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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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Key Points:
e A new subset of coronae shows topographic changes post-lava flow emplacement.

e Spectral analysis reveals strong long-wavelength similarities between coronae and large
volcanoes.

e Volcanism plays a crucial role in corona formation and should be considered central in
future models of formation.
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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.

Plain Language Summary

Venus’s surface has a large number of volcanoes and features with characteristics similar to
volcanoes. Radar imagery of the surface reveals signs of volcanism such as lava flows and
volcanically built mountains. A unique volcanic feature, found only on Venus, are coronae,
which have circular fractures and various types of associated volcanic activity. Explanations of
how coronae form often do not consider the role of volcanic activity. In our study, we identify a
new group of coronae that have undergone changes in topography after lava erupted and flowed
over them, which has been interpreted as volcanism having a central role in corona formation.
The locations of this subset of coronae on the surface fits well with all other coronae, suggesting
the processes that caused this topographic change occur throughout the corona population and
are a basic part of how all coronae form. Additionally, we find that coronae have a similar
pattern on the surface to large volcanoes, which indicates a shared, volcanically based origin.
Our work shows that in order to better understand coronae, we need to consider the role of
volcanism in their formation.

1 Introduction

NASA's Magellan spacecraft, with its single radar system, provided data covering nearly
the entire surface of VVenus. The high-resolution (~75 m/pix) synthetic aperture radar (SAR) data
presented a detailed view of the surface, enabling the identification of extensive volcanic features
beyond the capabilities of the preceding Venera 15/16 missions. These improved data revealed a
more extensive range of volcanoes, with diameters from less than 1 km to over 100 km (e.g.,
Guest et al., 1992; Head et al., 1992), and provided a more detailed view of the intriguing
volcano-tectonic structures known as coronae (e.g., Squyres et al., 1992; Stofan et al., 1992).
Many hypotheses have been proposed regarding the formation and evolution of coronae, and the

debate has continued since the early days of the Magellan mission (e.g., Copp et al., 1998;
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Davaille et al., 2017; DeLaughter & Jurdy, 1999; Dombard et al., 2007; Gerya, 2014; Gulcher et
al., 2021; Hoogenboom & Houseman; 2006; Janes & Squyres, 1995; Koch & Manga; 1996;
Lang and Lépez, 2015; Smrekar & Stofan, 1997).

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

Venus. Using Venera 15/16 data, volcanoes were initially binned into three size classes: small,
intermediate, and large (e.g., Slyuta, 1990; Slyuta & Kreslavsky, 1990). Following NASA’s
Magellan mission, this classification system continued, in part for consistency (e.g., Head et al.,
1992), but also for convenience as the individual SAR swaths were roughly 20 km wide during
the early stages of the mission (Crumpler et al., 1997). Further, these divisions were consistent
with the cumulative size distribution of the 1195 volcanoes identified by Crumpler et al. (1997).
Roughly half of the edifices identified in that study had diameters between 20 km and 100 km.

A recent survey substantially expanded on the number of volcanoes. Hahn & Byrne
(2023) identified ~85,000 edifices. To skirt away from the arbitrariness of early size binning, the
authors employed “mixture modeling” to determine if there are discrete populations of volcanoes
based on their diameters and found two distinct exponential distributions when splitting the data
into two sets: volcanoes between 5 km and 63 km (diameters were not measured for volcanoes <

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

A specific focus of Venusian volcano studies has been on shield volcanoes, which make
up a significant percentage of the observed edifices. Early observations from Venera 15/16 data
noted the high number of small shield volcanoes, ~22,000, with just 25% of the surface being
imaged at the time (Aubele & Slyuta, 1990). Shield volcanoes often occur in relatively high
spatial concentrations, termed “shield fields” or “volcanic fields” (Figure 1). The most recent
catalogue of volcanoes included 566 volcanic fields (Hahn & Byrne, 2023). Shield volcanoes
display small topographic signatures and diameters of 20 km or less. They are proposed to result
from distinct crustal melt sources that are unable to supply magma at rates sufficient for building
a single edifice (Guest et al., 1991; Head et al., 1992; lvanov et al., 2017; Thomas & Lang,
2016).
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Figure 1. Magellan SAR image (75 m/pix) of a cluster of shield volcanoes (white box) from a
volcanic field identified by Hahn & Byrne (2023) within Belet-ili Corona (6°N, 20°E). Circular,
radar bright spots represent individual shield volcanoes.

