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Volcanic Activity on Venus: How Long Must We Look to Find a Smoking Gun?
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Key Points:
· Scaling a 40-year record of Earth’s volcanism to Venus yields an estimate of as many as 120 eruptions per year on Venus 
· The scaling uses ratios of the planets’ mass and volume, and accounts for differences in tectonic settings between each planet
· The large number of eruptions per year can be tested with upcoming mission observations


Abstract
While volcanic landforms attest to the numerous and varied volcanic processes on Venus, estimates of the frequency of volcanic eruptions are lacking. Constraints from volcanic resurfacing volumes can be equally satisfied by infrequent large eruptions or numerous smaller events. Recently, Byrne and Krishnamoorthy (2022) used the 40-year period from 1980—2020 from the Smithsonian Global Volcanism Program (GVP) database (Global Volcanism Program, 2013) to extrapolate the frequency of volcanic events on Earth to Venus. They evaluated the tectonic settings from the GVP database and provided estimates that consider the differences in those settings between Earth and Venus. Byrne and Krishnamoorthy extrapolated the rate of volcanism between Earth and Venus using the mass/volume ratios, freeing their results from the uncertain tectonic evolution of Venus. The assumption that Venus is in a stagnant-lid tectonic regime with a straight-forward geodynamic evolution has been challenged by Weller and Kiefer (2020), who showed that a planetary surface may reflect different styles of convection with highly active and sluggish and inactive regions occurring at the same time. The straight-forward scaling allowed Byrne and Krishnamoorthy to estimate that as many as 120 eruptions might take place on Venus every year, a frequency that should be detectable by upcoming Venus missions.

Plain Language Summary
While there is abundant evidence that volcanic processes operate on Venus, we have never directly observed a volcanic eruption on Venus—we lack a smoking gun. Indirect observations, based on changes in atmospheric composition or rates resurfacing by lava, estimate lava volumes but offer no constraints on estimates of the frequency of eruptions. Recently, Byrne and Krishnamoorthy (2022) extrapolated a record of volcanic activity on Earth to Venus and predicted that as many as 120 eruptions might take place on Venus every year. They scaled the rates of volcanism from Earth to Venus using the planets’ masses and volumes. While this ignores the complex tectonics seen in recent 3D spherical convection calculations, it frees their analysis from being tied to any one specific tectonic history. Volcanic events this frequent should be detectable by upcoming Venus missions.
Introduction
When it comes to volcanism, Grinspoon (1997) stated that “Venus is unparalleled anywhere in the solar system for the sheer number, outstanding variety, and pristine state of preservation of its volcanic features.” Those volcanic features include large smooth plains regions, monster shield volcanoes 10 times as wide as the base of Mauna Kea yet only 7—8 km in elevation, and thousands of smaller shield volcanoes distributed across these smooth plains. In addition to these, there are the enigmatic coronae, features that are often assumed to have a magmatic origin and yet have no clear analogues on Earth (Davaille et al., 2017; Gülcher et al., 2020). Yet with all the evidence that Venus is a volcanic world, we don’t have a good—or even poor—estimate of the frequency of volcanic eruptions on Venus. 
There has always been a tantalizing, yet indirect, line of evidence pointing to recent volcanic activity on Venus. The concentration of SO2 in the lower part of the Venusian atmosphere is too large to be explained by weathering of the surface rocks. On Earth, volcanic emissions are the primary non-anthropogenic source of SO2. The same thick H2SO4 cloud layer obscures our view of the Venusian surface, making direct observation of volcanic eruptions from orbit impossible. Over the first five years of observations by the Pioneer Venus mission, the global mean SO2 abundance decreased from 100 to 10 ppb, consistent with the hypothesis that volcanic gasses are the source of atmospheric SO2 (Espazito, 1984; Fegley and Prinn, 1989).  Maintaining the global H2SO4 clouds requires the eruption of 0.4—11 km3/yr of magma (Fegley and Prinn, 1989) and, without being continuously resupplied the Venusian H2SO4 clouds would disappear in 2 Myrs. While this constrains the rate of lava production, it doesn’t provide an estimate of the frequency at which these lavas might have erupted.
