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Intense volcanism has played a significant role in shaping Venus’s surface and
geology. The existence of lava tubes (i.e., pyroducts) on Venus has been largely
hypothesized but never confirmed. Being a subsurface structure, the presence
of a lava tube can be revealed by a localized collapse of the roof denoted as
skylight. Between 1990 and 1992, the Synthetic Aperture Radar (SAR) instru-
ment on board the Magellan spacecraft mapped the Venusian surface. By
leveraging a SAR imaging technique developed for detecting and character-
izing accessible subsurface conduits in the proximity of skylights, we analysed
the Magellan radar images in locations where there is evidence of localized
surface collapses. Our analyses reveal the existence of a large and open sub-
surface conduit in the Nyx Mons region. This feature is hypothesized to be a

pyroduct, characterized by a diameter of about 1km, a roof thickness of at
least 150 m and an empty void height of no less than 375 m. The conduit
extends in the subsurface for at least 300 meters from the skylight.

Lava tubes, natural underground tunnels formed by volcanic activity,
have emerged as scientifically significant features for planetary
exploration'. They typically originate in basaltic lava flows, where low-
viscosity lava is either entrenched and crusted over or inflated in-
between preexisting lava layers®’. Multiple modalities have been
observed for the formation of a lava tube through overcrusting* . These
modalities include (i) a solid crust is formed from the levees toward the
center of a channelized lava flow; (ii) overflows grow the stream levees
until an arched roof is formed over the lava flow and (iii) floating mobile
pieces of crust of solidified lava coalesce into a solid roof. Another lava
tube formation process is incremental inflation of cooled lava sheets by
flowing hot lava’. Once a lava tube is formed, either by overcrusting or
inflation, thermal and physical erosion contribute to further shaping the
conduit. Then, if the lava supply is discontinued, a partially- or fully-
drained conduit may be left. Lava tubes can be modeled as quasi-
cylindrical structures?, with their lower and upper sections referred to as
the floor and roof, respectively. By examining the formations, struc-
tures, and mineralogical compositions within lava tubes, it is possible to
gain insights into volcanic activity, lava flow dynamics, and the geolo-
gical processes shaping the planetary surfaces®.

Beside Earth, evidence of lava tubes has been identified on other
celestial bodies such as Mars’™ and the Moon'". For example,

recent research provides compelling evidence of a subsurface cave
conduit beneath the Mare Tranquillitatis Pit (a lunar skylight) on the
Moon*. The main evidence for postulating their existence are loca-
lized collapses of the near surface™ (i.e., skylights). Skylights are
typically associated with the collapse of a portion of a lava tube roof
due to gravitational and erosional forces®. As a result, they enable
opportunities for observing and accessing a subterranean cave
system.

The existence of lava tubes on Venus is uncertain and the focus of
ongoing research. While no direct evidence of lava tubes on Venus has
been discovered so far, there are several clues of indirect evidence that
suggest their possible widespread presence such as long sinuous fea-
tures, fractures, and collapse chains'®" that are often associated with
them. Collapse pit chains are typically observed by optical imaging
sensors. Optical images (e.g., by photoclinometry) are of great aid in
locating and analyzing skylights. However, the use of satellite optical
remote sensing instruments is precluded on Venus because of its thick
CO, atmosphere. NASA’s Magellan'® spacecraft was equipped with a
radar system able to acquire data in different modes. One of them is a
side-looking SAR mode operating in S band (2.385 GHz) that was spe-
cifically designed to study Venus’ surface. SAR works by transmitting
radio waves towards the surface and measuring the time it takes for the
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waves to bounce back after interacting with the terrain. By processing
the returned radar signals, a detailed backscattering map of the
Venusian surface has been produced.

