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Abstract

Venus boasts an abundance of volcano and volcano-like structures. Synthetic aperture radar images of the surface have revealed

extensive evidence of volcanism, including lava flows and edifices. Volcanic activity is further supported by crater statistics,

and analysis of topography and gravity data. Unique to Venus, coronae are quasi-circular, volcano-tectonic features exhibiting

diverse volcanic characteristics. Despite this, volcanism is often under-represented in formation models. We identify a new

subset of coronae that display topographic change subsequent to the emplacement of lava flows within their fracture annuli,

pointing to the critical role of volcanism in the formation of these coronae. Through spherical-harmonic distribution analysis, we

find that this new subset is spatially related to the full coronae database, pointing to an intrinsic process of coronae formation.

Furthermore, coronae exhibit strong correlations and similar spectral shapes at low spherical harmonic degrees with large

volcanoes, suggesting a shared geodynamic origin. Our findings underscore the pivotal role of volcanism in coronae formation

and highlight the need for future research that integrates magmatic processes into geophysical models.
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Abstract 12 

Venus boasts an abundance of volcano and volcano-like structures. Synthetic aperture radar 13 

images of the surface have revealed extensive evidence of volcanism, including lava flows and 14 

edifices. Volcanic activity is further supported by crater statistics, and analysis of topography 15 

and gravity data. Unique to Venus, coronae are quasi-circular, volcano-tectonic features 16 

exhibiting diverse volcanic characteristics. Despite this, volcanism is often under-represented in 17 

formation models. We identify a new subset of coronae that display topographic change 18 

subsequent to the emplacement of lava flows within their fracture annuli, pointing to the critical 19 

role of volcanism in the formation of these coronae. Through spherical-harmonic distribution 20 

analysis, we find that this new subset is spatially related to the full coronae database, pointing to 21 

an intrinsic process of coronae formation. Furthermore, coronae exhibit strong correlations and 22 

similar spectral shapes at low spherical harmonic degrees with large volcanoes, suggesting a 23 

shared geodynamic origin. Our findings underscore the pivotal role of volcanism in coronae 24 

formation and highlight the need for future research that integrates magmatic processes into 25 

geophysical models.  26 

Plain Language Summary 27 

Venus’s surface has a large number of volcanoes and features with characteristics similar to 28 

volcanoes. Radar imagery of the surface reveals signs of volcanism such as lava flows and 29 

volcanically built mountains. A unique volcanic feature, found only on Venus, are coronae, 30 

which have circular fractures and various types of associated volcanic activity. Explanations of 31 

how coronae form often do not consider the role of volcanic activity. In our study, we identify a 32 

new group of coronae that have undergone changes in topography after lava erupted and flowed 33 

over them, which has been interpreted as volcanism having a central role in corona formation. 34 

The locations of this subset of coronae on the surface fits well with all other coronae, suggesting 35 

the processes that caused this topographic change occur throughout the corona population and 36 

are a basic part of how all coronae form. Additionally, we find that coronae have a similar 37 

pattern on the surface to large volcanoes, which indicates a shared, volcanically based origin. 38 

Our work shows that in order to better understand coronae, we need to consider the role of 39 

volcanism in their formation. 40 

1 Introduction 41 

NASA's Magellan spacecraft, with its single radar system, provided data covering nearly 42 

the entire surface of Venus. The high-resolution (~75 m/pix) synthetic aperture radar (SAR) data 43 

presented a detailed view of the surface, enabling the identification of extensive volcanic features 44 

beyond the capabilities of the preceding Venera 15/16 missions. These improved data revealed a 45 

more extensive range of volcanoes, with diameters from less than 1 km to over 100 km (e.g., 46 

Guest et al., 1992; Head et al., 1992), and provided a more detailed view of the intriguing 47 

volcano-tectonic structures known as coronae (e.g., Squyres et al., 1992; Stofan et al., 1992). 48 

Many hypotheses have been proposed regarding the formation and evolution of coronae, and the 49 

debate has continued since the early days of the Magellan mission (e.g., Copp et al., 1998; 50 
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Davaille et al., 2017; DeLaughter & Jurdy, 1999; Dombard et al., 2007; Gerya, 2014; Gülcher et 51 

al., 2021; Hoogenboom & Houseman; 2006; Janes & Squyres, 1995; Koch & Manga; 1996; 52 

Lang and López, 2015; Smrekar & Stofan, 1997). 53 

Numerous volcanoes and volcano-like structures are scattered across the surface of 54 

Venus. Using Venera 15/16 data, volcanoes were initially binned into three size classes: small, 55 

intermediate, and large (e.g., Slyuta, 1990; Slyuta & Kreslavsky, 1990). Following NASA’s 56 

Magellan mission, this classification system continued, in part for consistency (e.g., Head et al., 57 

1992), but also for convenience as the individual SAR swaths were roughly 20 km wide during 58 

the early stages of the mission (Crumpler et al., 1997). Further, these divisions were consistent 59 

with the cumulative size distribution of the 1195 volcanoes identified by Crumpler et al. (1997). 60 

