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Abstract We investigate the coupled evolution of the atmosphere and mantle on Venus. Here we focus on mechanisms that deplete or replenish the atmosphere: atmospheric escape to space and volcanic degassing of the mantle. These processes are linked to obtain a coupled model of mantle convection and atmospheric evolution, including feedback of the atmosphere on the mantle via the surface temperature. During early atmospheric evolution, hydrodynamic escape is dominant, while for later evolution we focus on nonthermal escape, as observed by the Analyzer of Space Plasma and Energetic Atoms instrument on the Venus Express Mission. The atmosphere is replenished by volcanic degassing from the mantle, using mantle convection simulations based on those of Armann and Tackley [2012], and include episodic lithospheric overturn. The evolving surface temperature is calculated from the amount of CO2 and water in the atmosphere using a gray radiative-convective atmosphere model. This surface temperature in turn acts as a boundary condition for the mantle convection model. We obtain a Venus-like behavior (episodic lid) for the solid planet and an atmospheric evolution leading to the present conditions. CO2 pressure is unlikely to vary much over the history of the planet, with only a 0.25–20% postmagma-ocean buildup. In contrast, atmospheric water vapor pressure is strongly sensitive to volcanic activity, leading to variations in surface temperatures of up to 200 K, which have an effect on volcanic activity and mantle convection. Low surface temperatures trigger a mobile lid regime that stops once surface temperatures rise again, making way to stagnant lid convection that insulates the mantle.



1. Introduction and Goals A good way to study habitability is to compare the one planet known to shelter life with other similar planets that do not (as far as we know), which are presently Mars and Venus. Extrasolar super-Earths are being discovered, and the ﬁrst observations of them (other than size and mass) will be of their atmospheres, further motivating the goal of understanding atmosphere-interior coupling. Taking our solar system as a pattern, CO2 atmospheres are likely to be common. Venus is the planet that is the most similar to Earth in size, but it exhibits much different climate and behavior, making it an ideal choice for studying possible causes of the divergent evolution of planets. Venus has similar general characteristics to Earth. It has roughly the same size (slightly smaller) and is thought to have formed in the same way with the same basic components. It has an atmosphere, climatic system, and greenhouse effect. Conditions at its surface are, however, far from those on Earth’s surface. The average surface temperature of Venus is around 740 K due to the strong greenhouse effect of its 92 bar atmosphere, which is mainly composed of CO2 but contains 30 ppm water [de Bergh et al., 1995; Taylor and Grinspoon, 2009]; no liquid water exists. Clouds composed of sulfuric acid can be found in its atmosphere [Esposito et al., 1983]. The solid part of the planet is still active, as evidenced both by indirect clues [Grinspoon, 1993; Bullock and Grinspoon, 2001; Fegley and Prinn, 1989] and by direct recent observations [Smrekar et al., 2010; Shaligyn et al., 2014]. Additionally, it is generally thought that, based on crater counting, the surface of Venus is relatively young and with a quite uniform surface age of 300 Myr to 1 Gyr [McKinnon et al., 1997; Schaber et al., 1992; Strom et al., 1994]. A common interpretation of this peculiar situation is that Venus has been subjected to a large-scale catastrophic resurfacing event late in its history, which covered much of its ancient surface with younger volcanic material [e.g., Romeo and Turcotte, 2010]. This interpretation is often coupled with subsequent low-level volcanic activity during the quiescent phase following the resurfacing
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event [Schaber et al., 1992; Strom et al., 1994; Turcotte, 1993; Phillips et al., 1992; and ﬁrst quantiﬁed by Bullock et al., 1993a, 1993b]. Episodic behavior has also been suggested, but we would only be able to see the effects of the last event. Such characteristics are directly linked to convection in Venus’ mantle. It has been hypothesized that Venus used to have plate tectonics [Moresi and Solomatov, 1998; Schubert et al., 1997, 2001] before it entered its current stagnant lid regime [Schubert et al., 1997; Nimmo and McKenzie, 1998]. Episodic plate tectonics featuring global lithospheric overturn events is another possibility [Schubert et al., 1997; Fowler and O’Brian, 1996; Turcotte et al., 1999]. Recently, Armann and Tackley [2012] showed using numerical models that episodic lithospheric overturn could be caused by plastic yielding in its lithosphere, which allows “breaking” of the lid. Their episodic lid results displayed a realistic crustal thickness and present-day magmatic rate. In contrast, their results for stagnant lid convection displayed a very thick crust (~150 km) and a very much higher volcanic rate than is currently observed, because magmatic heat pipe was the main heat loss mechanism of the planet. On an active planet, strong volcanism has a direct inﬂuence on the evolution of its atmosphere. Volcanic degassing releases volatiles into the atmosphere. This interaction between the solid planet and its atmosphere is the most obvious and commonly considered one (in the case of Venus by Bullock and Grinspoon [1996, 2001], Phillips and Hansen [1998], Zolotov and Volkov [1992], and Zolotov [1996]). The possibility that the atmosphere could have an inﬂuence on the convective regime and solid planet behavior has received less attention. Earlier papers have attempted to deal with this, applying the idea to surface features [Solomon et al., 1999; Anderson and Smrekar, 1999; Gerya, 2014] or to the convective regime [Lenardic et al., 2008]. These studies underlined the importance that 50–100 K surface temperature variations could have on the solid planet. Lenardic et al. [2008], in particular, showed that temperature variations could modify the convective mode, with high surface temperatures favoring stagnant lid and lower surface temperatures favoring mobile lid. Studies considering a full two-way coupling of atmosphere and mantle dynamics are comparatively few. Phillips et al. [2001] used a parameterized mantle model and a simple gray radiative-convective atmospheric model, ﬁnding that surface temperature can have a signiﬁcant effect on mantle convection and volcanic activity. The authors observed a positive feedback between the greenhouse effect and melting, leading to further destabilization of the climate of the planet. Their study indicated a clear interdependence of climate and mantle convection on Venus. However, the limited nature of the parameterized representation of the mantle prevents a realistic interpretation of the precise effects of the feedback. On the other hand, Noack et al. [2012] used a spherical convection code including melting (GAIA) Hüttig and Stemmer [2008] as well as results taken from modeling of Venus’ atmosphere by Bullock and Grinspoon [2001]. They observed that the greenhouse effect can increase surface temperature to a critical value at which the surface is mobilized, which increases the cooling rate of the mantle and reduces degassing. This results in decreasing concentrations of water in the atmosphere hence lower surface temperatures, thus providing a negative feedback stabilizing mechanism for the climate of Venus. In the present study we follow a similar approach, coupling atmospheric evolution and mantle convection in a straightforward way through changes in surface conditions. Such an approach is based on the tracking of volatiles through the atmosphere and solid planet system. Therefore, we need to investigate the evolution of volatile ﬂuxes entering and exiting the atmosphere as well as the convective regime of the mantle. The main processes of interest for the atmosphere are escape (to space) and degassing (of the mantle). Below, we ﬁrst detail our treatment of atmospheric processes starting with the modeling of hydrodynamic escape, the most primitive mechanism; then, we present how we calculate nonthermal losses, which are dominant at the present day and can be constrained by observations from the ASPERA (Analyzer of Space Plasma and Energetic Atoms) instrument. We also explain the modeling of surface temperature evolution due to the greenhouse effect using a gray radiative-convective atmospheric model and providing a boundary condition for mantle convection. Finally, we focus on the mantle convection simulation using the StagYY planetary mantle convection code [Tackley, 2008], and how it generates degassing. The aim of this work is to test the coupling of different models previously designed for separate operation. We also want to assess the effect of surface temperature on the mantle convection regime and, more
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generally, if and how a feedback really occurs. Finally, we want to use available observations both for the solid planet (recent volcanic production rates, age of surface, and heat loss) and present-day atmosphere (present-day total pressure and water concentration as well as escape rates and isotopic fractionation) to constrain our models. We aim to identify possible realistic scenarios for the evolution of Venus given the limitations of the model and available data. Due to these goals and to the large number of parameters involved in simulations of this scope, however, it is infeasible to run a full search over the full range of all parameters. Thus, in this initial study, we focus on the variation of atmospheric parameters, limiting the mantle physical parameters to a narrow range corresponding to the preferred models in Armann and Tackley [2012].



2. Model Our model for the evolution of Venus is composed of different components that represent the different aspects of the history of the planet. These are focused on volatile exchanges, as they appear to be the main drive for coupling. The coupling is two way. Mantle activity leads to degassing, releasing volatiles into the atmosphere and contributing to the greenhouse effect. On the other hand, the greenhouse effect governs the surface temperature, which acts as a boundary condition for mantle convection. 2.1. Hydrodynamic Escape Our model for hydrodynamic escape uses part of our past work described in more detail in Gillmann et al. [2009]. It is based on an energy-limited calculation of the linked escape of H and O in a water-rich atmosphere subjected to intense primitive extreme UV ﬂux from the Sun. Water is photodissociated into H and O. It is based on previous work by Zahnle and Kasting, 1986, Kasting and Pollack [1983], Hunten et al. [1987], and Chasseﬁère [1996a, 1996b]. Following Kasting and Pollack [1983] and Tian et al. [2008], we use 200 km as the base of the escape where H and O species are dominant and assume that atmospheric temperature is constant between 120 km and 200 km (which is consistent with our simple, simulated atmospheric proﬁles; see later). We also neglect escape limitation by diffusion. We focus on the case where H and O have a linked escape and use the same layout and equations as detailed in Gillmann et al. [2009], as it has generated more realistic results and total escape rates than the alternative (escape of H unlimited by O). Therefore, hydrodynamic escape is slowed by the heavier species (O) during the ﬁrst 500 Myr. Later escape only concerns hydrogen, as energy from the Sun (EUV ﬂux) becomes insufﬁcient to enable oxygen to be dragged along with hydrogen. According to our previous results and since the convection code cannot yet model a magma ocean, we focus on the post 100 Myr escape and evolution. By that stage the magma ocean should have crystallized. Indeed, other terrestrial planets (Mars and the Earth) are likely to have had a magma ocean during their ﬁrst 100 Myr or so [Debaille et al., 2007; Elkins-Tanton, 2008]. Without a thick atmosphere, a magma ocean would freeze on a timescale of around 10 Myr. Intense escape has been suggested to be able to lead to large decrease in surface temperature during the ﬁrst 100 Myr of the planet’s evolution [Gillmann et al., 2009], thus putting an end to the magma ocean phase quite early. Parameters used here are in line with the best ﬁt from our previous work. Therefore, we take a global efﬁciency factor of 2.4. This efﬁciency factor is the ratio of energy made available for escape over solar EUV ﬂux. It includes the efﬁciency of energy transfer to the upper atmosphere as well as an additional contribution from solar wind and atmospheric expansion, meaning that it can be greater than 1. We also use an escape starting 10 Myr after the beginning of the accretion (the time when the planet ﬁrst received large amounts of water) and an exosphere temperature of 500 K to 1250 K. Note that escape during the 10–100 Myr period is calculated only for the isotopic fractionation; it is not directly used in the results shown in this study. These values produce the consistent evolution proposed in Gillmann et al. [2009] and ﬁt stable isotope fractionation data for Ar and Ne. Reasonable assumptions lead to an estimated escape of several (typically 2–8) terrestrial ocean equivalents during the hydrodynamic phase, with the bulk of the loss occurring during the ﬁrst 100 Myr. 2.2. Nonthermal Atmospheric Escape Atmospheric escape is the main way that volatiles are removed from the atmosphere of Venus, and, after hydrodynamic escape has stopped being signiﬁcant for species heavier than H (500 Myr to the present day), nonthermal escape is the dominant process. We rely on observations and modeling to construct a
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nonthermal escape history for Venus. We consider mechanisms that rely on interactions between solar emission (and solar wind) and the atmosphere (no surface process or impact erosion). Nonthermal escape efﬁciency depends mainly on the Extreme UV ﬂux (EUV) which decreases with time, unlike luminosity. The emission variation of the Sun could have been the cause of large changes in the escape rate and the atmosphere [Kasting et al., 1984; Zhang et al., 1993a; Jakosky et al., 1994; Chasseﬁère, 1996a, 1996b, Lammer et al., 2003a, 2003b; Kasting and Catling, 2003; Smith et al., 2004; Bauer and Lammer, 2004; Lundin and Barabash, 2004; Chasseﬁère and Leblanc, 2004]. The actual EUV solar ﬂux can be approximated with the following law [Ribas et al., 2005]: Flux ¼ Fluxðpresent average cycle conditionsÞ  ½AgeðSunÞ=Age1:23±0:1 231