Venus hosts more than 500 coronae, quasi-circular volcano-tectonic features (Stofan et
al., 2001a). Being unique to Venus, their existence might provide critical insights into the
differences between Earth’s and Venus’s lithospheres. For instance, they may contribute
significantly to the heat loss budget on Venus, which is difficult to explain due to the lack of
plate tectonics (e.g., Smrekar & Stofan, 1997; Smrekar et al., 2018).
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The term “corona” refers to the features’ morphology, specifically their circular structure
composed of concentric fracture and ridge annuli (Barsukov et al., 1986). A survey of Magellan
SAR images by Stofan et al. (2001a) significantly expanded the corona database to roughly its
current size (see section 2.1). Though initially classified based solely on morphologic
characteristics, a more comprehensive understanding of coronae emerges from four critical
observations: an annulus of tectonic structures, varied and complex topography, a wide range of

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

The critical observations underscore the diverse characteristics exhibited by coronae. For
example, the size of the fracture annulus within coronae varies from 10 km to over 150 km
(Stofan et al., 1992). Furthermore, the topographic signatures of coronae are diverse and
complex. Despite this, they have been categorized into nine distinct classifications (Smrekar &
Stofan, 1997; Stofan et al., 1997, 2001). Coronae cover a wide range of diameters, ranging from
as small as 60 km to as large as 2600 km for Artemis Corona. However, Artemis Corona is
approximately 1600 km wider than the next largest corona, Heng-O, and it may have formed
through a completely different set of processes (e.g., Davaille et al., 2017; Hansen, 2002;
McKenzie et al., 1992; Sandwell & Schubert, 1992).

Last, coronae are closely associated with various forms and intensities of volcanism.
Large lava flow fields, of the order of terrestrial flood basalts, have been linked to sources
associated with coronae (e.g., Roberts & Head, 1993). Individual lava flows are also observable
within and radiating from the fracture annuli (e.g., Tucker & Dombard, 2023a). Additionally,
other volcanic edifices, such as tholi or small shield volcanoes, are often found within or on
corona annuli (e.g., Lang & Ldpez, 2015; Roberts & Head, 1993; Russell & Johnson, 2021; and
cf. Fig. 1).

Venus has a relative lack of impact craters when compared to other bodies in the solar
system, apart from Earth, indicating a youthful surface and a history of resurfacing. This finding,
coupled with the presence of abundant volcanic features, raises questions regarding the current
level of geologic activity on Venus. Surveys of the crater population have identified
approximately 900 impact structures (e.g., Herrick et al., 1997; Phillips et al., 1992; Schaber et
al., 1992) with a spatial distribution that cannot be distinguished from a random population (e.g.,
Hauck et al., 1998; Phillips et al., 1992; Strom et al., 1994). The seemingly random distribution
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of craters (see Figure 2 of Herrick et al., 2023) has led to an inferred global surface age ranging
from approximately 300 to 800 Myr (e.g., Hauck et al., 1998; McKinnon et al., 1997). Venus
does not show major effects of erosion (Arvidson et al., 1992), and thus the only explanation for
the lack of cratering is either volcanism or tectonism (Hauck et al., 1998). Two hypotheses have
emerged to explain Venus’s cratering: a catastrophic resurfacing model (Schaber et al., 1992;
Strom et al., 1994) or a continuous (or equilibrium) resurfacing model (Phillips et al., 1992),
although, the catastrophic resurfacing model is no longer thought to be valid (e.g., Guest &
Stofan, 1999; Hauck et al., 1998; Herrick & Sharpton, 2000). On this basis, Venus could be
volcanically active today.