Roughly half of the edifices identified in that study had diameters between 20 km and 100 km. 61 

A recent survey substantially expanded on the number of volcanoes. Hahn & Byrne 62 

(2023) identified ~85,000 edifices. To skirt away from the arbitrariness of early size binning, the 63 

authors employed “mixture modeling” to determine if there are discrete populations of volcanoes 64 

based on their diameters and found two distinct exponential distributions when splitting the data 65 

into two sets: volcanoes between 5 km and 63 km (diameters were not measured for volcanoes ≤ 66 

5 km) and volcanoes > 63 km (see Figure 6 of Hahn & Byrne, 2023). 67 

A specific focus of Venusian volcano studies has been on shield volcanoes, which make 68 

up a significant percentage of the observed edifices. Early observations from Venera 15/16 data 69 

noted the high number of small shield volcanoes, ~22,000, with just 25% of the surface being 70 

imaged at the time (Aubele & Slyuta, 1990). Shield volcanoes often occur in relatively high 71 

spatial concentrations, termed “shield fields” or “volcanic fields” (Figure 1). The most recent 72 

catalogue of volcanoes included 566 volcanic fields (Hahn & Byrne, 2023). Shield volcanoes 73 

display small topographic signatures and diameters of 20 km or less. They are proposed to result 74 

from distinct crustal melt sources that are unable to supply magma at rates sufficient for building 75 

a single edifice (Guest et al., 1991; Head et al., 1992; Ivanov et al., 2017; Thomas & Lang, 76 

2016). 77 

 78 
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 79 

 80 

Figure 1. Magellan SAR image (75 m/pix) of a cluster of shield volcanoes (white box) from a 81 

volcanic field identified by Hahn & Byrne (2023) within Belet-ili Corona (6°N, 20°E). Circular, 82 

radar bright spots represent individual shield volcanoes. 83 

 84 

Venus hosts more than 500 coronae, quasi-circular volcano-tectonic features (Stofan et 85 

al., 2001a). Being unique to Venus, their existence might provide critical insights into the 86 

differences between Earth’s and Venus’s lithospheres. For instance, they may contribute 87 

significantly to the heat loss budget on Venus, which is difficult to explain due to the lack of 88 

plate tectonics (e.g., Smrekar & Stofan, 1997; Smrekar et al., 2018). 89 
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The term “corona” refers to the features’ morphology, specifically their circular structure 90 

composed of concentric fracture and ridge annuli (Barsukov et al., 1986). A survey of Magellan 91 

SAR images by Stofan et al. (2001a) significantly expanded the corona database to roughly its 92 

current size (see section 2.1). Though initially classified based solely on morphologic 93 

characteristics, a more comprehensive understanding of coronae emerges from four critical 94 

observations: an annulus of tectonic structures, varied and complex topography, a wide range of 95 

diameters, and associated volcanism (e.g., Dombard et al., 2007; Tucker & Dombard, 2023a). 96 

The critical observations underscore the diverse characteristics exhibited by coronae. For 97 

example, the size of the fracture annulus within coronae varies from 10 km to over 150 km 98 

(Stofan et al., 1992). Furthermore, the topographic signatures of coronae are diverse and 99 

complex. Despite this, they have been categorized into nine distinct classifications (Smrekar & 100 

Stofan, 1997; Stofan et al., 1997, 2001). Coronae cover a wide range of diameters, ranging from 101 

as small as 60 km to as large as 2600 km for Artemis Corona. However, Artemis Corona is 102 

approximately 1600 km wider than the next largest corona, Heng-O, and it may have formed 103 

through a completely different set of processes (e.g., Davaille et al., 2017; Hansen, 2002; 104 

McKenzie et al., 1992; Sandwell & Schubert, 1992). 105 

Last, coronae are closely associated with various forms and intensities of volcanism. 106 

Large lava flow fields, of the order of terrestrial flood basalts, have been linked to sources 107 

associated with coronae (e.g., Roberts & Head, 1993). Individual lava flows are also observable 108 

within and radiating from the fracture annuli (e.g., Tucker & Dombard, 2023a). Additionally, 109 

other volcanic edifices, such as tholi or small shield volcanoes, are often found within or on 110 

corona annuli (e.g., Lang & López, 2015; Roberts & Head, 1993; Russell & Johnson, 2021; and 111 

cf. Fig. 1). 112 

Venus has a relative lack of impact craters when compared to other bodies in the solar 113 

system, apart from Earth, indicating a youthful surface and a history of resurfacing. This finding, 114 

coupled with the presence of abundant volcanic features, raises questions regarding the current 115 

level of geologic activity on Venus. Surveys of the crater population have identified 116 

approximately 900 impact structures (e.g., Herrick et al., 1997; Phillips et al., 1992; Schaber et 117 

al., 1992) with a spatial distribution that cannot be distinguished from a random population (e.g., 118 