(1)



where Age(Sun) is set to 4.7 Gyr. This implies that roughly 2.8 Gyr ago the Sun’s average EUV ﬂux was 3 times greater than its present value, and 4.5 Gyr ago it was 100 times greater. In our model, the past escape ﬂux is calculated for different periods of past solar emissions from the present-day situation, using solar maximum and solar minimum escape ﬂuxes to extrapolate to the past conditions at ancient times. The exact effect of increased EUV ﬂux on escape is presently not completely known, but a factor 2 enhancement from solar minimum to maximum has been proposed [Brace et al., 1987; McComas et al., 1986] or factors varying from 2 to 10 over a cycle [Donahue, 1999]. On the other hand, more recently, Fedorov et al. [2011] proposed that escape might not vary much within a solar cycle, based on recent data and old Pioneer Venus Orbiter data. Different mechanisms are considered as follows: 1. Sputtering corresponds to a mechanism in which ions produced in the planet’s corona or ionosphere can reimpact the neutral atmosphere with an energy large enough to lead to the ejection of neutral atmospheric particles [see Luhmann and Kozyra, 1991]. Sputtering is not as important an escape mechanism on present Venus as it is on Mars and other small planets. It is, however, a process that removes some oxygen atoms as proposed by Luhmann and Kozyra [1991]. This loss rate is estimated to be 5.0 × 1024 s1 at the present day. It is currently unknown how such an escape rate changed in the past, not directly due to increased EUV ﬂux, but more likely due to the expansion of the atmosphere over up to several planetary radii at early times. 2. During dissociative recombination, ions produced in the ionosphere by UV photo-ionization recombine with electrons and form energetic neutrals. On Venus, hot atoms, O*, produced by dissociative recombination do not reach the escape energy for atomic oxygen (9 eV) [Hodges, 2000] and are gravitationally bound to the planet and form a corona [Lammer et al., 2006]. It is not known how the mechanisms producing O* evolved in the conditions of early Venus, but the resulting escape is here taken to be negligible. 3. With ion pickup escape, ions produced by photo-ionization, electron impacts, and charge exchanges in the exosphere are dragged along by the moving solar magnetic ﬁeld lines. We follow modeling by Kulikov et al. [2006] to calculate the evolution of ion pickup escape. It uses a test particle model involving particle motion in electric and magnetic ﬁelds. A range of best estimates for solar wind plasma density and velocity are tested, in particular for the expected young Sun, and are based on a model of the Venusian thermosphere. A diffusive-gravitational equilibrium and thermal balance applied to the heating of the thermosphere by photodissociation, ionization processes, and chemical reactions is part of the model, as well as cooling by the usual CO2 IR emission. It is consistent with features observed by the Pioneer Venus Orbiter [Luhmann, 1993; Lammer et al., 2006]. This results in present-day escape rates of around 1025 s1 O+ for average solar conditions. Loss rates at 4 Gyr before present would amount to around 5.0 × 1027 s1, again, for average solar conditions. Earlier, it could have been much higher, due to the enhanced EUV ﬂux. 4. Finally, plasma clouds have been observed and can be detached by some instability and lost. Plasma escape due to Kelvin-Helmholtz instability at the Venus ionopause can also be modeled. The model used by Terada et al. [2002] calculates the ionopause-solar wind interaction kinetically, in 2-D for unmagnetized ionospheric conditions. It uses a hybrid model and a particle-in-cell code. The model produces escape rates of the order of 1025 s1. These results correspond to other published models like Jarvinen et al. [2009] and Kallio et al. [2006] and are consistent with higher escape rates than previously proposed (1024 s1) [Moore et al., 1991]. Observational constraints also exist with ASPERA measurements, which point to a 1024–1025 s1 range for the present-day GILLMANN AND TACKLEY
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Figure 1. (left) Vertical temperature proﬁles of the atmosphere of Venus calculated with our radiative-convective gray atmosphere model for two different water concentrations: 30 ppm corresponding to the present-day situation and 3000 ppm to a hypothetical primitive water-rich atmosphere. (right) Surface temperature of Venus as a function of water concentration in the atmosphere.



escape of O+ at minimum solar conditions. This is consistent with our proposed escape rates. In this study we use a range of different escape efﬁciencies based on the previously detailed models (Figure 1). Regarding CO2, according to our present-day knowledge, its escape ﬂux is likely to be so low as to be impossible to detect with current instruments. We propose a hypothetical maximum value for the presentday escape of CO2, for test purposes, to be treated as an absolute upper limit. As seen in the results, it does not have a strong inﬂuence on our simulations and can be taken as 0 without changing the conclusions or the evolutions detailed here. 2.3. Atmospheric Grey Model Our model for the atmosphere of Venus and its surface temperature is a modiﬁed version of that of Phillips et al. [2001]. It is a simple one-dimensional, vertical, radiative-convective atmospheric model. Our model assumes that thermal radiative transfer is grey, so thermal opacity is represented by a single value independent of wavelength. We assume that the atmosphere to be in hydrostatic equilibrium and that the regime is similar to the present day. The greenhouse gases are CO2 and H2O, and we consider their ratio to be constant with altitude over the range studied here. This neglects the cold trap effect. It is known that cold trapping is limited in Venus’ present-day regime, as water concentration only drops by a factor ~10 between the surface and the top of the clouds. According to the black body law, we ﬁnd the following expression relating received and emitted energy ﬂuxes:  S ¼ 4σ T e 4 =ð1  AÞ (2) where S is the solar ﬂux, σ the Stefan Boltzmann constant, A the albedo (assumed to be 0.7 for present-day Venus), and Te the effective temperature of the planet, that is, the temperature at which Venus would radiate in equilibrium with the Sun. In the case of Venus, this is 232 K at the present day. The effect of clouds is not modeled separately, which means they are assumed to stay at the present-day state rather than evolving. It is not well known how the clouds on Venus would evolve with changes in atmospheric composition and, in particular, in water abundance. Their composition, albedo, and altitude could change, and it is possible that they could disappear, thus completely changing the atmospheric regime and the surface temperature. Some studies that try to model cloud behavior do exist [Bullock and Grinspoon, 2001], but they are more complicated and specialized than our present work and go beyond the scope of this ﬁrst study. As such, the effect of clouds in visible light is instead taken to be similar to the present day situation and is taken into account by the value of Te. S is considered to have varied over time according to the faint young Sun hypothesis. During the last 4.7 Gyr, the solar luminosity has risen from about 70% of its present value to what we observe now [Gough, 1981;
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Figure 2. Examples of late total nonthermal atmospheric escape rate evolutions with time, taking into account the different mechanisms described. A range of values is given for water escape, corresponding to the most realistic simulations and observational data from ASPERA. The solid line given for CO2 is indicative of a hypothetical absolute maximum escape rate used for testing the possible inﬂuence of CO2 losses in the model. Actual present-day CO2 escape is thought to be so low it cannot be detected with the usual instruments.



Ribas et al., 2010]. We consider a linear evolution for S between these two values, which translates into variations of Te. The radiative temperature proﬁle in the atmosphere is given by T r ðzÞ ¼ T e  ðτ ðzÞ þ 1=2Þ1=4



(3)



where τ(z) is the total infrared opacity depending on the altitude z and is given by (under the assumption that PCO2 does not vary much, as evidenced in the results section): τ ðzÞ ¼ H=ðkB Ts Þ  ðκCO2 PCO2 þ κH2O PH2O Þ eðz=HÞ



(4)



with kB the Boltzmann constant, Ts the temperature of the atmosphere at the surface, κ the infrared absorption coefﬁcient (for CO2 and H2O), P the atmospheric partial pressure (for CO2 and H2O), and H the scale height, given by H ¼ kB T=ðgMÞ



(5)



with g being the acceleration due to gravity (8.87 m s1 on Venus) and M the mean molecular mass. At the present day, PCO2 is 89 bar, water is thought to amount to 30 ppm, and the total pressure is 92 bar. We use the constraint that surface temperature should be 520 K without any water in the atmosphere [Pollack et al., 1980] to determine the ratio of CO2 and H2O absorption coefﬁcients. In the convective layer the vertical temperature proﬁle is given by the following expression: T c ðzÞ ¼ T s þ ΓðT Þ z



(6)



where Γ is the dry adiabatic lapse rate and is temperature and composition dependent. It is given by ΓðT Þ ¼ g=C p ðT Þ