Indeed, several studies have presented intriguing findings of potential recent volcanism.
For instance, thermal emission data from the Visible and Infrared Thermal Imaging Spectrometer
(VIRTIS) on the European Space Agency’s Venus Express spacecraft revealed emissivity
anomalies in lava flows in the Themis, Imdr, and Dione Regiones, all of which are suspected
areas of hotspot volcanism. The absence of surface weathering in these regions suggests that
these lava flows could be as young as 250,000 years (Smrekar et al., 2010). Most recently,
Herrick and Stanley (2023) observed a change in vent geometry of a shield volcano between two
Magellan image cycles. The first image was interpreted as a drained volcanic vent, which
appeared to refill and form a lava lake by the time of the subsequent imaging cycle.

Studies of gravity and topography data have also provided insights into the activity states
of volcanoes and coronae on Venus. The occurrence of uncompensated geoid highs in Atla, Beta,
and Eistla Regiones have been interpreted as areas underlain by active mantle plumes (e.g.,
Anderson & Smrekar, 2006; Grimm & Phillips, 1992; Smrekar, 1994; Stofan et al., 1995).
Johnson and Richards (2003) identified coronae as candidates for potential current activity based
on their compensated state. Dombard et al. (2007) further examined the gravity and topography
of coronae in the BAT region, concluding that some of these features are likely currently
underlain by an impinged thermal due to positive topography and geoid anomalies coinciding

with negative Bouguer anomalies.

A connection between the topographic signatures of coronae and their activity states has
also been proposed (e.g., Smrekar & Stofan, 1997). Gulcher et al. (2020) compared the
topographic signatures generated by their three-dimensional thermomechanical simulations to
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the topography of existing coronae. They concluded that 37 coronae were likely active as their
topography matched the model's plume-lithosphere interaction stages. However, these methods
primarily assume that mantle upwelling and subsurface solid-state flow influence corona
morphology and formation. In contrast, other volcanic-related processes, such as magmatic
loading (e.g., Dombard et al., 2007), collapsing magma reservoirs (e.g., Lang & Lépez, 2015), or

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

It is well established that both coronae and volcanoes show spatial clustering in the BAT
region (e.g., Hahn & Byrne, 2023; Head et al., 1992; Squyres et al., 1993; Stofan et al., 1992,
1995) (Figure 2). Their distribution, along with their relationship to topography and gravity, may

provide insights into mantle flow dynamics, and formation mechanisms.

Volcano density

(£ 63 km) AVolcano (> 63 km) @ Nondivergent corona
O Corona © Divergent corona
Sparsc Dense

Figure 2. Global distribution of volcanoes and corona subsets on Venus. VVolcanoes with
diameters less than 63 km (N=84,894) are displayed using a kernel density estimate with a 500
km search radius (Silverman, 1986). The map is centered on 180° in Robinson projection with a
thrice compressed (~2025 m/pixel) Magellan SAR image (C3-MIDR) base layer. The yellow
outline is the Beta-Atla-Themis (BAT) region. For dataset descriptions, see section 2.
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In this study, we explore the volcanic nature of coronae in greater detail. We identify a
new subset of coronae that have undergone topographic changes within the fracture annuli since
the emplacement of lava flows. This phenomenon, previously described by Tucker and Dombard
(2023a) in detail at Atete and Aruru Coronae, suggests a magmatic influence on corona
topography. To extend our understanding, we employ spatial analysis techniques and spherical
harmonics to investigate the global distribution and characteristics of volcanoes, coronae, and
subsets of these data. We focus on the interplay between coronae and volcanoes, with a specific
emphasis on the role of volcanic processes in the formation of coronae. Through our findings, we
aim to underscore the significance of coronae in our understanding of the volcanic processes

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

2 Data and Methods

In our spherical harmonic analysis, we utilize a diverse selection of datasets. These
include comprehensive catalogues of both volcanoes and coronae. In addition, we analyze
specific subsets from these catalogues that have been compiled by previous studies. We also
analyze a novel subset of coronae, identified for this work, characterized by lava flows within the
fracture annuli that diverge from the modern downhill direction. In addition to the datasets
discussed below, we use spherical harmonic coefficients from models of topography
(VenusTopo719) (Wieczorek, 2015) and gravity (MGNP180U) (Konopliv et al., 1999).