Magellan detected the presence of several pit chains on Venus'*?°,
thus revealing one of the main indicators for the possible presence of
lava tubes. A recent morphometric analysis of Venusian pits using
radar-derived parameters from Magellan SAR data” found that these
pits exhibit extremely large collapse volumes and display striking
morphological similarities to lunar pit craters. They appear as linear to
curvilinear assemblages of individual craters. These chains extend
from tens to several thousands of kilometers in length and are dis-
tributed across diverse Venusian landscapes. Their prevalence is par-
ticularly notable in connection with chasmata and coronae. The
distinctive characteristics of these formations strongly suggest their
origin in collapses induced by the removal of underlying support. This
loss of support could be attributed to various causes such as the col-
lapse of a lava tube roof, extensional faulting, or receding magma
chambers. Another hypothesis proposed for Venus is that these pit
chains were produced in association with underlying dyke swarms?. In
this scenario, they may represent collapse features formed above lat-
erally propagating subsurface dykes. However, the specific mechanism
responsible for the generation of collapse pits on Venus remains an
unresolved question'. In fact, early analyses of Magellan data sug-
gested that a number of pit craters may be associated with collapsed
lava tubes®. This hypothesis was mainly dictated by the pits’ locations
and the types of terrain surrounding them, as it was not possible to
discern the collapse origin by only available data on surface shape and
dimension of the pits. Hence, even if plausible, the hypothesis remains
unconfirmed.

Here, we investigate whether Venusian pits provide access to an
empty subsurface conduit and thus could potentially be collapsed
sections of lava tubes (i.e., skylights). To achieve this goal, we analyze
the Magellan dataset by leveraging a recent data processing metho-
dology for hidden cavities and lava tubes characterization and acces-
sibility assessment from radar images'“**. These recent studies
demonstrate that, under suitable assumptions, the use of Synthetic
Aperture Radar images acquired from spaceborne platforms enables
the determination of lava tubes subsurface morphometry and the
related accessibility near collapse pits on Earth** and other celestial
bodies™. This is possible by taking advantage of the side-looking
acquisition geometry of the sensor resulting in radar waves traveling
within the observed skylight and being reflected by the lava tube
interior.
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Results

Study area and Magellan radar image analyses

The study area is located on the western flank of the Nyx Mons (Sup-
plementary Fig. 1a). The Nyx Mons is a 362 km-diameter shield
volcano®. The investigated region is well-documented for its large
occurrence of collapse pit chains?*?. Sawford et al.”’ noted the exis-
tence of graben systems in the region, with some near the pit crater
chains, yet not fully bounding them. However, no evidence of lava
tubes has been provided.

Within this region, we focused our attention on one pit denoted as
A (Fig. 1), imaged by the Magellan radar from West to East and with
incidence and look angles equal to about 42.4° and 40°, respectively.
The pit exhibits radar backscattering characteristics which notably
differ from the other ones in the Magellan radar images®(see examples
shown in Fig. 2). In greater detail, the Magellan SAR responses reveal
distinct morphological contrasts in the presence of pits as shown in the
three example pits displayed in Fig. 2. The pit near Idunn Mons (Fig. 2a)
exhibits a pronounced radar shadow coupled with a high-intensity
bright return along its eastern margin, consistent with steep, vertically
walled topography”. In contrast, the pit in Ganiki Planitia (Fig. 2b)
shows a weaker and less sharply defined radar shadow, suggesting that
it is either shallower or contains a non-uniform infill distribution”
compared to the pit near Idunn Mons. The candidate skylight denoted
as pit A near Nyx Mons (Fig. 2c and Fig.1) presents a significantly dif-
ferent response characterized by a well-defined shadow and an
asymmetric bright radar return that extends far beyond the pit margin.
This asymmetry is identical to that observed in previous radar studies*
in the presence of a collapsed lava tube roof, linking to subsurface
voids. The anomalous increase in backscattering can be attributed to
the lava tube roof and interior**. According to this interpretation, the
pit would result from the collapse of the conduit’s roof section, pro-
viding access to the subsurface (i.e., empty void).