Hauck et al., 1998; Phillips et al., 1992; Strom et al., 1994). The seemingly random distribution 119 
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of craters (see Figure 2 of Herrick et al., 2023) has led to an inferred global surface age ranging 120 

from approximately 300 to 800 Myr (e.g., Hauck et al., 1998; McKinnon et al., 1997). Venus 121 

does not show major effects of erosion (Arvidson et al., 1992), and thus the only explanation for 122 

the lack of cratering is either volcanism or tectonism (Hauck et al., 1998). Two hypotheses have 123 

emerged to explain Venus’s cratering: a catastrophic resurfacing model (Schaber et al., 1992; 124 

Strom et al., 1994) or a continuous (or equilibrium) resurfacing model (Phillips et al., 1992), 125 

although, the catastrophic resurfacing model is no longer thought to be valid (e.g., Guest & 126 

Stofan, 1999; Hauck et al., 1998; Herrick & Sharpton, 2000). On this basis, Venus could be 127 

volcanically active today. 128 

Indeed, several studies have presented intriguing findings of potential recent volcanism. 129 

For instance, thermal emission data from the Visible and Infrared Thermal Imaging Spectrometer 130 

(VIRTIS) on the European Space Agency’s Venus Express spacecraft revealed emissivity 131 

anomalies in lava flows in the Themis, Imdr, and Dione Regiones, all of which are suspected 132 

areas of hotspot volcanism. The absence of surface weathering in these regions suggests that 133 

these lava flows could be as young as 250,000 years (Smrekar et al., 2010). Most recently, 134 

Herrick and Stanley (2023) observed a change in vent geometry of a shield volcano between two 135 

Magellan image cycles. The first image was interpreted as a drained volcanic vent, which 136 

appeared to refill and form a lava lake by the time of the subsequent imaging cycle. 137 

Studies of gravity and topography data have also provided insights into the activity states 138 

of volcanoes and coronae on Venus. The occurrence of uncompensated geoid highs in Atla, Beta, 139 

and Eistla Regiones have been interpreted as areas underlain by active mantle plumes (e.g., 140 

Anderson & Smrekar, 2006; Grimm & Phillips, 1992; Smrekar, 1994; Stofan et al., 1995). 141 

Johnson and Richards (2003) identified coronae as candidates for potential current activity based 142 

on their compensated state. Dombard et al. (2007) further examined the gravity and topography 143 

of coronae in the BAT region, concluding that some of these features are likely currently 144 

underlain by an impinged thermal due to positive topography and geoid anomalies coinciding 145 

with negative Bouguer anomalies. 146 

A connection between the topographic signatures of coronae and their activity states has 147 

also been proposed (e.g., Smrekar & Stofan, 1997). Gülcher et al. (2020) compared the 148 

topographic signatures generated by their three-dimensional thermomechanical simulations to 149 
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the topography of existing coronae. They concluded that 37 coronae were likely active as their 150 

topography matched the model's plume-lithosphere interaction stages. However, these methods 151 

primarily assume that mantle upwelling and subsurface solid-state flow influence corona 152 

morphology and formation. In contrast, other volcanic-related processes, such as magmatic 153 

loading (e.g., Dombard et al., 2007), collapsing magma reservoirs (e.g., Lang & López, 2015), or 154 

volcanic construction (e.g., McGovern et al., 2013), could be responsible for coronae formation. 155 

It is well established that both coronae and volcanoes show spatial clustering in the BAT 156 

region (e.g., Hahn & Byrne, 2023; Head et al., 1992; Squyres et al., 1993; Stofan et al., 1992, 157 

1995) (Figure 2). Their distribution, along with their relationship to topography and gravity, may 158 

provide insights into mantle flow dynamics, and formation mechanisms. 159 

 160 

 161 

Figure 2. Global distribution of volcanoes and corona subsets on Venus. Volcanoes with 162 

diameters less than 63 km (N=84,894) are displayed using a kernel density estimate with a 500 163 

km search radius (Silverman, 1986). The map is centered on 180° in Robinson projection with a 164 

thrice compressed (~2025 m/pixel) Magellan SAR image (C3-MIDR) base layer. The yellow 165 

outline is the Beta-Atla-Themis (BAT) region. For dataset descriptions, see section 2. 166 

 167 
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In this study, we explore the volcanic nature of coronae in greater detail. We identify a 168 

new subset of coronae that have undergone topographic changes within the fracture annuli since 169 

the emplacement of lava flows. This phenomenon, previously described by Tucker and Dombard 170 

(2023a) in detail at Atete and Aruru Coronae, suggests a magmatic influence on corona 171 

topography. To extend our understanding, we employ spatial analysis techniques and spherical 172 

harmonics to investigate the global distribution and characteristics of volcanoes, coronae, and 173 

subsets of these data. We focus on the interplay between coronae and volcanoes, with a specific 174 

emphasis on the role of volcanic processes in the formation of coronae. Through our findings, we 175 

aim to underscore the significance of coronae in our understanding of the volcanic processes 176 

shaping Venus’s surface and to reiterate the inherently volcanic nature of coronae. 177 