Another approach to estimating the rate of lava production assumes that the 250—750 Myr average surface crater retention age of Venus is the result of a near equilibrium between steady-state crater formation and crater removal by volcanic or tectonic processes (Phillips et al., 1992). The as-yet unsettled debate between the equilibrium resurfacing model and a short-time duration tectonic event—a near complete ‘subduction’ of the entire lithosphere creating a new surface over a short time period (e.g., Strom et al., 1994)—illustrates just how limited our understanding of the frequency of volcanism really is. If Venus has been continuously resurfaced by volcanic activity, then, estimates of resurfacing rates require lava production rates of 0.1-1.0 km3/yr (Phillips et al., 1992; Head et al., 1992; Strom et al., 1994). As with atmospheric composition, this approach provides us with a rate of lava production averaged over the past several hundred million years but, it doesn’t address the frequency of the volcanic eruptions that produce those lavas.
Scaling Earth’s Volcanic Record to Venus
With no direct observations of volcanic activity, no smoking gun—perhaps more correctly no smoking volcano—the present-day frequency of volcanic eruptions remains elusive. To address this question, Byrne and Krishnamoorthy predicted the present-day volcanic activity by extrapolating the observed volcanic activity on Earth to Venus using the Global Volcanism Program (GVP) database (Global Volcanism Program, 2013). To extrapolate from Earth to Venus, Byrne and Krishnamoorthy scaled the number of eruptions during the 40-year period between 1980 and 2020 by the ratio of surface areas and planetary masses of Venus and Earth. On the face of it, this seems to be a logical scaling because mass correlates with the gravitational potential energy available to be converted to heat when a planet forms and the concentration of radionuclides in the planet while geometry, specifically surface area, correlates with the surface heat flow.
While Venus and Earth have similar masses and volumes, there are significant differences when it comes to how the surfaces of the two planets deform—Earth has plate tectonics, a process that doesn’t currently operate on Venus (and may never have). Many of the volcanic processes on Earth are related to plate tectonics and thus, it is not clear that a simple mapping volcanic processes observed on Earth to Venus is a valid approach. To address this concern, Byrne and Krishnamoorthy classified the volcanic eruptions in the GVP database by the tectonic setting where these eruptions occur. Choosing four categories: rift zones, subduction zones, oceanic intraplate volcanoes, and continental intraplate settings, they then reported estimated eruptive frequencies for those different settings, noting that at least for continental intraplate (and possibly subduction zone) settings there are no obvious Venus analogues. Byrne and Krishnamoorthy postulated oceanic intraplate volcanoes on Earth represent a similar environment as Venus’ myriad shield volcanoes, domes, and volcanic fields. They note that by choosing to ignore the difference in area between the fraction of Earth’s surface covered by oceanic intraplate volcanoes (~10%) and the fraction of Venus’s surface covered by small shield volcanoes, their estimated eruption frequency could be significantly underestimated—a conservative estimate that will give them a minimum bound on the frequency of eruptions.
Accounting for Surface Tectonics
Perhaps the biggest unknown in Byrne and Krishnamoorthy’s work is whether or not it is reasonable to scale volcanic frequency from Earth to Venus by scaling the two planets according to mass and volume ratios. One might wonder whether they should have made use of more sophisticated scaling arguments based on the analysis of geodynamic model results to account for Venus’ stagnant lid (Figure 1) and Earth’s plate tectonics. A recent paper by Weller and Kiefer (2020) cautions against that approach. While the lithosphere of Venus shows no evidence for present-day large-scale movement, the surface cratering record has been interpreted in terms of two end-members: a continuous—equilibrium or local—resurfacing processes (e.g., Phillips et al., 1992) and a catastrophic—or global—resurfacing event (e.g., Strom et al., 1994). The global event is postulated to have been a short-lived transition from stagnant-lid convection to mobile-lid convection that buried the majority of the surface, resetting the cratering record. Weller and Kiefer explored the change in tectonic regimes from mobile-lid to stagnant-lid tectonics triggered by either loss of water or increasing surface temperature. They found that transitions between the mobile and stagnant regimes are highly disruptive events with significant changes in surface motions, mantle temperatures, melt production, and heat flow. Unlike the 2D Magellan-era ‘catastrophic resurfacing event’ geodynamic calculations (e.g., Parmentier and Hess, 1992; Strom et al., 1994), events in 3D are often geographically restricted and are neither steady nor catastrophic—resulting in punctuated resurfacing and melting events. Weller and Kiefer’s work shows that caution must be exercised when using scaling laws developed for either steady end-member. The complex behavior in Weller and Kiefer’s calculations shows that contemporaneous melting at different locations may produce significantly different degrees of melt. Formulating a global, time-independent scaling that accurately captures Venus’ tectonic and volcanic history may be an elusive quest. The mass/volume ratio scaling used by Byrne and Krishnamoorthy avoids biasing their estimated frequency by using an end-member surface process model. 