2.1 Compiled datasets

A contemporary survey of volcanoes on Venus identified 85,021 volcanic features (Hahn
& Byrne, 2023). The authors catalogued volcanoes into three diameter bins: < 5 km (small), 5 to
100 km (intermediate), and >100 km (large). Of these, the majority (99%) were less than 5 km in
diameter, while 729 were intermediate sized, and 118 were larger than 100 km. Moreover, Hahn
and Byrne (2023) identified 566 clusters of shield volcanoes, which they termed volcanic fields,
containing shield volcanoes with diameters of 20 km or less. Hahn and Byrne (2023) defined the
volcano size bins to aid in the mapping and measuring of edifices. Volcanoes <5 km were
marked as point features, while the extents of volcanoes > 5 km were digitized, and their
diameters were calculated. However, for their spatial analysis (see Figure 7 of Hahn & Byrne,
2023), the authors classified volcanoes into those < 63 km and those > 63 km (see section 1). To

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

coronae are in the size range of large volcanoes.

We analyze coronae on the surface of Venus by combining the Type 1 and Type 2 corona
dataset from Stofan et al. (2001a) and the Venus nomenclature database from the USGS
(planetarynames.wr.usgs.gov). To further refine our analysis, we incorporate a subset of the
combined corona database of coronae with lava flows that diverge from the downslope direction.

2.2 Corona associated divergent lava flows

Building on our preliminary work on Aruru and Atete Coronae and using the same
methodology (Tucker & Dombard, 2023a), we have identified coronae with lava flows within
their fracture annuli that diverge from the modern downhill slope direction in the combined
corona dataset. Full resolution (~75 m/pix) Magellan synthetic aperture radar (SAR) images are
imported into ESRI ArcMap and stretched to enable the identification of discrete lobate and
digitate flow features. At coronae with suitable flow features, flow centerlines are mapped, and

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

To determine if the lava flows follow the modern topography, the line azimuth is
compared to the regional slope facing direction (i.e., aspect). A 25 km buffer is placed around the
center point of each flow line, and the mean regional aspect is determined for the buffer area.
Aspect rasters are derived from Magellan global topographic data records (GTDR), and where
available, stereo-derived digital elevation models from Herrick (2020). Comparing the flow line
azimuth to the regional aspect provides data on changes in topography since the flows were
emplaced. Two new subsets of corona are recorded: coronae with intra-annular divergent flows
and coronae without intra-annular divergent flows. If the number of mapped flows that diverge
from the downhill direction is twice the number of mapped flows that do not have flow
divergence, we consider that corona as one with divergent flows. To determine the appropriate
cutoff for classifying coronae based on divergent and nondivergent lava flows, we analyze
coronae exhibiting both flow types (i.e., ignoring coronae with only divergent lava flows). A
predominant cluster is present around a ratio of 1, indicating a near-equivalent presence of both
flow types. Additionally, a Kernel Density Estimate (KDE) analysis produces a pronounced peak

near this ratio, with the density decreasing for higher ratios. Therefore, we consider a cutoff at a
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ratio of 2 to be statistically and contextually apt for distinguishing between coronae with both
flow types and those where divergent flows prevail.

A total of 72 coronae, a clear subset of the total coronae population, had visible flows in
their interiors; however, 42 of those had either too few flow units or flows without discernable
margins. Divergent flows were identified in 24 corona interiors, while 6 did not have divergent
lava flows (Figure 2) (Supporting Information Table S1). For simplicity, we will refer to a
corona as either divergent or nondivergent when referring to coronae with lava flows that either

diverge or do not diverge from the modern downhill direction.

2.3 Spherical harmonic analysis

To examine the distribution of coronae that have undergone topographic change, we use
spectral analysis. Based on spherical harmonics, information about the wavelength that best
describes the distribution can be discerned via power spectra. Spherical harmonic analysis is a
useful tool for assessing the correlations and anticorrelations of global data subsets. Using this
method will allow for comparison of the full corona dataset with the global volcano database and
subsets of the corona database described above. Further, spectra of these data will be compared

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

The fully normalized spherical harmonic expansions of the distribution are given by
(Johnson & Richards, 2003; Kirchoff et al., 2011)
fim (6, ®) = P™(cos 0) (¢, cosmep + sy, SinME), (D

where ¢ is the longitude, 0 is the colatitude, and P/™ is the associated Legendre polynomial of
degree | and order m. The cosine and sine coefficients, ¢;,, and s;,,,, are determined by projecting

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

(2=89m) 21+ 1) (I—mn)!