2 Data and Methods 178 

In our spherical harmonic analysis, we utilize a diverse selection of datasets. These 179 

include comprehensive catalogues of both volcanoes and coronae. In addition, we analyze 180 

specific subsets from these catalogues that have been compiled by previous studies. We also 181 

analyze a novel subset of coronae, identified for this work, characterized by lava flows within the 182 

fracture annuli that diverge from the modern downhill direction. In addition to the datasets 183 

discussed below, we use spherical harmonic coefficients from models of topography 184 

(VenusTopo719) (Wieczorek, 2015) and gravity (MGNP180U) (Konopliv et al., 1999). 185 

2.1 Compiled datasets 186 

A contemporary survey of volcanoes on Venus identified 85,021 volcanic features (Hahn 187 

& Byrne, 2023). The authors catalogued volcanoes into three diameter bins: < 5 km (small), 5 to 188 

100 km (intermediate), and >100 km (large). Of these, the majority (99%) were less than 5 km in 189 

diameter, while 729 were intermediate sized, and 118 were larger than 100 km. Moreover, Hahn 190 

and Byrne (2023) identified 566 clusters of shield volcanoes, which they termed volcanic fields, 191 

containing shield volcanoes with diameters of 20 km or less. Hahn and Byrne (2023) defined the 192 

volcano size bins to aid in the mapping and measuring of edifices. Volcanoes ≤ 5 km were 193 

marked as point features, while the extents of volcanoes > 5 km were digitized, and their 194 

diameters were calculated. However, for their spatial analysis (see Figure 7 of Hahn & Byrne, 195 

2023), the authors classified volcanoes into those ≤ 63 km and those > 63 km (see section 1). To 196 

be consistent with this modern catalogue of volcanoes, we will utilize these two size bins for our 197 
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subsets of the volcano catalogue. Notably with a minimum corona diameter of ~60 km, all 198 

coronae are in the size range of large volcanoes. 199 

We analyze coronae on the surface of Venus by combining the Type 1 and Type 2 corona 200 

dataset from Stofan et al. (2001a) and the Venus nomenclature database from the USGS 201 

(planetarynames.wr.usgs.gov). To further refine our analysis, we incorporate a subset of the 202 

combined corona database of coronae with lava flows that diverge from the downslope direction. 203 

2.2 Corona associated divergent lava flows 204 

Building on our preliminary work on Aruru and Atete Coronae and using the same 205 

methodology (Tucker & Dombard, 2023a), we have identified coronae with lava flows within 206 

their fracture annuli that diverge from the modern downhill slope direction in the combined 207 

corona dataset. Full resolution (~75 m/pix) Magellan synthetic aperture radar (SAR) images are 208 

imported into ESRI ArcMap and stretched to enable the identification of discrete lobate and 209 

digitate flow features. At coronae with suitable flow features, flow centerlines are mapped, and 210 

the azimuthal orientation is determined using the start and end points. 211 

To determine if the lava flows follow the modern topography, the line azimuth is 212 

compared to the regional slope facing direction (i.e., aspect). A 25 km buffer is placed around the 213 

center point of each flow line, and the mean regional aspect is determined for the buffer area. 214 

Aspect rasters are derived from Magellan global topographic data records (GTDR), and where 215 

available, stereo-derived digital elevation models from Herrick (2020). Comparing the flow line 216 

azimuth to the regional aspect provides data on changes in topography since the flows were 217 

emplaced. Two new subsets of corona are recorded: coronae with intra-annular divergent flows 218 

and coronae without intra-annular divergent flows. If the number of mapped flows that diverge 219 

from the downhill direction is twice the number of mapped flows that do not have flow 220 

divergence, we consider that corona as one with divergent flows. To determine the appropriate 221 

cutoff for classifying coronae based on divergent and nondivergent lava flows, we analyze 222 

coronae exhibiting both flow types (i.e., ignoring coronae with only divergent lava flows). A 223 

predominant cluster is present around a ratio of 1, indicating a near-equivalent presence of both 224 

flow types. Additionally, a Kernel Density Estimate (KDE) analysis produces a pronounced peak 225 

near this ratio, with the density decreasing for higher ratios. Therefore, we consider a cutoff at a 226 
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ratio of 2 to be statistically and contextually apt for distinguishing between coronae with both 227 

flow types and those where divergent flows prevail. 228 

A total of 72 coronae, a clear subset of the total coronae population, had visible flows in 229 

their interiors; however, 42 of those had either too few flow units or flows without discernable 230 

margins. Divergent flows were identified in 24 corona interiors, while 6 did not have divergent 231 

lava flows (Figure 2) (Supporting Information Table S1). For simplicity, we will refer to a 232 

corona as either divergent or nondivergent when referring to coronae with lava flows that either 233 

diverge or do not diverge from the modern downhill direction. 234 

2.3 Spherical harmonic analysis 235 

To examine the distribution of coronae that have undergone topographic change, we use 236 

spectral analysis. Based on spherical harmonics, information about the wavelength that best 237 

describes the distribution can be discerned via power spectra. Spherical harmonic analysis is a 238 

useful tool for assessing the correlations and anticorrelations of global data subsets. Using this 239 

method will allow for comparison of the full corona dataset with the global volcano database and 240 

subsets of the corona database described above. Further, spectra of these data will be compared 241 

to long-wavelength features represented by continuous data such as gravity and topography.  242 