We estimated the geometric characteristics of pit A (see Fig. 3) by
inverting the Magellan radar signals originating from the skylight
interior (see Methods). All the hereby reported measurements are
associated with an uncertainty of -+75m, corresponding to the pixel
size in the slant range direction of the Magellan radar dataset (see
Methods for details on uncertainty determination). In detail, the sky-
light measures 1545 m x 1070 m (major-axis by minor-axis). The esti-
mated collapse depth is about 450 m. The radar signal propagates
inside the cave for at least 300 m. This value represents the conduit
length for which the radar signal can propagate inside the lava tube
before extinguishing. The subsurface conduit has a width that varies
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Fig. 1| Results on a large Venusian skylight providing access to the subsurface.
Magellan radar image of Venus (Magellan’s Radar System - Full Resolution
Radar Left-Look Mosaic, framelet ID: fl29n047) displaying several pit chains

and the identified skylight, marked as A, potentially providing access to the sub-
surface (i.e., empty void). The white arrow indicates the radar illumination
direction.
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Fig. 2 | Comparison of Magellan SAR radar responses from different pits. a A pit near Idunn Mons. b A pit in Ganiki Planitia and ¢ the candidate skylight denoted A near

Nyx Mons shown in Fig. 1.
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Fig. 3 | Geometric representation of pit A of Fig. 1 based on the Magellan data
inversion. The figure reports the a side-view, b top-view and ¢ cross-sectional
dimensions of the identified lava tube developing from the skylight. Solid lines
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indicate what is observed by the radar. The rock pile originated from the roof
collapse. Dashed lines represent geometrical hypotheses based on typical conduit
shapes on Earth?.

between 1350 m near the skylight and 525 m when reaching the max-
imum radar visibility point. The average width is equal to 937.5 m. Note
that this conduit width may underestimate the true value as it depends
on the points of intersection between the conduit’s curvature and the
oriented electromagnetic waves transmitted from the radar’s acquisi-
tion position'. The lava tube roof thickness is estimated to be about
150 m. The cavity height measured inside the hypothesized conduit is
~375m. As represented in Fig. 3, we hypothesize the presence of a rock
pile on the pit floor, originating from the roof collapse. The rock pile
slopes down inside the conduit with an estimated angle of ~14°. The
cavity height measured from the top of the rock pile is about 300 m.
The East-to-West radar data was not acquired over the target area.
Therefore, it is not possible to determine the characteristics of the lava
tube below the West wall.

We interpret the pit A to belong to a winding (sinuous) collapse
chain originating northwest and progressively descending southeast
(see Supplementary Fig. 1b). The Magellan altimetry data® indicate that
the surface slopes toward the southeast from pit A (see Supplementary
Fig. 1c). This trend supports the idea that, if associated with a sinuous
collapse chain, pit A orientation aligns with downhill topography. This is
an additional indicator of a lava tube system”. It is worth noting that the
Magellan data altimetric vertical uncertainty and low horizontal spatial
resolution limit our ability to resolve small topographic variations. As
lava tubes typically form sinuous chains of collapses predominantly
oriented along the direction of the tube?, we can infer that the identified
potential lava tube is likely to span a length of at least 45 km below the
surface. We have evidence that there is at least one section of the con-
duit that does not show any collapse. It has a length of 13 km
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corresponding to the paths from A to B (see Supplementary Fig. 1). The
other pits belonging to the chain denoted as B, C, and D show no evi-
dence of direct subsurface access as they have a radar response very
similar to the one attributable to skylights with blocked conduit
entrance as observed on Earth analogs®. The access to the conduit in
these pits is likely to be occluded by the deposit of collapse material.