We have limited direct information regarding the structure and composition of the Venusian mantle. Until recently (Margot et al., 2021; O’Neill, 2021), the best estimate for the size and state of the Venusian core came from scaling the mass and radius of Earth to Venus. It is unclear whether or not Venus has an asthenosphere (c.f. Smrekar et al., 2018)—a weak (e.g., low-viscosity) layer beneath the more rigid lithosphere that plays an important role in the coupling of mantle and lithosphere dynamics (Anderson and King, 2014), or and perhaps related, whether the mantle of Venus is dry or more volatile-rich (Greenwood et al., 2018). Both of these questions have important implications for mantle melting and volcanism and the deformation of Venus’ surface. The limited constraints open the door to many potential geodynamic scenarios. One of the more interesting observations is the similarity between the major element compositions of the Venera 13, 14 and Vega 2 surface measurements and Mid-Ocean Ridge Basalts (MORB) and Ocean Island Basalts (OIB) on Earth (Weller and Duncan, 2015). These compositions can be used to estimate the mantle potential temperature (Figure 2). The fact that Venusian mantle potential temperatures are within the temperature range of MORB and OIB indicates that in spite of present-day tectonic differences, Venus and Earth’s interiors had a similar thermal state at the time those lavas erupted. This finding supports the basis by which Byrne and Krishnamoorthy arrived at their volcanic frequency estimates.
Conclusions
Given the complex time-evolution indicated by geodynamic models and the limited constraints we have regarding Venus’ interior, Byrne and Krishnamoorthy’s approach to scaling Venus to Earth using mass and volume is a sensible starting point. The approach is consistent with Occam’s razor, pluralitas non est ponenda sine necessitate—which I might paraphrase as don’t make the model more complex than necessary. The approach they take is simple and their assumptions are transparent. 
There is great anticipation that we will see a smoking volcano first hand. The Venus Emissivity Mapper (VEM) instrument on the VERITAS (Venus Emissivity, Radio Science, InSAR, Topography, and Spectroscopy) mission (Smrekar et al., 2020) has spectral bands dedicated to detecting near-surface water vapor that would indicate active volcanic outgassing (Herbert et al., 2018). Surface emissivity contrasts, mapped globally by VEM, may identify flows in the featureless plains covering 40% of the surface that are invisible to radar because newer flows might resemble older flows in radar backscatter. Emissivity maps may also identify lavas that have not be altered by interactions with the atmosphere. Finally, VEM may identify thermal emissions associated with active volcanism. Venus Interferometric Synthetic Aperture Radar (VISAR) on VERITAS will search for areas of active surface deformation associated with recent or active eruptions. The Deep Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging (DAVINCI) mission (Garvin et al., 2020) descent probe will provide profiles of chemical species and isotopes in the lower part of the atmosphere, including H, D, 4He and 40Ar. While the DAVINCI mission will focus on the longer-term evolution of the atmosphere, trace gas compounds consistent with present-day volcanism could be detected. The EnVision mission will have infrared, near-infrared, and ultraviolet spectrometers, a subsurface radar sounder and a synthetic aperture radar. In addition to other goals EnVision will search for thermal, morphological, and atmospheric signs of present-day volcanic activity (Ghail et al., 2017).
Comparing EnVision and VERITAS data would allow researchers to detect changes in the surface that occurred between the two missions and similarly, these mission results can be compared with Magellan (circa 1994) or Venus Express (circa 2010) observations to detect changes in surface topography or emissivity over a 20—35-year time period. With an upper bound of 120 eruptions a year estimated by Byrne and Krishnamoorthy, present-day (or very recent) volcanic activity should be easily detectable by these upcoming missions.
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Figure 1. The mean temperature (a) and magnitude of velocity (b) from a stagnant-lid convection calculation for Venus (King, 2018) compared with the mean temperature (c) and magnitude of velocity (d) from a mobile-lid convection calculation for Earth (King, 2015). The purple region is the top of the domain where the velocity is nearly zero (stagnant lid). The temperature decreases linearly in the stagnant lid, as the heat flow is governed by conduction. 
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Figure 2. a) Potential temperatures from the Venera 13, 14, and Vega 2 landing sites as determined by Weller and Duncan (2015). The error bars are determined based on the 1 variation in the initial composition values. b) Venera 13 Lander image of the surface of Venus at 7.5 S, 303. E, east of Phoebe Regio. (Image obtained from NASA mission image catalogue: nssdc.gsfc.nasa.gov/imgcat/html/object_page/v13_vg261_262.html)
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