 The fully normalized spherical harmonic expansions of the distribution are given by 243 

(Johnson & Richards, 2003; Kirchoff et al., 2011) 244 

 𝑓𝑙𝑚(𝜃, 𝜙) = 𝑃𝑙
𝑚(cos 𝜃)(𝑐𝑙𝑚 cos 𝑚𝜙 + 𝑠𝑙𝑚 sin 𝑚𝜃), (1) 245 

where ϕ is the longitude, θ is the colatitude, and 𝑃𝑙
𝑚 is the associated Legendre polynomial of 246 

degree l and order m. The cosine and sine coefficients, 𝑐𝑙𝑚 and 𝑠𝑙𝑚, are determined by projecting 247 

the locations of the features in the dataset onto a particular spherical harmonic: 248 

 𝑐𝑙𝑚 =  √
(2−𝛿0𝑚)(2𝑙+1)(𝑙−𝑚)!

4𝜋(𝑙+𝑚)!
∑ 𝑃𝑙

𝑚𝑁
𝑛=1 (cos 𝜃𝑛) cos 𝑚𝜙𝑛  (2a) 249 

 𝑠𝑙𝑚 =  √
(2−𝛿0𝑚)(2𝑙+1)(𝑙−𝑚)!

4𝜋(𝑙+𝑚)!
∑ 𝑃𝑙

𝑚𝑁
𝑛=1 (cos 𝜃𝑛) sin 𝑚𝜙𝑛, (2b) 250 

where N is the total number of features (coronae or volcanoes) in the dataset; in this definition, 251 

the spherical harmonics are fully normalized. The Kronecker delta function, 𝛿𝑙𝑚, is 252 
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 𝛿0𝑚 = {
1,    𝑚 = 0,
0,    𝑚 ≠ 0.

 (3) 253 

We use a maximum degree l = 20 for the expansion, which follows previous spherical harmonic 254 

analysis on Venus (e.g., Johnson & Richards, 2003). Figure 3 illustrates the relationship between 255 

spherical harmonic coefficients and the location of the features at several spherical harmonic 256 

degrees. 257 

 258 

 259 

Figure 3. Robinson projected maps showing spherical harmonic representations of the full 260 

coronae database truncated at (a) l = 5, (b) l = 10, (c) l = 15, and (d) l = 20. Black dots are 261 

locations of coronae from the combined corona database. Hot colors (red) indicate relatively 262 

more dense concentrations of coronae and cool colors (blue) are less dense. All maps are 263 

centered at 180°E. 264 

 265 

The spectral power is normalized for the number of features in a distribution, and with 266 

this normalization, will appear white for random distributions (Ribe de Valpine, 1994; Richards 267 

et al., 1988; Kirchoff et al., 2011): 268 

 𝑆𝑙 =
4𝜋

𝑁(2𝑙+1)
∑ (𝑐𝑙𝑚

2 + 𝑠𝑙𝑚
2 ).𝑙

𝑚=𝑜  (4) 269 

Additionally, we check for randomness of the features by comparing their spectra to 270 

randomly generated latitude and longitude points on a sphere. Over 10,000 iterations, random 271 

latitude-longitude points are generated for the number of samples in the dataset of interest. In 272 
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each iteration, the latitudes and longitudes of points are randomly generated following a uniform 273 

distribution on a sphere. The transformation functions 𝜃 = 2𝜋𝑢 and 𝜙 = cos−1(2𝑣 − 1) where u 274 

and v are random variates, are utilized for this purpose. To prevent the random points from being 275 

artificially close to each other (e.g., if two coronae have diameters of 50 km each their centers 276 

must be >100 km from each other), the ranges of the radii of the randomly generated points are 277 

chosen to align with the distribution of the radii in the dataset. Each random point is assigned a 278 

radius value dictated by the probability distribution that best represents the size distribution of 279 

the dataset to which the random distributions is compared (e.g., a lognormal of the corona 280 

diameters). The 1st to 99th percentile of the power per degree of the 10,000 iterations are 281 

extracted, effectively creating a 98% confidence envelope and ignoring potential outliers. 282 

Spectra with power that falls within the envelope indicates that there would be a less than 1 in 283 

10,000 chance that they can be distinguished from the spectra of a random population. 284 

Comparison of power spectra between two datasets, or between the full population and a 285 

subset of that population, is performed by obtaining the correlation coefficient per degree, 𝑟𝑙, of 286 

two distributions with (Johnson & Richards, 2003; Kirchoff et al., 2011; Richards et al., 1988) 287 