(7)



where Cp depends on the temperature and is a combination of CpCO2 (T) and CpH2O (T) proportional to their relative densities [Kasting, 1988]. The expressions of CpCO2 (T) and CpH2O (T) are polynomial expressions as proposed by Abe and Matsui [1988], with T being the temperature of the atmosphere. The temperature of the atmosphere at the surface is then found by ﬁnding the value of Ts for which the two expressions ﬁt at the tropopause, where radiative and convective gradients and temperature all match, and create a realistic vertical proﬁle (Figure 2). The initial CO2 pressure has been taken to be between 50 and 100 bar, but values of 88–89 bar are preferred. Initial water contents of between 0 and 1 bar have been tested. It is likely that some water would be present
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in the early atmosphere of Venus due to the later phases of accretion [Raymond et al., 2006] and by subsequent cometary input. However, a large water content at/after the end of the hydrodynamic escape (300–500 Myr) is unrealistic, as there is probably no means to remove more than a fraction of a terrestrial ocean of water after that time (typically, of the order of 0.1 terrestrial ocean). We do not address the question of whether Venus had liquid water oceans early in its evolution. While our models favor a dry late evolution, the evolution of the planet during the ﬁrst billion years could still allow for oceans [Bullock and Grinspoon, 2003] as water can be liquid at high pressures and high temperatures given the right conditions. Present data do not exclude this possibility. 2.4. Mantle Convection Model We use a version of the StagYY code [Tackley, 2008], which is a development of the earlier Stag3D code [Tackley, 1993] and has been used for various modeling studies for Earth [e.g., Nakagawa and Tackley, 2005, 2010; Nakagawa et al., 2009, 2010] and for Mars [Keller and Tackley, 2009; Golabek et al., 2011; Ruedas et al., 2013a, 2013b]. Speciﬁcally, we use the same model setup as Armann and Tackley [2012] for Venus, use similar parameters, and apply the same resolution. This section will describe the main features of the model and code; the reader is referred to the previously cited papers for added details. A compressible anelastic, inﬁnite Prandtl number mantle is assumed. Physical properties like density, thermal expansivity, and thermal conductivity are depth dependent and are calculated as described in Tackley [1996, 1998]. Radiogenic heating decays exponentially with time. Spatial variations are not considered. We use Earth-like values for the concentration of heat-producing elements [Janle et al., 1992; Nimmo and McKenzie, 1997; Turcotte, 1995] with a concentration of 5.2 × 1012 W/kg at the present day and a half-life of 2.43 Gyr. The phase transitions in the olivine system and in the pyroxene-garnet system are included with parameters based on mineral physics data [Irifune and Ringwood, 1993; Ono et al., 2001], as discussed in Xie and Tackley [2004]. The assumed rheology is Newtonian diffusion creep plus plastic yielding. For diffusion creep we assume a temperature and depth-dependent viscosity following ηðT; d Þ ¼ η0 expððE þ BdÞ=RT–E=RT 0 Þ;



(8)



where η0 is the (reference) viscosity at temperature T0 and zero pressure, T is absolute temperature, d is depth, E is the activation energy, R is the gas constant, and B is given by B = ρgV, with V the activation volume, g the acceleration due to gravity, and ρ the representative density of the considered region. We use a reference viscosity of 1020 Pa s. Realistic values for the parameters are chosen based on laboratory experiments for the upper mantle (dry olivine) [Karato and Wu, 1993] and best estimates for the lower mantle [Yamazaki and Karato, 2001]. Rheology is independent of composition in this study. We refer to Armann and Tackley, [2012] for the viscosity proﬁle (their Figure 1) and discussion of its characteristics. Plastic yielding is included with a ductile yield stress of 100 MPa following the preferred model of Armann and Tackley [2012], because it leads to episodic lithospheric overturn that allows Venus to lose its heat without massive magmatism and can generate a surface with the observed age but still with some present-day activity as observed recently [Smrekar et al., 2010; Shaligyn et al., 2014]. Additionally, it is a case that is likely to display large temporal variations of surface temperature, as it sits between the two end-member scenarios of continuous mobile lid (low yield stress values) and continuous stagnant lid (high values). A narrow range of slightly different values were tested (80–120 MPa) without changes in the results presented in this work. Brittle “yielding” is also included by taking a yield stress that is the minimum of that predicted by Byerlee’s law with a friction coefﬁcient of 0.5 and zero cohesion, and the constant yield stress given above, which mimics semibrittle, semiductile processes in the lithosphere [Kohlstedt et al., 1995]. Numerically, yielding is implemented by iteratively adjusting (reducing) the effective viscosity in places where the stress is higher than the yield stress, until stress is brought back to the yield stress. The surface and core-mantle boundaries are free slip and isothermal. The surface temperature is obtained from the atmosphere model. The core-mantle boundary (CMB) temperature is initially set at 4025 K, ﬁtting a superheated core and in line with previous studies [Nakagawa and Tackley, 2010; Armann and Tackley, 2012]. A core model allows for its cooling over time and is detailed in Nakagawa and Tackley [2004]. The initial temperature ﬁeld is adiabatic with a potential temperature of 1900 K, plus thin boundary layers at top and bottom and random (white noise) perturbations with a peak-to-peak amplitude of 25 K.
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We use a 2-D spherical annulus geometry [Hernlund and Tackley, 2008] with 512 azimuthal by 64 radial cells. StagYY uses a ﬁnite-volume, primitive variable discretization, solves the velocity-pressure solution using a multigrid solver, advects the temperature ﬁeld using the MPDATA advection technique [Smolarkiewicz, 1984], and uses tracer particles (1 million) to track composition and melt [Tackley and King, 2003]. 2.5. Melting and Degassing Melting is treated as in other studies using the StagYY code [Armann and Tackley, 2012; Nakagawa and Tackley, 2004, 2005, 2010; Nakagawa et al., 2009, 2010; Xie and Tackley, 2004]. For each cell, at each time step, temperature is compared to the solidus, and if it exceeds that limit, enough melt is produced to bring the temperature back to the solidus (i.e., considering latent heat absorption). Melting consumes only the basaltic content of the mantle, so removal of melt changes in the composition of the mantle. Initially, the composition is set to 20% basaltic component, appropriate for a pyrolytic bulk composition as is commonly assumed for Earth’s mantle [Xu et al., 2008]. The solidus temperature increases slightly with basalt depletion. All melt located above a certain depth is assumed to rise to the surface. This limit (the depth at which the melt is less dense than the mantle around it) is set to 600 km, which is Earth-like [Reese et al., 2007]. When calculating degassing, we assume that 10% of the magma is involved in extrusive volcanism and can contribute to degassing, while 90% ends in intrusive volcanism [Crisp, 1984; Bullock and Grinspoon, 1996; Reese et al., 2007]. This value is consistent with Earth-like conditions and acts as a middle ground between end-member estimates of 8–15%; it is a commonly used value. All of the volatiles in erupted lavas are assumed to be degassed. This degassing might be overestimated if one considers the high surface pressure of Venus (at present day at least), which can prevent the release of volatiles from the lavas [Elkins-Tanton et al., 2007] by an amount that is difﬁcult to constrain. In our models, the concentration of volatiles in the melt scales linearly with the fraction of mantle mass that has already been melted, from the initial content to the present-day concentration (see below). In most of the simulations (see Table 2), water concentration decreases with time from 100 ppm to 50 ppm as the mantle is depleted. Some simulations investigate different situations, such as constant volatile concentration or higher initial content. We choose the reference present-day water content of magma to be 50 ppm water, far below the usual estimates for Earth but in line with the assumed depleted and dry state of Venus [Grinspoon, 1993], which has already substantially melted and lost much of its water. Grinspoon [1993] based this conclusion on the assumption that the present-day atmospheric abundance has to be in or near equilibrium to sustain present water concentrations. It also ﬁts mantle composition estimates [Namiki and Solomon, 1998] indicating 5 ppm water, which translates into roughly 50 ppm in the melt. In comparison, Earth has 1% water in its melt. Higher values have been suggested based on comparison with Earth, but no solid proof exists. We explore a range of present-day concentrations from 10 ppm to 100 ppm and also test higher values. Likewise, present-day CO2 concentrations for our main simulations vary between 5 ppm and 500 ppm, corresponding to a reduced mantle. Due to uncertainties on the state of Venus’ mantle and for the sake of completeness, we also investigated larger CO2 contents, corresponding to a more oxidized state, ranging from 500 ppm to 0.5% (w.) and decreasing by a factor of 5 during the evolution. Larger CO2 concentrations would probably accompany commensurate water concentrations. A large amount of water (up to several thousands of ppm) is unlikely to be present while remaining consistent with present-day conditions. Elkins-Tanton et al. [2007] proposed that the initial volatile content, under some conditions, could be around 1000 ppm CO2, in the case of early Earth and Mars. It is, however, likely [Raymond et al., 2006; O’Brien et al., 2006] that Venus received less volatiles than Earth and Mars. This is in line with work by Ahrens [1981] stating that Venus would contain less CO2 than Earth in its mantle. 2.6. Parameters The main parameters we used for our simulations are listed in Table 1. When other parameters become important, they are listed in the text. For the general evolution of Venus we ran 60 models that included plasticity in the mantle rheology and only nonthermal escape for volatile loss; the efﬁciency of volatile escape and degassing were the main parameters varied in those. A further 10 models were included to investigate larger degassing rates than in our reference simulations; these included increased CO2 content in the lavas GILLMANN AND TACKLEY
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Table 1. Physical Properties Property Planetary radius CMB radius Mantle depth Gravity Surface temperature (for uncoupled cases) Initial CMB temperature Speciﬁc heat capacity Latent heat of melting Reference viscosity Reference yield stress Internal heating: present Internal heating: initial Half-life Solar irradiance (present day) Initial CO2 pressure Effective temperature Reference oxygen escape rate (nonthermal; present day) Energy deposition efﬁciency (hydrodynamic escape) Exospheric temperature (hydrodynamic escape) Hydrodynamic escape start (after beginning of accretion) Water concentration in the lavas (present day)



Symbol



Value (Variation)



R RCMB D g Tsurf



6052 km 3110 km 2942 km 2 8.87 m/s 740 K 4025 K 1200 J/kg/K 600 kJ/kg 20 10 Pa s (ηref  2ηref ) 100 MPa (80–120) 12 5.2 × 10 W/kg 12 18.77 × 10 W/kg 2.43 Ga 2 2613.9 W/m 88.4 bar (0–95) 232 K 24 1 1.895 10 s (0.6 Eref–5 Eref ) 2.4 (1.2–2.4) 750 K (500–1250) 10 Ma 50 ppm water (10–100)



TCMB_init Cp L ηref Ys Hpresent Hinit thalf S PCO2 Teff Eref λ Texo th0 [H2O]l,p



(500 ppm to 0.5%(w.)). Higher water degassing was also investigated but not included here as cases greatly diverged from “successful” ones or required unrealistic escape rates. We ran 10 models that additionally included hydrodynamic escape. A further 10 models tested variation in mantle rheology (with different yield stresses or viscosity); the results of these simulations are in line with those described in the next section, with only some variation in the timing and intensity of the events. For comparison, ﬁve models were run with a constant surface temperature (i.e., uncoupled to the atmosphere); the results of those are similar to the models in Armann and Tackley [2012].



