layer reach
the surface and form Atla and Beta Regio (350 Ma); and
iv) thermals formed in the bulldozed TBL between the
advancing cold fronts responsible for the Atla and Beta
plumes finally reach the surface, concentrated in the
BAT region (b100 Ma).

6.2. Link between coronae and mantle thermals:
implications for mantle structure

If dynamically supported BAT coronae are created by
thermals ascending from the core–mantle boundary region
of Venus, they are a useful probe of the internal structure
and phase relations in the mantle. Indeed, whether a rising
thermal carrying a relatively small temperature excess can
rise through the full depth of a mantle that may be
characterized by an Earth-like endothermic post-spinel
phase transition at 740 km depth [72,73], is not a priori
obvious. Thus, that thermals cross the mantle and produce
coronae with the observed size distribution, provides, in
principle, a constraint on the nature of the Venusian
interior. However, similarity between the interior phase
relations of Earth and Venus must be treated with caution
because of potentially significant differences between the
background mantle temperatures of these planets. In
particular, at 740 km depth the endothermic γ-spinel to
perovskite + magnesiowustite transition will cross the
exothermic majorite to perovskite transition boundary if
the temperature is 200–300 °C greater than in the Earth
and the ascent of thermals will be enhanced rather than
inhibited [74].

Any estimate of the time-averaged interior temperature
of Venus depends on the predominant mode(s) of mantle
convection, which remains a matter for debate. Whereas
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an active-lid or episodic mode of mantle convection
implies a mantle temperature comparable to the Earth, a
stagnant-lid mode suggests temperatures a few hundred
degrees hotter [42,53] and implies that thermals will be at
a temperature above the majorite–perovskite–magnesio-
wustite triple point and unimpeded by a 740 km phase
boundary [74]. It is thus instructive to consider the
alternative end-member case of an interior temperature
comparable to Earth in which the temperature of mantle
thermals remains below the majorite–perovskite–magne-
siowustite triple point at 740 km depth. For a given excess
temperature, ΔTex, the magnitude of which depends on
both the mantle viscosity law and a rate of volumetric
internal heating [41], a number of studies have shown that
the penetration of thermals will depend on the Clapeyron
slope, Γ, density change, Δρph, and characteristic
temperature change, L/Cp, associated with a given phase
transition, as well as the stabilizing density difference
related to mantle chemical layering,Δρc [75–80]. Here, L
is the latent heat absorbed (endothermic) or released
(exothermic) as a result of the phase change and Cp is the
specific heat at constant pressure. Following Christensen
and Yuen [76] and Nakakuki et al. [78] the penetration of
mantle thermals across the 740 km phase boundary is
governed by two dimensionless parameters. The phase
change buoyancy number, P=(ΓΔρph/ρ

2αgH ), which
expresses a balance between the stabilizing buoyancy
stress acting against the upward deflection of a phase
boundary with a negative Clapeyron slope and the
(global) buoyancy stress driving basally-heated mantle
convection, must be larger than Pcrit=−0.4 to −0.2. For
an endothermic phase change the excess temperature
following the phase change, T=1−(L/CpΔTex)N0.

For reasonable physical properties (α=2.5×10−5C−1,
Δρph=300 kg m−3) and a background temperature at
740 km of 1600 °C, the phase change number PNPcrit if
ΓN−2 to −4 MPa/°C, which is consistent with published
values (e.g. [81]). This suggests that it is reasonable to
expect thermals to pass through such a transitionmuch the
same way plumes penetrate the 670 km phase transition
on Earth [82]. However, inclusion of the effect of latent
heat makes this conclusion potentially less con-
vincing. The latent heat absorbed by the phase change is
50–70 kJ/kg (e.g. [83]). TakingCp≈1 kJ kg−1 °C−1 and a
nominal ΔTex=100 °C, consistent with λh≈1 (a lower
bound that may occur in the presence of internal heating),
theminimum remaining excess temperature 0.3≤T≤0.5,
implying that although possible, rising thermals may lose
up to 50–70% of their buoyancy as they pass through this
phase transition.

To the extent that the physical state of the Venusian
mantle is similar to the Earth it is reasonable to conclude
that an endothermic phase transition at 740 km may
strongly inhibit the passage of rising thermals. The
chances for survival are enhanced if thermals merge as
they rise (e.g. [65]) but this is not supported by surface
observations: The distribution of coronae diameters has a
well-defined mean of around 200 km with only a small
number of much larger features. Taken together with the
discussion above, this result supports a speculation that a
link between mantle thermals and coronae requires the
Venusianmantle to be considerably hotter than theEarth's.

6.3. Future directions

Our results suggest a number of directions for future
study. Analyses of the spatial and temporal relationships
between thermals and low viscosity plumes for a range of
Pe−Ra−λt conditions in Cartesian and spherical systems
will be useful for understanding the geometric distribution
and timing of resulting coronae and plume-related
highlands. Indeed, the geometric relationship between
the BAT coronae and the BAT highlands themselves may
provide constraints on the scale and geometry of a
lithospheric overturn on Venus. An additional interesting
result is that during a transient following an overturn the
local core heat flux can exceed the steady-state active-lid
value. Depending on the spatial distribution and magni-
tude of such heat flux maxima, such a condition raises the
possibility of a short-lived core dynamo.
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