 𝑟𝑙 =
∑ (𝑐𝑙𝑚𝑔𝑙𝑚+𝑠𝑙𝑚ℎ𝑙𝑚)𝑙

𝑚=0

√∑ (𝑐𝑙𝑚
2 +𝑠𝑙𝑚

2 ) ∑ (𝑔𝑙𝑚
2 +ℎ𝑙𝑚

2 )𝑙
𝑚=0

𝑙
𝑚=0

. (5) 288 

Correlation values range from -1 to 1. Perfectly positive correlated distributions have a value of 289 

1, anticorrelations are represented by a value of -1, and distributions with no correlation have a 290 

value of 0. Further, we use a two-tailed Student-t distribution to calculate the confidence interval 291 

for a percentage tα, with degrees of freedom 2l for the correlation coefficients (Press et al., 1987; 292 

Wetherill, 1982) 293 

 𝑟𝑙 = ±𝑡𝛼√
1

2𝑙+𝑡𝛼
2. (6) 294 

Datasets with distributions that are similarly represented by a spherical harmonic degree 295 

will be strongly correlated at that degree. As discussed by Kirchoff et al. (2011), the lack of 296 

direct superposition of features does not mean that the features will be anti-correlated, and the 297 

position of neighboring features affects correlation coefficients at high degrees. Similarly, 298 

equations (3a) and (3b) ensure that strong correlation will occur at low degrees for similar 299 

distributions. 300 
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3 Results 301 

The locations of volcanoes, coronae, and their subsets are shown in Figure 2, offering a 302 

qualitative view of their distribution. To quantify these distributions and understand their 303 

relationships across varying spatial scales, we turn to the analysis of their power spectra. This 304 

method allows for the exploration of the spatial distribution characteristics of these features and 305 

their subsets, thereby offering insights into their potential correlations and similarities. 306 

The spectra for divergent, nondivergent, and the full population of coronae is shown in 307 

Figure 4a. We have normalized the spectra to equal 1 at l =2 for easy comparison. The 308 

nondivergent coronae spectrum is white across all wavelengths, a pattern likely influenced by the 309 

small sample size (N=6). In contrast, the spectra for the full population and the divergent subset 310 

exhibit similarity at low spherical harmonic degrees, transitioning from a red (decreasing power 311 

with wavelength to a white (flat) spectrum at higher degrees. This shift suggests a move towards 312 

a more random or evenly distributed pattern at smaller scales. When examining the correlation at 313 

low spherical harmonic degrees, we observe a strong relationship between the full corona 314 

population and the divergent subset, indicating a shared large-scale spatial pattern (Figure 4b). 315 

However, this correlation weakens at short wavelengths, staying below the 80% confidence level 316 

for l >14. 317 

 318 

 319 
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Figure 4. (a) Spectra for the full catalogue and subsets of coronae normalized to equal 1 at l =2. 320 

(b) Correlation per degree between all coronae and divergent and nondivergent coronae. Dotted 321 

lines represent 80%, 95% and 99% confidence intervals, indicating a 20%, 5%, and 1% chance 322 

of randomness in correlation coefficients for points outside these lines, respectively. 323 

 324 

Figure 5a shows the normalized power spectra of the full catalogues of coronae and 325 

volcanoes, topography, and geoid. The geoid and topography spectra are red across all 326 

wavelengths and well correlated visually, consistent with previous studies (e.g., Johnson & 327 

Richards, 2003; Konopliv et al., 1999; Rappaport et al., 1999; Wieczorek, 2015). Both the full 328 

datasets of volcanoes and coronae exhibit similar spectral shapes at long wavelengths (l < 10), 329 

transitioning from red to relatively white spectra at higher degrees. However, the volcano 330 

spectrum’s absolute power is approximately two orders of magnitude greater than that of the 331 

coronae across all wavelengths. Furthermore, the volcano spectrum lies outside of the 99% 332 

confidence bounds of the 10,000 random distributions (Figure 5c). Both outcomes are likely the 333 

product of the large number of volcanoes providing good statistical robustness. 334 

 335 

 336 

Figure 5. (a) Normalized spectral power for the full catalogue of coronae (N=545), volcanoes 337 

(N=85,021), topography, and geoid, set to equal 1 at degree 2 for comparison. Spectra for 338 

coronae and volcanoes are white at longer wavelengths, whereas topography and geoid remain 339 

red across all wavelengths shown. Spectral power of (b) coronae and (c) volcanoes without 340 
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normalizing to degree 2. The grey areas in panels (b) and (c) represent the
 
1st 

 
to 99th percentile 341 

bounds for 10,000 randomly generated samples of coronae and volcanoes, respectively. 342 

 343 

Figure 6a shows the normalized spectra for all volcanoes, volcanoes ≤ 63 km, volcanoes 344 

> 63 km, and volcanic fields, which contain high concentrations of shield volcanoes with 345 

diameters ≤ 20 km as described by Hahn & Byrne (2023). The population of volcanoes is 346 

dominated by edifices ≤  63 km in diameter. Thus, these data have indistinguishable differences 347 

in the shape of their spectra, and are perfectly positively correlated. As a result, observations 348 

regarding spectra and correlations involving volcanoes ≤ 63 km diameter are valid for the 349 

spectrum of the full catalogue. The volcanic fields spectrum shares a similar shape to the full 350 

catalogue, but with less power loss at shorter wavelengths. 351 

For volcanoes larger than 63 km in diameter, the spectral pattern diverges at spherical 352 

harmonic degrees greater than 12, becoming relatively blue (power increasing with wavelength). 353 