3. Results 3.1. Differences Between Coupled and Uncoupled Cases Figure 3 shows distributions of the mantle temperature and composition for the reference case (with plastic yielding and full coupling) at several times during the evolution. The general behavior of the mantle during its evolution is very similar to that described by Armann and Tackley [2012]. Progressive melting leads to the generation of basaltic crust on top of the mantle, which during subduction events subsequently sinks to the core-mantle boundary, where it accumulates. An example of the slab-like downwellings involved in this process can be seen in Figure 3 at 1.5 Gyr. Cold lithospheric material is involved. These events are directly related to the spikes of activity seen in the volcanic production rate history and also lead to cooling of the mantle. They appear periodically and are localized, each time occurring in a different speciﬁc area. This characteristic makes them a good mechanism to resurface patches of Venus, one after another. They are also are quite fast, lasting between 50 and 100 Myr. A typical evolution of the model over 4.5 Gyr contains around 20 such events. In addition to these single localized downwelling events, we also observe global-scale mantle overturn events. Such an event is detailed in Figure 4. These events are similar to those described in Armann and Tackley [2012]. They last longer—around 100–150 Myr—and involve the whole lithosphere, initiating in one place then propagating around the planet. In the present cases including atmospheric evolution and coupling, however, only one or two of those events are observed, instead of the ﬁve to eight found in models without the inclusion of the atmosphere. We also observe propagation from a single initial downwelling to a global-scale overturn, although we do not see an obvious mixing of the mantle as a result of the event. This implies a possible stabilization of the lithosphere (and hence the climate) against large episodic overturn events by the atmospheric feedback.
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Atmospheric coupling modiﬁes some aspects of the mantle evolution of Venus, as compared to constant surface temperature models. While the general aspects of the convection remain similar in both cases with some global-scale resurfacing events (and similar cumulative melt generation and emplacement, or mean volcanic production rates), changes in surface temperature introduce differences in the evolution of the planet. Venus-like volcanic production (crustal production) rates and mean crustal thickness stay in the same range of values and ﬁt present-day estimates, for the parameters we used here.



Figure 3. Time evolution of temperature and composition in the mantle of Venus using our coupled model (including yield stress). Parameters correspond to the reference case (see Table 1). Composition ranges from 0 (harzburgite) to 1 (basalt).



Figure 5 shows an example evolution of a constant surface temperature model (uncoupled case, Ts = 740 K) for comparison with the results of the coupled reference model in Figure 6. The uncoupled model shows an almost regular sequence of high volcanic activity spikes and longer quiet periods. The overall intensity of volcanism decreases over time and the quiescent eras become longer, but the intervals between volcanic events are quite regular. In contrast, the coupled model does not display this clear periodicity. An obvious succession of volcanic maxima and “downtimes” are still visible, but they are not evenly spaced. The evolution thus looks more chaotic. A clear-cut monotonous decrease in volcanic activity intensity with time is also not always found.



3.2. Volcanism A summary of the main characteristic features of the evolution of the coupled model for Venus is shown in Figure 6. This case will hereafter be referred to as the reference case. Time evolutions of surface temperature, volcanic activity, and atmospheric content (for the main species H2O and CO2) are shown, as well as conductive heat ﬂux at the top and bottom of the mantle and r.m.s. velocity. This simulation includes nonthermal escape and mantle coupling with surface temperature evolution, but thermal escape is excluded. It starts at the end of the possible magma ocean phase, corresponding to a time period starting roughly 70–100 Myr after the end of the accretion. We ﬁrst characterize the volcanic history of Venus, as indicated by the time evolution of volcanic production rate. Four main phases are apparent: 0–750 Myr, 750–1500 Myr, 1500–2200 Myr, and 2200–4500 Myr. The exact timing depends on the parameters used, but the phases stay the same. Early on (typically 50–80 Myr) the ﬁrst melting occurs, corresponding to the ﬁrst plumes and downwellings, and the planet enters a high volcanic activity period lasting a few hundred million years. During this time (and
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lasting 500 Gyr), volcanism is globally high, with downwellings of cold material occurring one after the other over the whole mantle. The end of this phase is marked by a sharp decrease of volcanic activity as a stagnant lid forms. After this ﬁrst period, during the next 750 Myr, volcanic activity remains quite high, although not always at the level of the ﬁrst period. The background magma production rate is typically 2 km3/yr, but events producing higher production rates of 4 km3/yr or more (depending on the simulation) are observed. These are localized events, rather than global-scale ones as observed in the early evolution. Around 1.5 Gyr, volcanic activity enters a third phase. Magma production rates are lower, with a background rate of around 0.5 km3/yr, or even lower in some models. Finally, after 2.2 Gyr, a ﬁnal phase is observed. Background volcanism stays quite low but more spikes in activity appear, with quiescent periods in between. Maximum magma production rates can be quite high. In this case, a ﬁnal major magmatic event occurred less than 300 Myr ago. Around 3.107 km3 of magma was produced and placed on the surface, corresponding to a 100 m deep layer over 60% of the surface of Venus. Since 500 Ma ago, the magma production rate averaged 0.5–3 km3/yr. Those results are in good agreement with rates published by earlier studies from analysis of the cratering rate [Bullock et al., 1993a, 1993b; Schaber et al., 1992; Strom et al., 1994]. Such a recent volcanic rate is consistent with the pristine state of volcanoes observed at the surface of Venus and reports of volcanoes less than 250,000 years old [Smrekar et al., 2010]. It also ﬁts the presence of water and SO2 in the atmosphere, volatiles that would otherwise be depleted. Numerical values are in line with the lower estimates by Fegley and Prinn [1989] or Bullock and Grinspoon [2001] but remain too low compared to their upper range (up to 11 km3/yr for the former and 9.2 km3/yr for the latter). Volcanic production rates since the last major event are in line with past estimates [Volkov and Frenkel, 1993; Matsui and Tajika, 1995; Bullock et al., 1993a, 1993b; Strom et al., 1994; Price and Suppe, 1994]. For comparison, a list of the main simulations is shown on Table 2. Models including plastic yielding models satisfy realistic evolution parameters (melt production and crust thickness) in the same way as described in Armann and Tackley [2012]. 3.3. Evolution of the Atmosphere Through degassing, volcanism has a strong inﬂuence on the atmosphere of a planet. We assume that a CO2 atmosphere is already in place at the beginning of our simulation. Water can be present in the atmosphere at that time or it may have been lost to space early on [Gillmann et al., 2009]. Here we assume that a Figure 4. Composition ﬁeld in the reference case, with detail of a resurfacing event. Parameters are also the same as in Table 1. The time of each graphic is indicated on the ﬁgure.
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Figure 5. Evolution of Venus for an uncoupled reference case (constant surface temperature, 740 K) to be compared with the coupled reference case shown in Figure 6. We show surface water vapor partial pressure, conductive heat ﬂux (surface and CMB), volcanic production rate, and r.m.s. velocity. Surface temperature is 740 K, although higher water content of the atmosphere would produce higher corresponding temperature, when compared to Figure 6. CO2 pressure is not shown as its evolution is similar to the coupled case.



small amount of water (0.1 bar) remains in the atmosphere at that time. This accounts for the higher surface temperatures exhibited by the model during the ﬁrst 1000 Myr. Indeed, we observe that the surface temperature drops from 950 K to around 540 K, at which it stays for roughly 500 Myr. Small abrupt spikes in temperature (rising to around 600 K then dropping again) can be seen during this period. After this period, surface temperature rises steadily toward around 740 K, at which it becomes somewhat stable. We observe that this behavior is clearly correlated with the water content of the atmosphere. Early in the evolution of Venus (for the ﬁrst 1.5 Gyr) solar extreme UV ﬂux is usually high and the amount of energy brought to the atmosphere is high enough to enable a large escape ﬂux. Thus, water is quickly removed and cannot accumulate. Later on (the last 3 Gyr), the energy input is only enough to power the escape of a smaller fraction of the water from the atmosphere. As a result, water can accumulate in the atmosphere, leading to increased surface temperatures. In contrast to water evolution, for our preferred cases, although CO2 pressure increases steadily over the 4.5 Gyr evolution of the model there is no noticeable inﬂuence of its variation on surface temperature. This is



Figure 6. Example of results of the coupled model (hydrodynamic escape not included) at “reference” parameters (see Table 1). We show the evolution of surface temperature, volcanic production rate, surface water vapor partial pressure, and CO2 partial pressure, r.m.s. velocity, and conductive heat ﬂux at the surface (dotted line) and CMB (solid line).
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1 1 1 1 1 1 1 1 1 1 1 1 0.6 0.6 0.6 0.6 0.84 0.84 0.84 0.84 0.96 0.96 0.96 0.96 0.98 0.98 0.98 1.05 1.05 1.1 1.1 1.1 1.1 1.1 1.1 1.6



Case



Ref Ref uncoupled Ref 2 (viscosities) Ref 3 Ref 4 Ref 5 Ref 6 Ref 7 Ref 8 Ref 9 Ref no plasticity Ref Hydro 1 1 1 uncoupled 1.1 1.2 2 2 uncoupled 2 no plasticity 2 viscosities 3 3 uncoupled 3 no plasticity 3 viscosities 4 4.1 4.2 5 5.1 6 6 uncoupled 6 no plasticity 6 viscosity 6.1 6.2 7



PH20i 0.3 0.3 0.3 0 0.5 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0 0.3 0.3 0.3 0.3 0 0.3 0.3



init



a



(bar)



Table 2. Summary of the Main Simulations p



(ppm)



100; 50 100; 50 100; 50 100; 50 100; 50 50; 50 100; 100 200; 100 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 100 50; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 25 100; 100 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 50 100; 100 100; 50



[H2O]i 10 20 10 20 2.10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 2.10 20 10 20 10 20 10 20 2.10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 2.10 20 10 20 10 20 10



20



η Ref (Pa s) 100 100 100 100 100 100 100 100 80 120 no 100 100 100 100 100 100 100 no 100 100 100 no 100 100 100 100 100 100 100 100 no 100 100 100 100



Plasticity/Yield Stress (MPa) no no no no no no no no no no no 2.4; 750 no no no no no no no no no no no no no no no no no no no no no no no no



Hydrodynamic Parameters λ ; Texo (K) 522; 954; 745 522; 954; 792 522; 954; 720 522; 752; 739 772; 970; 789 522; 954; 701 531; 954; 783 601; 954; 811 522; 954; 732 522; 954; 767 522; 954; 769 522; 954; 732 894; 954; 903 890; 954; 905 899; 954; 912 927; 970; 927 861; 954; 873 865; 954; 881 860; 954; 881 859; 954; 870 765; 954; 800 781; 954; 822 755; 954; 817 749; 954; 779 572; 954; 767 542; 954; 729 591; 954; 779 522; 954; 728 522; 735; 729 522; 954; 706 522; 954; 755 522; 954; 729 522; 954; 679 522; 709; 693 522; 733; 785 522; 954; 599



Tmin; Tmax; Tp (K)



843; 1407; 1937 1024; Ep. Lid 731; 1352; 1822 20; 1631; 2270 1540; Ep. Lid 695; 1609; 2089 1017; 1421; 1892 1300; 1454; 2012 755; 1573; 2083 883; 1376; 1947 634; 1008; no S.L. 40; 1670; 2509 996; Ep. Lid 1083; Ep. Lid 1007; Ep. Lid 979; Ep. Lid 1167; Ep. Lid 981; Ep. Lid 1075; 1281; No S.L. 1011; Ep. Lid 775; Ep. Lid 838; Ep. Lid 729; 897 ; No S.L. 754; Ep. Lid 1006; 1298; 1644 961; 1302; 1670 1098; 1259; 1688 904; 1329; 1812 20; 1239; 1739 810; 1723; 2598 1002; Ep. Lid 799; 965; no S. L. 801; 1559; 2501 22; 1755; 2429 942; 1639; 2272 520; 1220; 1692



t1 ; t2 ; t3 (Myr)