Cim = \/ 047'[(l+m)! N_iP™ (cos 8,) cosma,, (2a)
(2=8om) 21+1)(1-m)! .

Sim = J °4na+m)! YN _ P (cos8,) sinmgp,, (2b)

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

the spherical harmonics are fully normalized. The Kronecker delta function, &;,,,, is
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1, m=0,
50"1—{0, m # 0.

(3)

We use a maximum degree | = 20 for the expansion, which follows previous spherical harmonic
analysis on Venus (e.g., Johnson & Richards, 2003). Figure 3 illustrates the relationship between
spherical harmonic coefficients and the location of the features at several spherical harmonic

degrees.

Figure 3. Robinson projected maps showing spherical harmonic representations of the full
coronae database truncated at (a) | =5, (b) | = 10, (c) | = 15, and (d) | = 20. Black dots are
locations of coronae from the combined corona database. Hot colors (red) indicate relatively
more dense concentrations of coronae and cool colors (blue) are less dense. All maps are
centered at 180°E.

The spectral power is normalized for the number of features in a distribution, and with
this normalization, will appear white for random distributions (Ribe de Valpine, 1994; Richards
et al., 1988; Kirchoff et al., 2011):

_am
T ON(Q2L+1)

Sl Z£n=o(clzm + Slzm)' (4)

Additionally, we check for randomness of the features by comparing their spectra to
randomly generated latitude and longitude points on a sphere. Over 10,000 iterations, random
latitude-longitude points are generated for the number of samples in the dataset of interest. In
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each iteration, the latitudes and longitudes of points are randomly generated following a uniform
distribution on a sphere. The transformation functions 8 = 2zu and ¢ = cos~1(2v — 1) where u
and v are random variates, are utilized for this purpose. To prevent the random points from being
artificially close to each other (e.g., if two coronae have diameters of 50 km each their centers
must be >100 km from each other), the ranges of the radii of the randomly generated points are
chosen to align with the distribution of the radii in the dataset. Each random point is assigned a
radius value dictated by the probability distribution that best represents the size distribution of
the dataset to which the random distributions is compared (e.g., a lognormal of the corona
diameters). The 1st to 99th percentile of the power per degree of the 10,000 iterations are
extracted, effectively creating a 98% confidence envelope and ignoring potential outliers.
Spectra with power that falls within the envelope indicates that there would be a less than 1 in

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

Comparison of power spectra between two datasets, or between the full population and a
subset of that population, is performed by obtaining the correlation coefficient per degree, r;, of
two distributions with (Johnson & Richards, 2003; Kirchoff et al., 2011; Richards et al., 1988)

Z%:O(Clmglm +Stmhim) (5)

n =
Zhnmol€n*58n) Einmo(0fm 1)

Correlation values range from -1 to 1. Perfectly positive correlated distributions have a value of
1, anticorrelations are represented by a value of -1, and distributions with no correlation have a
value of 0. Further, we use a two-tailed Student-t distribution to calculate the confidence interval

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

Wetherill, 1982)
n=tty [ (6)

Datasets with distributions that are similarly represented by a spherical harmonic degree
will be strongly correlated at that degree. As discussed by Kirchoff et al. (2011), the lack of
direct superposition of features does not mean that the features will be anti-correlated, and the
position of neighboring features affects correlation coefficients at high degrees. Similarly,
equations (3a) and (3b) ensure that strong correlation will occur at low degrees for similar

distributions.
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3 Results

The locations of volcanoes, coronae, and their subsets are shown in Figure 2, offering a
qualitative view of their distribution. To quantify these distributions and understand their
relationships across varying spatial scales, we turn to the analysis of their power spectra. This
method allows for the exploration of the spatial distribution characteristics of these features and