Morphometric comparison of planetary lava tube collapses

Pit craters that likely originated from the collapse of a lava tube roof
have been identified on Mars*'*"** and the Moon*>"****', Sauro et al.?
conducted a morphometric analysis on potential planetary lava tubes,
by selecting candidate collapse chains in the lunar regions of Marius
Hills and Gruithuisen, and in the martian regions of Arsia, Olympus and
Hadriaca volcanoes; the analysis also included a set of skylights located
in the known terrestrial lava tube systems of Corona (Spain), Kazamura
(Hawai'i) and Undara (Australia). In comparison to the results of Sauro
et al., the size of Venusian pit A (major-axis by minor-axis) is in line with
what has been observed on the Moon?, but larger than what has been
identified on Mars, which, in turn, exceeds the size observed for ter-
restrial cases’. The estimated collapse linear volume for pit A (see
“Methods”) is equal to 7.56 x 10° m>. This value is in agreement with
lunar observations?, while it is larger than the linear volumes measured
on Mars? (which are in the order of 10* m®) and on the Earth (which are
in the order of 10'-10? m®). The asymmetry ratio for pit A (see “Meth-
ods”) is 2.38. Interestingly, well-known lunar skylights, that may pro-
vide access to the subsurface, such as Marius Hill Pit, have combined
values® of asymmetry ratio and linear volume similar to the ones we
measured for Venus’ pit A.

Comparison between Venusian and terrestrial lava tubes radar
response

To further validate our results, we compare the radar backscattering
response of A with the one of a previously studied lava tube’s

Fig. 4 | Terrestrial analog of Venusian lava tubes. a Capella Space SAR image of
the terrestrial analog (Jameo Agujerado, 29.165489N -13.453964E, Lanzarote, Spain)
with the 3D Lidar scans and drone photogrammetry of the surface and the sub-
surface (Image adapted from ref. 24). The anomalous increase of the radar image
brightness near the collapse point (i.e., skylight) originates from the tube interiors
and provides information on its morphology. b Satellite optical Image of Jameo

skylights on Earth. Situated in the northern part of Lanzarote, Spain,
the Corona volcano has created one of the Earth’s most extensive
lava tube systems that displays several collapse pits*. The Corona
lava tube spans a length of ~7.6 km (with a total cave development of
about 9.7 km, including side branches and upper levels) and exhibits
cave sections that reach widths® of up to -28 m. This remarkable
network comprises multiple skylights and large collapses along the
path of the lava tube. With an estimated minimum length of 45 km
and a width that is greater than 1 km, the hypothesized Venusian lava
tube notably exceeds the dimensions of the Corona system. None-
theless, the largest lava tubes on Earth, like the one at Corona, are
considered as highly valuable analogs to their extraterrestrial
counterparts®.

The Corona lava tube system has been subject of an extensive
study with spaceborne SAR systems to infer the lava tubes char-
acteristics near collapse pits**. Figure 4a, b reports the SAR and
optical images of a previously studied®* collapsed lava tube’s roof
(known as Jameo Agujerado) providing access to the subsurface. In
Fig. 4a, the radar image is superimposed on the 3D Lidar scans and
drone photogrammetry of the surface and the subsurface?. The
radar image of Jameo Agujerado shows backscattering features that
are strikingly similar to the radar responses observed for pit A on
Venus (see Fig. 1 and Fig. 4a). This comparison shows that both cases
are characterized by a typical lava tube response characterized by a
well-defined shadow and an asymmetric bright radar return that
extends far beyond the pit margin (see also Fig. 2). This further
provides evidence that A is a collapsed lava tube section (i.e., sky-
light) providing access to the subsurface. Figure 4c shows an image
of the eastern entrance (the one being imaged by the radar) of Jameo
Agujerado. We hypothesize that the entrance to the lava tube conduit
departing from pit A resembles the one of Jameo Agujerado although
at a very different spatial scale (hundreds of meters on Venus versus
tens of meters on Earth).