370 202 505 290 120 429 553 451 501 536 cont. 473 619 139 221 481 32 410 Cont. 399 501 451 Cont. 210 81 371 199 476 217 953 329 Cont. 776 622 228 710



tvolc (Ma)
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1.6 1.6 2.1 2.1 2.1 2.1 4.2 4.2 4.2 5 1 1 1 1



E/Eref



PH20i 0.5 0 0.3 0.3 0.3 0 0.3 0 0.5 0.3 20 20 20 20



init



(bar) p



(ppm)



100; 50 50; 50 100; 50 100; 50 100; 100 100; 50 100; 50 100; 50 100; 50 100; 50 100; 100 100; 50 100; 50 100; 50



[H2O]i 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 10



20



η Ref (Pa s) 100 100 100 100 100 100 100 100 100 100 100 100 100 100



Plasticity/Yield Stress (MPa) no no no no no no no no no no 2.4; 750 2.4; 1250 1.2; 750 1.2; 500



Hydrodynamic Parameters λ ; Texo (K)



t1 ; t2 ; t3 (Myr) 878; 1656; 2081 499; 1298; 1676 150; episodic P.T. 827; Ep. Lid 161; 2117; 2522 22; episodic P.T. 65; episodic P.T. 20; episodic P.T. 165; episodic P.T. 54; episodic P.T. 51; 1563; 2515 45; 1498; 2620 70; 1523; 2488 73; 1559; 2571



Tmin; Tmax; Tp (K) 549; 970; 671 522; 954; 570 522; 954; 551 522; 954; 589 522; 954; 606 522; 640; 559 522; 954; 522 522; 591; 522 522; 970; 522 522; 954; 522 522; 1180; 848 522; 1180; 731 522; 1180; 754 522; 1180; 743



212 389 155 74 271 270 624 339 498 549 140 522 361 338



tvolc (Ma)



Using the base initial CO2 concentration in the atmosphere set at 84.4 bar. Models with different initial concentrations are less realistic and therefore not displayed here. They follow the same i patterns, however. For each simulation, we show its name, the main parameters we used (Efﬁciency of water escape E/Eref, initial water pressure PH20 , initial and present water concentration in the lava [H2O]i;p, reference viscosity η Ref, plasticity/yield stress, and the hydrodynamic parameters (λ; Texo)). We also display result values for minimum, maximum, and present-day temperatures during the time evolution of the atmosphere, and the timing of the end of the different phases the mantle goes through over the history of the planet as described in the text. Corresponds to the end of the initial phase is t1, t2 to the end of the mobile lid regime, and t3 to the end of the stagnant lid regime. In some cases, a phase is not present; this has been noted in the table. Finally, tvolc corresponds to the time (before present day) of the last major volcanic event in the simulation (resurfacing event). Italicized cases are “successful” ones, relative to present conditions.
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7.1 7.1 8 8 uncoupled 8.1 8.2 9 9.1 9.2 10 Hydro 1 Hydro 2 Hydro 3 Hydro 4
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due to the very low relative variation of the bulk of the atmosphere (less than 2% during the whole evolution, and less than 0.2% in this reference case), with the majority of the changes occurring early on, during the initial stages of high volcanic activity. CO2 already provides the bulk of the greenhouse effect in the atmosphere of Venus and without any water would generate surface temperatures above 500 K. Small variations do not signiﬁcantly alter this effect, meaning that water pressure and its large relative variations are responsible for most of the temperature changes in the model.



In these cases, we used the maximum estimate for CO2 escape rates. It would not be realistic to expect nonthermal escape to have more than a marginal effect on the evolution of CO2 pressure. On the other hand, we considered an admittedly small amount of volatiles to be present in the magmas (averaging at around 500 ppm water; Gìslason et al. [2002], for Earth). Given our assumptions, the degassing rate is low and cannot account for a large variation in CO2 pressure, neither at present nor in the past. In this respect we agree with the conclusions of Morschhauser et al. [2009], ﬁnding that even including the outgassing caused by so-called resurfacing events, it is unlikely that Venus’ atmosphere has been created progressively from a small number of large volcanic events as postulated by Lopez et al. [1999]. Such a growth would require huge CO2 concentrations in magmas in order to generate the appropriate degassing. We ran a special set of simulations to test large degassing effects. In these cases, contrary to the previous ones, we assumed a composition going up to 0.5%(w.) CO2, more consistent with an oxidized mantle, which cannot be excluded. Unlike in the previous results, we observe a moderate buildup of CO2 in the atmosphere, commensurate with CO2 concentration in the lava. In the extreme case (0.5%(w.)), 12 bars of CO2 were released. Escape had no effect on
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Figure 7. Examples of other surface temperature histories depending on atmospheric escape intensity relative to reference case. All other parameters are set at reference level.



this result. The bulk of the evolution and surface temperature history was, however, unchanged, as the greenhouse effect from CO2 increased steadily but only slowly over the course of the evolution. 3.4. Inﬂuence of Escape Mechanisms Atmospheric escape is the second mechanism that governs the evolution of the atmosphere. Depending on the escape rate, it is possible to reach a wide variety of present-day surface temperatures. Figure 7 shows surface temperature evolutions for other cases with a varying intensity of atmospheric escape (labeled in comparison with the reference case of Figure 6) and identical initial conditions. A low escape rate (Case 0.84 ERef ) compared to initial water content, leads to present-day surface temperatures that are too high—the ﬁnal temperature is around 900 K. In this case the bulk of the atmosphere is unchanged, and the evolution is primarily governed by the initial amount of water in the atmosphere. It is also required that atmospheric escape is not too rapid. In cases 4.2 ERef and 2.1 ERef of Figure 7, atmospheric escape dominates the evolution, removing the initial water in less than 100 Myr and then keeping the surface temperature low by efﬁciently and rapidly removing water that is degassed by volcanism. This leads to low surface temperatures (around 550 K to 600 K) with some short periods of higher temperature corresponding to major volcanic events. The range of escape rates leading to realistic surface temperatures (700–800 K) is quite narrow—between 0.96 ERef and 1.1 ERef. The 1.1 ERef corresponds roughly to the limit at which all the initial water content can be removed in under 2 Gyr. This seems to be required to reach a realistic range of present-day surface temperatures, thus providing a link between escape efﬁciency and maximum initial water content in “realistic” cases. About 90% of the models using this range of escape rates (but other parameters for mantle convection, excluding widely differing cases like stagnant lid simulations which can produce the right surface temperatures but not the right volcanic production rate) converge toward realistic present-day temperatures. High volcanic degassing can moderately change this limit (due to the grey atmosphere model) and requires higher escape rates for water. A higher CO2 degassing rate has a minor impact on the global evolution apart from leading to a moderate build up of the CO2 atmosphere. A lower volcanic degassing rate stretches the range of values commonly used for water and CO2 concentration in the mantle and is thus unlikely. Only massive volcanic ﬂuxes lead out of the realistic present-day temperature zone (more than several times the maximum water concentration from Table 1). Degassing nevertheless has a strong inﬂuence on the exact evolution of surface temperature. 3.5. Integrating Hydrodynamic Escape To complete the atmospheric model we added the effects of hydrodynamic escape to the nonthermal processes considered in the previous section. We adapted primordial conditions (increased initial water
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Figure 8. Evolution of the coupled model including hydrodynamic escape simulation. We show surface temperature, surface and CMB heat ﬂuxes, volcanic production rate, and r.m.s. velocity. Initial water content is increased to 20 bar partial pressure. Water concentration in the lava is ﬁxed at 100 ppm. Other parameters are the same as reference case.



content up to 20 bars) to take into account this new escape ﬂux. Figure 8 shows an example of the evolution of surface temperature, magmatic production rate, heat ﬂux (at the surface and core mantle boundary) and r.m.s. velocity. The evolution follows the same pattern described above for cases with no hydrodynamic escape but with a more marked behavior. The initial surface temperature is higher (around 1200 K), which is reasonable when the possibility of an early magma ocean is considered. This is explained by the high water pressure early on. Indeed, just after the magma ocean has frozen (after 50–100 Myr), it is still possible to deliver large amounts of water to Venus (see a self-consistent Venus history, Gillmann et al. [2009]). At the time considered here (before 500 Myr), hydrodynamic escape can still operate if there is water in the atmosphere. The evolution of surface temperature reﬂects this, as it decreases very fast. After 500 Myr, hydrodynamic escape no longer contributes to the escape rate of water. The late evolution is therefore similar to that in previous models (see Figure 6). Volatile contents evolve in the same way as in the reference case. Although the scenarios including hydrodynamic escape are likely to be more “realistic,” we choose to use the reference model without hydrodynamic escape as an illustration of feedbacks between the atmosphere and mantle convection, as it allows a clearer view of the mechanisms involved. 3.6. Evidence for Different Periods and Regimes Figure 9 documents changes in the behavior of the mantle that depend on the range of surface temperatures at a given time. Viscosity, temperature, composition, and horizontal velocity are shown as function of mantle depth. Figures 9a–9d correspond to different times, respectively, the early volcanic maximum (an overturn event), the low surface temperature era (at 600 Myr, T ~ 550 K), when the temperature has just risen (T ~ 700 K, around 2 Gyr), and after the second volcanic maximum (around 3.5 Gyr). Viscosity, composition and temperature do not exhibit large variations between the different cases shown. The evolution of viscosity can show a low viscosity zone near the bottom of the mantle during later evolution, corresponding to a moderate increase in temperature in the region of pooled subducted crust. Horizontal velocity varies most between cases. During an overturn event, it reaches high values all over the mantle, with particularly large velocities near the surface and top of the mantle. This is expected for a large event involving the whole mantle. This period of large velocities is short (a few tens of millions of years). During the low temperature period (Figure 9b) following the massive volcanic maximum, horizontal velocities remain large (typically a few cm/yr), corresponding to a moderate to high volcanic activity and a mobile lid (facilitated by plastic yielding of the lithosphere). The lid is active most of the time with only a few brief quiescent periods.
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Figure 9. Coupled model including hydrodynamic escape. We show the horizontal velocity proﬁles at four different times. Other proﬁles are included for the ﬁrst time (viscosity, temperature, and composition) but are not repeated for the others, as they do not change signiﬁcantly. The dotted lines correspond to ﬁnal (present-day) state of the model. (a) During early activity when plumes reach the surface (100 Myr). (b) During mobile lid phase (800 Myr). (c) During stagnant lid phase (2 Gyr). (d) During episodic lid phase (3.5 Gyr).