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

The spectra for divergent, nondivergent, and the full population of coronae is shown in
Figure 4a. We have normalized the spectra to equal 1 at | =2 for easy comparison. The
nondivergent coronae spectrum is white across all wavelengths, a pattern likely influenced by the
small sample size (N=6). In contrast, the spectra for the full population and the divergent subset
exhibit similarity at low spherical harmonic degrees, transitioning from a red (decreasing power
with wavelength to a white (flat) spectrum at higher degrees. This shift suggests a move towards
a more random or evenly distributed pattern at smaller scales. When examining the correlation at
low spherical harmonic degrees, we observe a strong relationship between the full corona
population and the divergent subset, indicating a shared large-scale spatial pattern (Figure 4b).
However, this correlation weakens at short wavelengths, staying below the 80% confidence level
for 1 >14.
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Figure 4. (a) Spectra for the full catalogue and subsets of coronae normalized to equal 1 at | =2.
(b) Correlation per degree between all coronae and divergent and nondivergent coronae. Dotted
lines represent 80%, 95% and 99% confidence intervals, indicating a 20%, 5%, and 1% chance

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

Figure 5a shows the normalized power spectra of the full catalogues of coronae and
volcanoes, topography, and geoid. The geoid and topography spectra are red across all
wavelengths and well correlated visually, consistent with previous studies (e.g., Johnson &
Richards, 2003; Konopliv et al., 1999; Rappaport et al., 1999; Wieczorek, 2015). Both the full
datasets of volcanoes and coronae exhibit similar spectral shapes at long wavelengths (I < 10),
transitioning from red to relatively white spectra at higher degrees. However, the volcano
spectrum’s absolute power is approximately two orders of magnitude greater than that of the
coronae across all wavelengths. Furthermore, the volcano spectrum lies outside of the 99%
confidence bounds of the 10,000 random distributions (Figure 5c). Both outcomes are likely the

product of the large number of volcanoes providing good statistical robustness.
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Figure 5. (a) Normalized spectral power for the full catalogue of coronae (N=545), volcanoes
(N=85,021), topography, and geoid, set to equal 1 at degree 2 for comparison. Spectra for
coronae and volcanoes are white at longer wavelengths, whereas topography and geoid remain
red across all wavelengths shown. Spectral power of (b) coronae and (c) volcanoes without
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normalizing to degree 2. The grey areas in panels (b) and (c) represent the 1st to 99th percentile
bounds for 10,000 randomly generated samples of coronae and volcanoes, respectively.

Figure 6a shows the normalized spectra for all volcanoes, volcanoes < 63 km, volcanoes
> 63 km, and volcanic fields, which contain high concentrations of shield volcanoes with
diameters <20 km as described by Hahn & Byrne (2023). The population of volcanoes is
dominated by edifices < 63 km in diameter. Thus, these data have indistinguishable differences
in the shape of their spectra, and are perfectly positively correlated. As a result, observations
regarding spectra and correlations involving volcanoes < 63 km diameter are valid for the
spectrum of the full catalogue. The volcanic fields spectrum shares a similar shape to the full

catalogue, but with less power loss at shorter wavelengths.

For volcanoes larger than 63 km in diameter, the spectral pattern diverges at spherical
harmonic degrees greater than 12, becoming relatively blue (power increasing with wavelength).
Given that the minimum diameter of coronae is approximately 60 km, our analysis focuses on
comparing coronae with volcanoes larger than 63 km in diameter. The spectral shapes of these
two datasets exhibit near-identical features at | < 4.

In terms of formal correlation, coronae show strong alignment with all subsets of
volcanoes at | = 4. However, the correlation between coronae and volcanoes > 63 km weakens as
the harmonic degree increases, though it remains above the 80% confidence interval around | =8
and | = 14. The minimum diameter of coronae is approximately 60 km. For this reason, we focus
our comparison of corona and volcanoes with those that are > 63 km in diameter. The similarities
in the shape of their spectrum are nearly identical when | <4 (Figure 6a). Coronae are strongly
correlated with volcanoes and volcano subsets at | =4. Correlations between volcanoes > 63 km
and coronae weakens with harmonic degree, but is above the 80% confidence interval around | =
8 and | = 14 (Figure 6b).
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Figure 6. (a) Normalized spectra for coronae and the full catalogue and subsets of volcanoes, set
to equal 1 at | =2 for comparison. The spectral pattern for the full population of volcanoes closely
resembles that of volcanoes < 63 km (N=84,894), which accounts for more than 99% of the total
population. (b) Correlation between coronae and volcanoes, volcanic fields, and volcanoes > 63
km. Dotted lines represent 80%, 95% and 99% confidence intervals, indicating a 20%, 5%, and
1% chance of randomness in correlation coefficients for points outside these lines, respectively.
The colors in (b) correspond to those in (a).