Given that the minimum diameter of coronae is approximately 60 km, our analysis focuses on 354 

comparing coronae with volcanoes larger than 63 km in diameter. The spectral shapes of these 355 

two datasets exhibit near-identical features at l ≤ 4. 356 

In terms of formal correlation, coronae show strong alignment with all subsets of 357 

volcanoes at l = 4. However, the correlation between coronae and volcanoes > 63 km weakens as 358 

the harmonic degree increases, though it remains above the 80% confidence interval around l =8 359 

and l = 14. The minimum diameter of coronae is approximately 60 km. For this reason, we focus 360 

our comparison of corona and volcanoes with those that are > 63 km in diameter. The similarities 361 

in the shape of their spectrum are nearly identical when l ≤ 4 (Figure 6a). Coronae are strongly 362 

correlated with volcanoes and volcano subsets at l =4. Correlations between volcanoes > 63 km 363 

and coronae weakens with harmonic degree, but is above the 80% confidence interval around l = 364 

8 and l = 14 (Figure 6b). 365 

 366 
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 367 

Figure 6. (a) Normalized spectra for coronae and the full catalogue and subsets of volcanoes, set 368 

to equal 1 at l =2 for comparison. The spectral pattern for the full population of volcanoes closely 369 

resembles that of volcanoes ≤ 63 km (N=84,894), which accounts for more than 99% of the total 370 

population. (b) Correlation between coronae and volcanoes, volcanic fields, and volcanoes > 63 371 

km. Dotted lines represent 80%, 95% and 99% confidence intervals, indicating a 20%, 5%, and 372 

1% chance of randomness in correlation coefficients for points outside these lines, respectively. 373 

The colors in (b) correspond to those in (a). 374 

 375 

4 Discussion 376 

Venus provides a unique context for investigating the relationship between mantle 377 

dynamics, surface topography, and volcanic activity. On Earth, the main source of mantle 378 

circulation is the cooling and sinking of oceanic lithosphere. While mantle plumes have a 379 

somewhat auxiliary role in Earth’s heat budget, they are nonetheless driven by large-scale 380 

convection in the mantle (e.g., Davies & Richards, 1992; Lay et al., 2008; Sleep, 1990). In 381 

contrast, Venus may have two modes of mantle plumes: continuous axisymmetric mantle 382 

upwellings and transient thermals (Johnson & Richards, 2003; Robin et al., 2007). The 383 
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interaction of the latter with the lithosphere produces the surface expression of a corona, 384 

although the precise mechanism remains a matter of debate (e.g., Dombard et al., 2007; Gülcher 385 

et al., 2020; Smrekar and Stofan, 1997; Tucker & Dombard, 2023a). The spectral analysis of the 386 

spatial distribution of coronae and volcanic features provides valuable insights into these 387 

complex geodynamic processes. The results have significant implications for our understanding 388 

of corona formation, the role of volcanic activity, and the broader mantle dynamics on Venus. 389 

The lack of correlation between coronae and both topography and gravity on Venus 390 

(Figure 7) is likely attributable to the coupled nature of large-scale mantle convection and 391 

transient thermal plumes. Johnson and Richards (2003) proposed that the relative absence of 392 

coronae in the lowland regions is due to the suppression of transient thermals by broad 393 

downwelling of cold lithosphere underlying these regions. Further, the concentration of coronae 394 

in the BAT region, while also being absent from the direct vicinity of active volcanic highlands 395 

in the BAT region, can be explained by the “capture” of transient thermals by the broad 396 

upwellings in the region. The correlation between topography and large volcanoes supports this 397 

hypothesis (Figure 7), as the long-wavelength topography and gravity of Venus are associated 398 

with large-scale upwelling (e.g., Anderson & Smrekar, 2006; Grimm & Phillips; 1992; Kiefer & 399 

Hager, 1992; Smrekar, 1994; Smrekar & Phillips, 1991). 400 

 401 
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Figure 7. Correlation between topography and gravity, volcanoes, volcanoes > 63 km, and 402 

coronae. Dotted lines represent 80%, 95% and 99% confidence intervals, indicating a 20%, 5%, 403 

and 1% chance of randomness in correlation coefficients for points outside these lines, 404 

respectively. 405 

 406 

Aphrodite and Ishtar Terrae are dominant in degrees up to 4 topography (Figure 8). The 407 

scarcity of volcanoes and coronae within these highlands contributes to the lack of correlation 408 

between topography and volcanic features at this spherical harmonic degree. Further, these 409 

regions explain the significant difference between the spectral power of volcanoes and the 410 

bounds of the random samples (Figure 5c). The random sampling was not limited by geologic 411 

boundaries; however, by constraining the latitude range for random sampling from the start to 412 

sizes comparable to Aphrodite and Ishtar (a computationally inexpensive way to prevent 413 

sampling from regions), the spectral power increases to a magnitude similar to that for the 414 

volcano dataset (Supporting Information Figure S1). 415 

The dearth of volcanic features observed in these highland plateaus can be ascribed to 416 

crustal thickening (e.g., James et al., 2013). These compensated highlands may represent old, 417 

thickened crust making it difficult for plumes to penetrate in these regions (Johnson & Richards, 418 