When surface temperature increases (Figure 9c) and volcanic activity declines, horizontal velocities decrease sharply, particularly near the surface. The upper regions show horizontal velocities ranging between 0.01 and 0.1 cm/yr. This suggests a sluggish evolution and a more stagnant lid compared to the previous stage. Finally, the last era (Figure 9d) has moderately low near-surface velocities (less than 1 cm/yr here but reaching values of the order of 1 cm/yr in some cases) compared to previous eras but still shows higher values in the upper mantle, which is due to small-scale convection. This situation is not completely stable and short-lived episodic events occur, marked by higher velocities. Magmatic production rates display the same eras (Figure 10). This underlines the features of the evolution, as lower temperatures seem to be associated with higher magmatic activity than the subsequent highertemperature era (2 Gyr to the present day). The following observations are consistent with all our models, and another example can be seen in Figure 8. Changes in magmatic activity are correlated with surface temperature. Generally speaking, low temperatures are associated with higher magmatic production rates.
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Figure 10. Comparative evolution of volcanic production rate, surface temperature, and volume averaged mantle temperature with time for the reference case. Also indicated are the different convective regimes. The transition from mobile lid to stagnant lid is progressive. Early evolution (before 700 Myr) follows an episodic, but mostly stagnant, lid pattern.



The ﬁrst transition occurs when surface temperature ﬁrst drops from above 800 K to around or less that 650 K. If this initial decrease in surface temperature happens very early, it can cause a strong initial volcanic maximum, rather than the extended period of high activity observed in the reference case (Figure 6). As before, in this low–surface temperature era convection exhibits characteristics of the mobile lid regime. The second transition is more progressive and happens when the surface temperature increases to around 650–750 K due to volcanic degassing. This is particularly clear in Figure 8, where an 80–100 K rise (at 1.5 Gyr) leads to a rather abrupt shutdown of most of the melt production and the creation of a stagnant lid. Such a state does not last long, as surface heat ﬂux drops; hence, the mantle heats up. Around 2–2.5 Gyr the third transition occurs, marked by a magmatic production spike corresponding to a massive global overturn event, probably resulting from the heating up of the mantle during the previous 500 Myr. This event can also be seen on the heat ﬂux and r.m.s. velocity graphs (Figure 6). This is followed by episodic activity. During the subsequent evolution, heat ﬂuxes are in line with expectations from previous models [Armann and Tackley, 2012]. The CMB heat ﬂux at the present day is around or below 10 TW, while values of order 30 TW are observed early on. From the r.m.s. velocity (Figure 8), two main eras can be identiﬁed. The ﬁrst corresponds to the low–surface temperature era (0–2 Gyr) and is characterized by a high background velocity (~10–20 cm/yr) with frequent and regular spikes with much higher values. When the planet enters the second phase at around 2 Gyr, Vrms drops to lower values. The present-day Vrms is 5 cm/yr. The main difference between these two phases is the regularity of the early phase against the more chaotic behavior of the late evolution. Our simulations show that magmatic production is increased when the temperature drops below 600–650 K and is reduced when the temperature rises above this limit and stays in the 650–850 range. Higher temperatures (above 900 K) have not been tested extensively and, while unrealistic for recent Venus, have been predicted by some evolution models [Noack et al., 2012] to occur a couple of billion years ago. They may have a positive effect on melt generation, but more extensive testing is required to assess their exact effects. Here we observe transitions from a mobile lid regime (or plate tectonics-like behavior) to a stagnant lid regime and then to an episodic lid regime as the surface temperature ﬁrst decreases then increases. Such a transition is qualitatively consistent with Lenardic et al. [2008], who found that high surface temperatures could shut down an active lid mode of convection. The exact mechanism for this requires further investigation, but generally a lower surface temperature will result in higher viscosity and perhaps higher stress, making it easier to reach the yield stress [Lenardic et al., 2008; Moresi and Solomatov, 1998; Trompert
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Figure 11. Comparison between coupled and uncoupled (constant surface temperature) models; reference case. (a) Evolution of atmospheric water partial pressure for both cases together with total cumulated eruptive melt production. Parameters are the same as reference except atmospheric escape, set at 1.5 Eref. (b) Proﬁles for volcanic production rates over time for coupled and uncoupled models.



and Hansen, 1998] and enter a mobile lid regime, in which the mantle is able to ascend to very shallow depth under spreading centers, and hence generate much melt. In the stagnant lid mode, heat transfer across the lithosphere is inefﬁcient; thus, the mantle heats up. Episodic overturn due to lithospheric yielding appears to be triggered by the mantle reaching a certain temperature rather than by the lid reaching a certain thickness as earlier predicted [Turcotte et al., 1999], because the lid reaches an equilibrium thickness maintained by small-scale convection [Armann and Tackley, 2012]. Plumes rising from the core-mantle boundary appear to help initial overturn, because they generate locally thick crust that results in large local stresses. A consequence of convective regime changes is the modiﬁcation of atmospheric volatile content. However, the effects of atmospheric coupling can be quite subtle, as exempliﬁed in Figure 11, which shows the evolution of cumulative volcanic production and water content for coupled and uncoupled (constant surface temperature) models with an escape rate of 1.2 Eref. The total amount of magma erupted at the surface is approximately the same for both cases, slightly higher for the coupled model. However, the amount of water in the atmosphere is dramatically different, with the uncoupled model having a much larger present-day accumulation of H2O. The timing of magmatism is the critical difference: in the coupled model much magma is produced early on, at a time when atmospheric escape is rapid enough to remove water efﬁciently. In the uncoupled model proportionally more magmatism occurs later, when escape is much slower and water can accumulate in the atmosphere. This phenomenon is ampliﬁed by the depletion of the volatiles in the mantle, i.e., the mantle water concentration is decreased by earlier magmatism, so in the late evolution less water is released per km3 of erupted magma in the coupled model. The combination of these effects efﬁciently lowers the present-day water concentration in the atmosphere of Venus and thus the present-day surface temperature from around 800 K to 700 K. It also occurs in most of the simulations we ran except those in which the surface temperature was kept above 800 K due to low escape rates (0.96 Eref and below).