4 Discussion

Venus provides a unique context for investigating the relationship between mantle
dynamics, surface topography, and volcanic activity. On Earth, the main source of mantle
circulation is the cooling and sinking of oceanic lithosphere. While mantle plumes have a
somewhat auxiliary role in Earth’s heat budget, they are nonetheless driven by large-scale
convection in the mantle (e.g., Davies & Richards, 1992; Lay et al., 2008; Sleep, 1990). In
contrast, Venus may have two modes of mantle plumes: continuous axisymmetric mantle
upwellings and transient thermals (Johnson & Richards, 2003; Robin et al., 2007). The
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interaction of the latter with the lithosphere produces the surface expression of a corona,
although the precise mechanism remains a matter of debate (e.g., Dombard et al., 2007; Gilcher
et al., 2020; Smrekar and Stofan, 1997; Tucker & Dombard, 2023a). The spectral analysis of the
spatial distribution of coronae and volcanic features provides valuable insights into these
complex geodynamic processes. The results have significant implications for our understanding
of corona formation, the role of volcanic activity, and the broader mantle dynamics on Venus.

The lack of correlation between coronae and both topography and gravity on Venus
(Figure 7) is likely attributable to the coupled nature of large-scale mantle convection and
transient thermal plumes. Johnson and Richards (2003) proposed that the relative absence of
coronae in the lowland regions is due to the suppression of transient thermals by broad
downwelling of cold lithosphere underlying these regions. Further, the concentration of coronae
in the BAT region, while also being absent from the direct vicinity of active volcanic highlands
in the BAT region, can be explained by the “capture” of transient thermals by the broad
upwellings in the region. The correlation between topography and large volcanoes supports this
hypothesis (Figure 7), as the long-wavelength topography and gravity of Venus are associated
with large-scale upwelling (e.g., Anderson & Smrekar, 2006; Grimm & Phillips; 1992; Kiefer &
Hager, 1992; Smrekar, 1994; Smrekar & Phillips, 1991).
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Figure 7. Correlation between topography and gravity, volcanoes, volcanoes > 63 km, and
coronae. Dotted lines represent 80%, 95% and 99% confidence intervals, indicating a 20%, 5%,
and 1% chance of randomness in correlation coefficients for points outside these lines,
respectively.

Aphrodite and Ishtar Terrae are dominant in degrees up to 4 topography (Figure 8). The
scarcity of volcanoes and coronae within these highlands contributes to the lack of correlation
between topography and volcanic features at this spherical harmonic degree. Further, these
regions explain the significant difference between the spectral power of volcanoes and the
bounds of the random samples (Figure 5c). The random sampling was not limited by geologic
boundaries; however, by constraining the latitude range for random sampling from the start to
sizes comparable to Aphrodite and Ishtar (a computationally inexpensive way to prevent
sampling from regions), the spectral power increases to a magnitude similar to that for the

volcano dataset (Supporting Information Figure S1).

The dearth of volcanic features observed in these highland plateaus can be ascribed to
crustal thickening (e.g., James et al., 2013). These compensated highlands may represent old,
thickened crust making it difficult for plumes to penetrate in these regions (Johnson & Richards,
2003). Conversely, the strong correlation between volcanic features at | = 4 (Figure 6) is caused

by the BAT region clustering (Figure 8b).

Figure 8. Robinson projected maps, centered at 180°E, of (a) degree 4 truncated spherical
harmonic expansion of topography where low elevation is represented by blue and red it high
elevation, and (b) degree 4 truncated representation of the spherical harmonic expansion of the
full coronae dataset were blue represents low density and red represents high density regions.
Both maps are underlain by Magellan SAR mosaic. Pink triangles are locations of volcanoes >63
km in diameter, white circles (a) are corona locations, and green circles (b) are coronae with
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429  divergent lava flows. The highland plateaus of Aphrodite Terra (60°E-150°E, ~30°S) and Ishtar
430  Terra (300°E to 60°E, ~75°N) are both largely represented in (a), the degree 4 topography, but
431 are absent from (b), the degree 4 representation of coronae.