2003). Conversely, the strong correlation between volcanic features at l = 4 (Figure 6) is caused 419 

by the BAT region clustering (Figure 8b). 420 

 421 

 422 

Figure 8. Robinson projected maps, centered at 180°E, of (a) degree 4 truncated spherical 423 

harmonic expansion of topography where low elevation is represented by blue and red it high 424 

elevation, and (b) degree 4 truncated representation of the spherical harmonic expansion of the 425 

full coronae dataset were blue represents low density and red represents high density regions. 426 

Both maps are underlain by Magellan SAR mosaic. Pink triangles are locations of volcanoes >63 427 

km in diameter, white circles (a) are corona locations, and green circles (b) are coronae with 428 
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divergent lava flows. The highland plateaus of Aphrodite Terra (60°E-150°E, ~30°S) and Ishtar 429 

Terra (300°E to 60°E, ~75°N) are both largely represented in (a), the degree 4 topography, but 430 

are absent from (b), the degree 4 representation of coronae. 431 

 432 

The spectral analysis of divergent coronae reveals characteristics that align closely with 433 

those of the full population, supporting our assertion that they represent a subset of the 434 

population rather than a distinct group. The concentration of divergent coronae in the BAT 435 

region, consistent with the distribution of the full corona population, further supports this 436 

conclusion. The post-emplacement change in slope direction of lava flows suggests a potential 437 

shift or migration of the magmatic source (Tucker & Dombard, 2023a). Changes in stress 438 

orientations could allow for new pathways for magma accent, facilitating migration away from 439 

the interior and towards the fracture annulus (e.g., McGovern et al., 2013). The spatial 440 

relationship of these divergent coronae to the complete catalogue, especially their concentration 441 

in the BAT region, implies that this mechanism is integral to their formation rather than being a 442 

consequence of some other regional or random phenomenon. The “white” spectrum and lack of 443 

correlation seen in nondivergent coronae (Figure 8) is likely due to the small sample size. 444 

However, the limited number of observed nondivergent coronae reinforces our interpretation that 445 

this process is an intrinsic part of corona formation. 446 

The relationship between volcanism and coronae is well established (e.g., Head et al., 447 

1992; Roberts & Head, 1993). With few exceptions, the magmatic relationship is rarely 448 

explicitly incorporated in geophysical models of formation (e.g., Dombard et al., 2007; Lang & 449 

López, 2015), instead focusing on the dynamics of the plume-lithosphere interaction. In addition 450 

to observations of volcanism at coronae, the long wavelength spectral similarities between 451 

coronae and volcanoes > 63 km suggest that they are influenced by the same long-wavelength 452 

mantle dynamics. 453 

In addition to the direct observations of volcanic activity at coronae, the spectral analysis 454 

reveals similarities between coronae and large volcanoes. Specifically, the long-wavelength 455 

spectral characteristics of these features exhibit similar trends as well as correlation (> 80% 456 

confidence) at various long-wavelength scales. This correlation is further strengthened by the 457 

observed clustering of coronae and large volcanoes in the BAT region. The patterns observed 458 

align well with models that invoke mantle material upwelling and its interaction with the 459 
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lithosphere, resulting in volcanic activity and surface deformation. The strong correlation at low 460 

spherical harmonic degrees and shared spatial distribution underline a likely commonality in the 461 

mantle processes that drive coronae formation. 462 

5 Conclusion 463 

Observations of coronae from SAR images show many associated volcanic features and 464 

landforms. By mapping discrete lava flows within corona fracture annuli, we have developed a 465 

new subset of the corona dataset of coronae with topography that has changed since the 466 

emplacement of those lava flows. Spectral power analysis of the distribution of divergent 467 

coronae shows that they are a part of the same distribution of the full population of coronae, 468 

rather than a random or regional occurrence. Furthermore, coronae have a strong correlation and 469 

spectral shape at low spherical harmonic degrees with volcanoes of comparable scale suggesting 470 

a shared geodynamic origin. 471 

These observations underscore the significance of volcanism and highlight the need for 472 

future investigations that incorporate magmatic processes into models of corona formation, 473 

instead of models that ascribe coronae as the products of plume/lithosphere interactions. As with 474 

many studies that rely on surface observations of Venus, improved resolution of surface SAR 475 

imagery, topography, and gravity data would further refine our understanding of the geologic 476 

and geophysical processes related to coronae and volcanism. Improved data would likely 477 

increase the number of coronae at which divergent lava flows due to better identification of flow 478 

margins. Additionally, it would allow for measurements of flow divergence to be better 479 

constrained. 480 
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