4. Discussion 4.1. Late Escape One of the main parameters varied in our simulations was the non-thermal escape efﬁciency. The range 0.96–1.1 Eref leads to the most realistic present-day surface temperatures. It is unlikely that the actual escape rate differs strongly from these published estimates [Luhmann, 1993; Lammer et al., 2006; Jarvinen et al., 2009; Kallio et al., 2006] at the present-day, although a slightly higher escape rate might be possible, depending on the effect of the solar cycle.
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It should be noted that in all the cases displaying a 700–780 K present-day surface temperature that we have so far tested, the atmospheric water concentration reached a near equilibrium toward the present day. Some cases display large temporal variations during their late evolution, with surface temperature changing by several tens of Kelvin over short timescales, but none of these cases have realistic present-day temperatures. This is due in part to the assumption of a volatile-depleted mantle at the present day. Late degassing is therefore slow, and in order to preserve late water content in the atmosphere, escape rates need to be low. In our study we did not directly compute the evolution of the D/H ratio over time in every simulation, mainly because we focus on heavier species and their inﬂuence on the global evolution. Nonthermal escape rates we use for oxygen, however, are compatible with recent estimates for hydrogen loss rates [Barabash et al., 2007] and a stoichiometric relation between H and O (1 O for 2 H). These values lead approximately to the measured present-day enrichment factor of Deuterium on Venus relative to Earth during the last 4 Gyr. A more detailed view will require additional modeling, in particular relative to possible D/H ratios in the mantle, which could be different from the Earth’s. 4.2. Degassing We used a standard value for the water concentration corresponding to a present-day “depleted” mantle. Early values, before any melting occurs, are higher. Such a situation seems realistic when observing the respective surface conditions on these two planets. Indeed, a low water content might also be required to explain the present-day 30 ppm water in the atmosphere of Venus, depending on how long ago the last major volcanic event occurred. It might also be needed to ﬁt the D/H ratio. Reasonable variations in primitive magma water concentrations (several tens of ppm up to 1000 ppm) do not signiﬁcantly affect the outcome of the model, particularly when hydrodynamic escape is taken into account, as most of the surplus water is lost to space. However, obtaining the actual present-day situation requires a ﬁne balance between late escape and degassing. The relatively low water concentration values used here (10–100 ppm in the melt) usually lead to the best cases. Some studies (for example, Lopez et al. [1999]) used larger volatile contents in Venus’ mantle, using Earth as a reference. Values can range from 200 ppm to 5000 ppm or more for CO2 and can be even larger for water. In this case, the simulations we tested show that a moderate buildup of the CO2 in the atmosphere can occur, but it does not signiﬁcantly modify the rest of the evolution of the planet. Note that we are limited to evolutions excluding very large variations of CO2 pressure (i.e., situations with low CO2 pressures that are strongly different from present-day Venus) due to the atmospheric model we use. However, most evidence, including isotopic considerations like D/H ratio and 40Ar abundances, still point to a low water concentration. Kaula [1999] even suggested that most of the water would have been degassed and lost as early as 100 Myr after the formation of the planet. This would also be consistent with models of planetary accretion, which suggest [Raymond et al., 2006; O’Brien et al., 2006] that Venus could have been formed with up to 3 times less water than Earth. This underlines the importance of constraining degassing history and calculating the evolution of 40Ar in the atmosphere. The observed deﬁciency of 40Ar might be consistent with low volcanism since the last resurfacing event [Kaula, 1999]. Further work on this topic will constitute an improvement of our model, as a quantitative study of the 40Ar history will provide a very useful constraint on our simulations in future. The second uncertainty related to degassing is the degassing efﬁciency; that is, the ratio of the mass of gases reaching the atmosphere and the mass of volatiles entering the melt. This ratio incorporates, but is not necessarily equal to, the ratio of eruptive to intrusive volcanism. For the sake of simplicity we use a ﬁxed value of 10% in accordance with numerous works [i.e., Kiefer, 2003; Crisp, 1984; Greeley and Schneid, 1991; Noack et al., 2012] and as a middle ground between the extremes of 1:5 to 1:12 for the ratio of extrusive to intrusive volumes in Earth. This parameter, however, is poorly constrained, especially in the case of Venus. Some authors have advocated higher-efﬁciency parameters (for example, Grott et al. [2011] chose 40% without detailed explanation, or Hirschmann and Withers [2008]). The degassing process is also much more complex than what is taken into account here. In particular, nonvolcanic degassing might be important (see Burton et al. [2013], for the Earth). In this case a 10% efﬁciency would be considered a low value compared to the overall degassing on Earth. Fortunately, our model can provide a fair approximation of the results that would be obtained with higherefﬁciency factors by looking at simulations using higher volatile concentrations (10% efﬁciency and
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1000ppm CO2 being roughly equivalent to 20% efﬁciency and 500 ppm CO2, for example). Only the extreme cases featuring massive degassing (high efﬁciency and high concentrations) cannot be estimated this way because we did not run simulations for these parameters. It is only in this particular case, with such parameters, that a substantial buildup of the CO2 atmosphere occurs, which changes the atmospheric conditions too much for us to study it with precision with the present model. The degassing situation on Venus, however, is clearly different than what we observe on Earth. We must keep in mind that the high surface pressure can strongly reduce the efﬁciency of degassing, in the same manner as the degassing of rocks is impaired at the bottom of an ocean on Earth, which can lead to very inefﬁcient degassing [Elkins-Tanton et al., 2007]. This has not been taken into account in this study because of the many uncertainties it can introduce. Due to this process, it could be that we are actually overestimating the degassing in this work. It is, however, difﬁcult to say by how much. 4.3. Atmosphere The atmospheric model we use is kept simple and straightforward in order to allow it to be easily applied to different planetary conditions (such as other planets). Despite the inaccuracy of gray radiative models of Venus (lack of minor radiatively active species and no pressure-broadened absorption bands leading to a very simple vertical proﬁle—see Figure 1—compared to the actual Venus situation), it fulﬁlls its purpose of generating coupling between atmospheric processes and mantle dynamics, letting atmospheric greenhouse gases modify the boundary condition for the convection. The general evolution of the surface temperature is obviously affected by the choice of atmospheric model. and it is possible that the response of temperature to degassing could be overestimated. This, however, is mostly the case for small degassing events. It affects mainly the short-term low-intensity events rather than major trends of the evolution like early massive escape or late water vapor replenishment, which are the main topics in this work and the cause of the feedback. The main limitation of the atmospheric model is that it is based on the present-day situation, but conditions may have been quite different in the past due to changes in solar input and volatile concentration. If Venus’ past atmosphere was substantially different from the present-day one, signiﬁcant errors could be made. For example, cold trapping is not efﬁcient on present-day Venus, but it might have been during Venus’ early evolution. Likewise, it is not well known how Venus’ clouds are affected by different water concentrations: at the present day their effect on surface temperature is only ~20 K but more water would alter their composition, and thus their albedo and altitude. They might even disappear, in which case the planet’s effective temperature (Te) may approach 290 K, leading to surface temperatures easily exceeding 1000 K. In most of the cases here (i.e., post magma ocean), water concentration stays at low levels comparable to present-day conditions, thus minimizing the issue. The exception is thus limited to the very early history (not modeled here), with its very dense steam atmosphere. In any case, at that time several other aspects were different, such as the possible presence of a magma ocean; to study this era, a new set of models would be required (see Marcq [2012] for the atmospheric part and Elkins-Tanton et al. [2007] for the magma ocean). It is, however, likely that the atmosphere cooled down early, and the magma ocean froze (on a timescale of around 10 Myr). Our simulations are consistent with this latter hypothesis. Our present models exclude SO2. As a short-lived species, it could enhance the greenhouse effect for short periods of time after volcanic events [Solomon et al., 1999]. However, on Venus increased SO2 could lead to lower temperatures due to increased cloudiness [Bullock and Grinspoon, 2001]. A future improvement of our model could follow Bullock and Grinspoon [2001]. Another possibility is to use the one-dimensional radiativeconvective model of the thermal structure of planetary atmospheres developed recently by Robinson and Catling [2012], which has yielded results for a variety of planetary bodies, proving its ﬂexibility. 4.4. Additional Escape Mechanisms Several mechanisms of volatile removal are neglected here. Both crustal alteration and impact erosion have been suggested as additional mechanisms for atmospheric escape. Crustal erosion is likely to depend on volcanic production rates, as the depth of alteration is thought to be small (less than several tens of centimeters) [Saito et al. 2007], and diffusion of oxygen in basaltic melts is of the order of 1 mm/d [Wendlandt, 1991]. Additionally, the thick atmosphere causes surface pressure to be similar to that of the oceanic ﬂoor at 1 km depth on Earth [Head and Wilson, 2003]. Under those conditions, it is likely that not all the volatiles are
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degassed into the atmosphere, thus also limiting the diffusion of atmospheric volatiles into the magma. Erosion of the surface could speed up the process, but this was estimated to be around 103 km3/yr [Arvidson et al., 1992], which is quite negligible. Impact erosion, on the other hand, has been suggested to have a major effect [Ahrens, 1993], perhaps capable of blowing off the atmosphere of Venus with a single giant impact (800 km radius at 20 km/s). Such a collision would most likely occur very early in the evolution of the planet, as did the moon-forming impact. The effects of a smaller (100 km radius) impact might still be signiﬁcant. In recent years, on the other hand, new studies [De Niem et al., 2012; Shuvalov, 2009] have contradicted this view and found that impact erosion would be a minor effect, one that could be balanced or even exceeded by the input of volatiles the impactor would bring. Such an issue is still unresolved and our future work will include models accounting for such events and their long-term consequences for the evolution of Venus. 4.5. Mantle Convection and Coupling Our results display a volcanic evolution consistent with common assumptions and studies concerning Venus. We observe (i) very recent volcanism, which is in line with recent observations of the surface of the planet based on visible and thermal spectrometer imaging on Venus Express [Smrekar et al., 2010], (ii) catastrophic resurfacing events [Schaber et al., 1992 ; Nimmo and McKenzie, 1998] caused by lithospheric overturn [Parmentier and Hess, 1992; Turcotte et al., 1999], (iii) episodic volcanic activity during the last period of the evolution (last 2 Gyr), and (iv) transitions between convective regimes under the inﬂuence of evolving surface temperature (plate tectonics-like to stagnant lid to episodic lid). Such a picture of volcanic activity is consistent with estimates for the age of the surface of Venus (190 Myr to 600 Myr on average) [Strom et al., 1994]. Secondly, the localized nature of most of the major processes could be responsible for the large lateral variations in the ages of the terrains on Venus, leaving patches of surface untouched while covering others [Ivanov and Head, 1996]. The volcanic production rates we model are enough to resurface a signiﬁcant part of the surface of Venus during the last 500 Myr, with one event or two at most. The volcanic activity between these events is comparatively low and is consistent with past estimates (0.01–0.15 km3/yr, according to Strom et al., [1993]). As the age of the surface of Venus prevents us from gaining more insight into its history, many have speculated on possible past events and volcanic activity [Nimmo and McKenzie, 1998; Hauck et al., 1998; Reese et al., 2007; Turcotte, 1995]. Here we propose that changes in surface conditions have played a major role in the evolution of the planet and that surface temperatures have directly affected volcanic activity and mantle convection over time. In this, we join Lenardic et al. [2008] who found a mechanism by which a surface temperature increase would favor stagnant lid convection. The mechanism is based on the inﬂuence of temperature on the strength of lithosphere and the vigor of the convection. Such a behavior and sensitivity to temperature has also been exhibited by models of novae formation on the surface of Venus [Gerya, 2014]. We propose that a plate tectonic-like regime may have occurred early in the evolution of Venus, at a time when the surface temperature was lower than at the present-day (500–600 K). However, this regime would have stopped several billion years ago when greenhouse gases accumulated in the atmosphere and raised the surface temperature to around 700–800 K, causing a switch to stagnant lid mode. A stagnant lid would lead to the accumulation of heat in the mantle of Venus (in the same way as suggested by Nimmo and McKenzie [1998]). Once a critical situation is reached, a lithospheric overturn and resurfacing event is initiated, perhaps assisted by a plume from the CMB. This was also suggested by Herrick [1994]. This critical situation corresponds to a state where the convective stress becomes again comparable to the plastic yield stress. While the mobile lid regime has removed heat from the interior, the following stagnant lid has allowed it to accumulate again, leading, in time (0.5–1 Gyr), to the event. After this event, an episodic lid regime takes place with quiet periods interspersed by volcanic activity spikes, and marked by sinking downwellings of dense lithospheric material. At that later time, mantle convection is strong enough to break the lid before it thickens, due to the heat that has not yet been evacuated from the mantle. This situation is in line with Turcotte’s [1993] suggestion of an alternation between stagnant lid like behavior (with a relative thickening of the lithosphere and surface quiescence) and active lid periods. It also ties in with suggestions by Phillips et al. [1992] that a realistic approach of present-day Venus would include
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localized resurfacing in different places of the planet, rather than just one global event or constant, continuous, low-to-medium intensity, activity. Most of our simulations show this pattern. In summary, mobile lid behavior is mainly determined by the strength of the lithosphere compared to convective stresses (which are affected by temperature). The main difference between Earth and Venus is likely the presence of liquid water in Earth’s surface environment, which reduces lithospheric strength through the formation of weak hydrous minerals, reducing fault friction by pore pressure and ﬂuid overpressure (when ﬂuids are released from hydrous minerals), and so on. While it has previously been hypothesized that Venus’ dry mantle prevents the formation of an asthenosphere, and an asthenosphere is important for plate tectonics, we note that (i) viscosity proﬁles calculating using laboratory rheological parameters do predict an asthenosphere even for dry conditions [Armann and Tackley, 2012]—the absence of water increases viscosity equally at all depths, which is easily offset by an increase in mantle temperature; and (ii) numerical simulations show that a mobile lid regime can exist without an asthenosphere [Tackley, 2000a], although an asthenosphere leads to a more Earth-like form of plate tectonics by sharpening plate boundaries and making plates more rigid [Tackley, 2000b]. Two previous works can be compared directly to our present results. The ﬁrst is Phillips et al. [2001], who used a similar (albeit simpler) atmospheric model and a parameterized model of mantle behavior. Their results differ from ours in exhibiting a positive feedback of temperature, in which increased surface temperature leads to increased partial melting. Here we obtain the opposite result. Our mechanism results in a stabilization process, while theirs further destabilizes the planetary conditions. This difference is due to their use of a parameterized mantle model that cannot account for changes in convective regime as a fully dynamical model can. The second study is by Noack et al. [2012], hereafter referred to as NBS2012. Their work is based on premises similar to our own, although their modeling assumptions and results differ somewhat. Their basic approach to coupling the atmosphere and mantle convection is similar to our own. They also take into account degassing based on mantle melting, and the principles of melt extraction and volatile release into the atmosphere are the same. Likewise, they consider atmospheric escape as the volatile sink. The models used for mantle simulations differ somewhat. One major difference is that NBS2012 include an approximation of dislocation creep (by dividing the activation energy by the power law index) but not plasticity, while we include plasticity but not dislocation creep. There are some other differences, such as our inclusion of composition-dependent phase transitions and the latent heat of melting (which does not appear in the equations presented in NBS2012). Different codes are also used (GAIA [Hüttig and Stemmer, 2008] rather than StagYY [Armann and Tackley, 2012; Keller and Tackley, 2009]), but this should not, in principle, affect the results. Their approach to atmospheric escape is also different, as NBS2012 used a simple exponential decrease as an approximation of the effects of escaping ﬂuxes, while we focused on the actual processes involved and the modeling of mechanisms for both nonthermal escape and early hydrodynamic escape (which was not considered by NBS2012) and their evolution with time. Finally, the dependence of surface temperature on water content is not calculated in the same way. NBS2012 used published results by Bullock and Grinspoon [2001, Figure 6]. On the other hand, we self-consistently modeled the greenhouse effect in a simple way, using a method that does not take into account the complex mechanisms involved in cloud evolution that Bullock and Grinspoon [2001]describe. This approach leaves out some possible mechanisms and precision out but also relies less on hypothesis and is more adaptable for future developments and different conditions and planetary parameters. The results obtained in the two studies also differ. While both indicate that atmosphere-mantle coupling results in stabilization of surface conditions, the physical mechanisms involved are different. NBS2012 suggested that when surface temperature increases enough (depending on the rheology) the surface becomes mobilized because the dislocation creep viscosity decreases. This causes resurfacing and heat loss, which cools the mantle and leads to lower activity and thus lower surface temperatures after some time. On the other hand, we observe that when temperature drops, a mobile lid regime akin to plate tectonics is favored, leading to higher activity. In our present models, we did not observe any large sudden increase in surface temperature from around 650 K to 850–900 K described by NBS2012, due to differences in how volatile ﬂuxes are handled and the water concentration dependence of surface temperature. Another, more subtle, difference between the two studies is their scope, as they complement each other. NBS2012 were mainly concerned about the effects of rheology on the coupled evolution of Venus.
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The present work also considers rheology, but focuses more on the atmosphere, investigating the consequences the different processes and volatile ﬂuxes have on long-term evolution and surface conditions, such as the range of possible atmosphere escape rates or their timing. Our models presented here focus on the inﬂuence of the atmosphere on mantle convection and long-term evolution, including what is necessary to obtain realistic present-day conditions. As such, we based our mantle model on a case that was already shown to produce a reasonable mantle and crustal evolution for Venus [Armann and Tackley, 2012]. The model was indeed found to reproduce episodic behavior, mantle overturns, and generally ﬁt observed characteristics of Venus (such as amplitudes of surface topography and geoid). Considering the large number of parameters related to mantle and atmospheric treatments, a full test of their whole ranges is beyond what is possible in an initial paper. Nevertheless, it is indeed important to further study and verify if atmospheric coupling has similar effect for plausible mantle rheologies such as including dislocation creep (as in NBS2012) and a different crustal rheology, as well as the inﬂuence of volatiles. Those could modify signiﬁcantly the response of the mantle to the surface temperature. It could further link the solid and ﬂuid layers by highlighting the importance of volatile and water loss from the mantle both in terms of greenhouse effect in the atmosphere and rheology changes in the mantle. Another improvement would be to include the possibility of recycling volatiles. The present simulations demonstrate a substantial amount of crustal and lithospheric recycling back into the deep mantle. This recycling exists both during stagnant lid times (by entrainment from the base) and episodic lid/plate tectonics (sinking slabs/lid overturn). To ﬁrst order the effect could be small, as it would mainly stabilize the volatile content of the source of the melt, making it less likely to decrease drastically with time (an hypothesis we tested with different volatiles content evolution over time including constant concentrations). Recycling might also have implications for the mantle and, eventually, crustal rheology, which we will implement at some point. Additionally, it suggests another mode of atmosphere-interior coupling. Furthermore, accounting for the fact that a large fraction of magmatism may be intrusive rather than extrusive could have a major effect both on lithospheric dynamics (producing a hot, weak crust/lithosphere, as in Tackley and Armann [2013]) and on volatile cycling, greatly reducing volatile degassing. Finally, partitioning of trace elements into the melt and hence crust could be accounted for [Xie and Tackley, 2004], allowing a study of 40Ar outgassing and crustal trace element concentrations. Recent results [Armann and Tackley, 2012] obtained a range of crustal heat-producing element concentrations consistent with measurements by the Venera and Vega landers. 4.6. Habitability? Our simulations indicate that processes leading to Venus’ present state are not as exotic as sometimes suggested, but are, on the contrary, very similar to what could have occurred on Earth given different initial parameters. A form of plate tectonics could have taken place. Two main differences are the apparent relative dryness of Venus compared to the Earth and the fact that CO2 seems to be located in the atmosphere, while on Earth it has been buried. Both are directly linked to the question of surface temperatures. With a volatile-depleted mantle, it is unlikely that atmospheric CO2 pressure would change much during the late evolution. It is then difﬁcult to reduce surface temperature below 500–550 K, and even then, that would correspond to a case where water is lost almost completely. Under those conditions, it is dubious that habitable conditions can be sustained. Indeed, while it is possible to get water to condense at high temperatures (like 650 K) provided surface pressure is high enough (as it should be on Venus), reaching such low temperatures with current conditions might mean that most, if not all, of the water has been removed from Venus’ atmosphere as early as around the end of the magma ocean [Hamano et al., 2013; Lebrun et al., 2013]. Likewise, effects from other species, at the current state of our knowledge, would be unlikely to allow for a large enough temperature drop (see Bullock and Grinspoon [2001] for the effect of SO2, for example). If, under early Venus-like (or perhaps primitive Earth) conditions, temperatures could have been lower with water still present (with a thinner CO2 atmosphere, for example, or different conditions in the atmosphere, involving clouds and other species not used here), we show that plate tectonics could have occurred. Plate
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tectonics is thought to be the main process on Earth that recycles CO2 into the solid planet. This, in turn, could have prevented the onset of the large greenhouse effect due to CO2 and stabilized the climate of the planet on a more Earth-like level. As observed in our current model, however, this is unlikely to take place during the last 4 Gyr or so. Two possibilities exist. We might be neglecting an important mechanism, which would probably be the recycling of surface material into the mantle. Or, the fate of habitability might be decided early in the history of terrestrial bodies. Gillmann et al. [2009] proposed a self-consistent model for the evolution of early Venus based on isotopic data and thermal atmospheric escape modeling. They proposed that hydrodynamic escape efﬁciently pumped water out of the atmosphere and mantle of Venus while the magma ocean still existed and left the planet dry. CO2 accumulated in the atmosphere when the magma ocean froze and accounted for later high surface temperatures. Earth would be different in the larger amount of water it received and the smaller hydrodynamic escape, meaning some water would be left on the planet when the magma ocean froze. It therefore seems that eventual habitability and long-term surface conditions might be decided during a short window of opportunity that depends on three characteristics of the planet: (i) initial volatile endowment, (ii) atmospheric escape ﬂux, and (iii) degassing rate (of CO2, here). The cooling rate of the surface is governed by these factors. If they adjust in a way that allows for the temperature to drop while water still exists on the planet, then a long-term stabilizing effect can be put in place and sustain itself: the planet is cool enough that water vapor does not add to the greenhouse effect, and it allows plate tectonics to bury CO2, which does not accumulate in the atmosphere. Other cases result in Venus-like situations: too large escape ﬂuxes remove most of the water, and then CO2 accumulates in the atmosphere, while lower escape would probably prevent surface temperatures to drop fast enough to allow this “cold window.” The timing of the different events is likely to play an important role in this evolution. Among other paths, large impacts may deeply modify early conditions. Not only could they remove a large part of the atmosphere, potentially creating part of the “cold window” we mentioned, but they are also a source of volatiles that could bring large amount of water to early planetary bodies.