432

433 The spectral analysis of divergent coronae reveals characteristics that align closely with
434  those of the full population, supporting our assertion that they represent a subset of the

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

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

437  conclusion. The post-emplacement change in slope direction of lava flows suggests a potential
438  shift or migration of the magmatic source (Tucker & Dombard, 2023a). Changes in stress

439  orientations could allow for new pathways for magma accent, facilitating migration away from
440  the interior and towards the fracture annulus (e.g., McGovern et al., 2013). The spatial

441  relationship of these divergent coronae to the complete catalogue, especially their concentration
442 in the BAT region, implies that this mechanism is integral to their formation rather than being a
443 consequence of some other regional or random phenomenon. The “white” spectrum and lack of
444  correlation seen in nondivergent coronae (Figure 8) is likely due to the small sample size.

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

446  this process is an intrinsic part of corona formation.

447 The relationship between volcanism and coronae is well established (e.g., Head et al.,
448  1992; Roberts & Head, 1993). With few exceptions, the magmatic relationship is rarely

449  explicitly incorporated in geophysical models of formation (e.g., Dombard et al., 2007; Lang &
450  Lopez, 2015), instead focusing on the dynamics of the plume-lithosphere interaction. In addition
451  to observations of volcanism at coronae, the long wavelength spectral similarities between

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

453  mantle dynamics.

454 In addition to the direct observations of volcanic activity at coronae, the spectral analysis
455  reveals similarities between coronae and large volcanoes. Specifically, the long-wavelength

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

457 confidence) at various long-wavelength scales. This correlation is further strengthened by the
458  observed clustering of coronae and large volcanoes in the BAT region. The patterns observed

459  align well with models that invoke mantle material upwelling and its interaction with the
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lithosphere, resulting in volcanic activity and surface deformation. The strong correlation at low
spherical harmonic degrees and shared spatial distribution underline a likely commonality in the

mantle processes that drive coronae formation.

5 Conclusion

Observations of coronae from SAR images show many associated volcanic features and
landforms. By mapping discrete lava flows within corona fracture annuli, we have developed a
new subset of the corona dataset of coronae with topography that has changed since the
emplacement of those lava flows. Spectral power analysis of the distribution of divergent
coronae shows that they are a part of the same distribution of the full population of coronae,
rather than a random or regional occurrence. Furthermore, coronae have a strong correlation and
spectral shape at low spherical harmonic degrees with volcanoes of comparable scale suggesting

a shared geodynamic origin.

These observations underscore the significance of volcanism and highlight the need for
future investigations that incorporate magmatic processes into models of corona formation,
instead of models that ascribe coronae as the products of plume/lithosphere interactions. As with
many studies that rely on surface observations of VVenus, improved resolution of surface SAR
imagery, topography, and gravity data would further refine our understanding of the geologic
and geophysical processes related to coronae and volcanism. Improved data would likely
increase the number of coronae at which divergent lava flows due to better identification of flow
margins. Additionally, it would allow for measurements of flow divergence to be better

constrained.
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2022). The Stofan et al. (2001a) catalogue of Type 1 and Type 2 coronae is available through the
NASA Planetary Data System (Stofan et al., 2001b). NASA Magellan Mission data, including
full-resolution and compressed SAR images (Pettengill, 1991) and global topography data (Ford,
1992), and stereo-derived topography data (Herrick, 2020) is available from the NASA Planetary
Data System. A portion of the spherical harmonic calculations were performed using SHTools
(Wieczorek & Meschede, 2018). The Venus topography model, VenusTopo719 (Wieczorek,
2015), and gravity model, MGNP180U (Konopliv et al., 1999), are available through the
datasets submodule in SHTools. The Python code SHPointPower for the spherical harmonic
analysis is available via GitHub (Tucker, 2023), and GIS shapefiles of the mapped lava flow
centerlines are available via Zenodo (Tucker & Dombard, 2023Db).
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