5. Conclusions Here we have presented a model for the coupling of the atmosphere and interior processes of Venus. The model includes tracking of volatile ﬂuxes, a fully dynamical mantle convection calculation, and changing surface temperature. The mantle simulations use the StagYY model [Tackley, 2008] which includes melting, volcanism, phase transitions, radiogenic heating, realistic rheology, and plastic yielding. The atmospheric treatment is based on a 1-D radiative-convective gray atmosphere model with water and CO2 as greenhouse gases. Atmospheric losses are computed by modeling the early linked hydrodynamic escape of oxygen and hydrogen and computing of a history of late nonthermal escape through the whole evolution of the planet. Our main conclusions are as follows: 1. Using sets of parameters that are consistent with best estimates for Venus’ characteristics, this work ﬁnds a set of possible evolution histories that result in present-day surface conditions consistent with observations of Venus, in terms of atmospheric CO2 pressure, water content, and surface temperature. 2. Computed evolution histories of atmospheric CO2 and H2O show that surface temperature varies mainly with water content. Water was removed efﬁciently from the atmosphere early on but can accumulate to the present-day value during the later stages in which removal is less efﬁcient, even with low water concentration in magma. CO2 pressure does not vary much over the history of Venus after the initial events and end of the accretion—we observe a rise in CO2 pressure of less than 0.5% in most cases when a reduced mantle is considered. It is unlikely that Venus’ CO2 atmosphere was built over the course of several massive degassing (resurfacing) events; instead, most of the CO2 was in the atmosphere since the end of the magma ocean phase. However, if Venus’ mantle is oxidized and the lavas rich in CO2 (1%(w.)) a moderate buildup of several bars over the history is possible. 3. The effect of the atmosphere-mantle coupling is to stabilize the surface conditions of Venus. The atmospheric water content varies less in the coupled models than in the uncoupled ones, in particular, in the late evolution, which translates into a more stable surface temperature on the long term.
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4. Hydrodynamic escape ensures that 4.5 Ga ago, the atmosphere of Venus is likely to have lost most of its initial endowment of water (barring the case of a huge initial water content of several tens of terrestrial ocean equivalents or more). This means that the “hot” stage of early Venus could have been short (several tens of Myr). Incidentally, realistic present-day surface temperatures require that the initial water content should be mainly lost (typically, the models need no more water than can be removed in 2 Gyr), a condition massive hydrodynamic escape can help fulﬁll. 5. Late nonthermal escape intensities that lead to the correct present-day surface temperature cover a limited range of values (much less than the present-day uncertainty in models and observation). 6. Present-day surface temperature is mainly determined by late nonthermal escape in our models. It also depends, in part, on the strength of degassing and thus on the water content of the magmas and mechanisms of degassing, which are difﬁcult to constrain. For the lower concentrations used here, degassing appears to be secondary. 7. Our results produce a realistic late-stage (last 1 Gyr) volcanic activity, in line with recent discovery of present-day volcanism on Venus. It features resurfacing events, in the form of mantle overturns and in most models, late activity with at least one large event during the last billion years possibly explaining the young age of Venusian crust. Additionally, volcanic production rates are also consistent with estimates of Venus’ evolution since the last resurfacing event and indicative of an active planet. 8. Our simulations evidence a clear feedback between surface temperature and mantle convection. Temperature decreases lead to the mobile lid (plate tectonic-like) convection mode with an increased magma production rate. On the other hand, a warmer surface favors the stagnant lid mode, with a resulting decrease in volcanic activity and degassing. This feedback tends to stabilize Venus’ climate further. 9. The mantle convection mode in coupled simulations displays a more chaotic variation than in uncoupled (constant surface temperature) simulations. Quiescent periods do not have a characteristic length and a general overall decrease in activity is not always obvious. This further reinforces the importance of surface temperature on mantle convection. 10. In our preferred model, plate tectonics occurred on early Venus (during a period of relatively low surface temperature) and stopped around 3 Gyr ago to be replaced by stagnant lid convection. This regime lasted around 1 Gyr before it was replaced by episodic lid convection 2 Gyr ago. This regime would still be in place at present-day and responsible for the state of present-day surface conditions and recent resurfacing.
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