Agujerado (WorldView-3 satellite, © Microsoft, Bing Maps, and its data providers).
¢ Image (© Primoz Jakopin, id: PJ29759) of the eastern entrance (the one being
imaged by the radar in Fig. 4a) of Jameo Agujerado. The white arrow indicates the
radar illumination direction. The comparative analysis of the radar images (see
Fig. 1 and Fig. 4a) suggests that the collapse pit marked as A may be a skylight
providing access to a lava tube interior.
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Discussion

The radar response observed for pit A is unique to empty and acces-
sible subsurface conduits near a skylight. This observation is in line
with theoretical modeling of SAR imaging of subsurface cavities from
skylights***** and with the comparison between the results obtained
on Venus with lava tube terrestrial analog SAR imaging data. The
identified candidate skylight is located over an area that based on radar
backscattering appears to be topographically smooth at the spatial
scale and wavelength of Magellan SAR data. Accordingly, we can rule
out that the bright anomalies in SAR images are attributable to surface
roughness. Previous studies have demonstrated that the methodology
is not adversely affected by surface layover for small to moderate
topographic variations, such as those present in this case'***** (see
Supplementary Fig. 1c).

An alternative hypothesis for the genesis of A is that it is a collapse
pit with steep vertical internal walls with no subsurface access (e.g.,
tectonic voids). However, as already stated, the radar backscattering
anomaly originating from the interior of these types of pit differs from
the one of lava tubes. This is frequently observed along collapse pit
chains known to have no subsurface access in Hawaii (Supplementary
Fig. 2). Another type of geologic feature that could be potentially
ambiguous with collapsed conduits in a SAR image is volcanic vents. In
this case, as illustrated by the Hawaii analog (Supplementary Fig. 3),
the radar response resembles the one of a collapse pit with steep
internal walls. This is evidenced by a pronounced radar shadow and a
high-intensity bright return along the eastern margin. Yet it also shows
features reminiscent of a lava tube radar response, such as slight
elongation whereas lacking the characteristic asymmetry typically
associated with horizontally continuous lava tube conduits radar
response. The hypothesis of an impact crater is also very unlikely as
there is no evidence of ejecta deposits around the features. These
deposits tend to increase the radar backscattering uniformly around
the feature®* Moreover on Venus such deposits typically appear in
Magellan radar images as diffuse, high-backscatter regions that extend
outward from the crater rim*®. This type of response is substantially
different than what we observe for pit A. In addition, the small number
of impact craters observed on Venus with a diameter below 2 km**
makes the hypothesis even more unlikely.

Another relevant hypothesis is pit chains produced in association
with dyke swarms, as these chains on Venus are frequently interpreted
in this latter context*>”. A relevant terrestrial analog example is from
the Kolléttadyngja lava shield in the Northern Volcanic Zone of Ice-
land, where a 1.7 km-long chain of collapse pits, up to about 150 m wide
and about 50 m deep, has been linked to the Askja fissure swarm®®, The
chain is interpreted as having formed by collapse into a subsurface
pipe generated by the horizontal component of a dyke intrusion
beneath the shield. The radar response of these dyke-induced pits
resembles that of typical Venusian pits with no horizontal continuation
(Supplementary Fig. 4). Therefore, the observed radar signature is
most consistent with the interpretation that pit A represents a lava
tube roof collapse into an underlying void with horizontal continua-
tion. In general, laterally propagating magmatic dykes can separate
overlying strata and create void spaces. If the overlying material is
sufficiently thin, localized collapse may occur, forming a pit that con-
nects to a horizontal magmatic pathway. The analyzed terrestrial SAR
data favors the lava tube hypothesis. However, given the limited
dataset of terrestrial analogs with SAR signatures showing both dike-
related collapse and horizontal cavity development, we cannot com-
pletely rule out the possibility that pit A and the empty conduits at its
base formed through dyke intrusion.

The detected lava tube width and height is larger than the ones
theorized on Mars? and on the upper range for what has been hypo-
thesized and detected on the Moon*". This finding is not surprising
considering the presence of lava channels on Venus that are larger and
longer than those observed on other planets®. The origin of lava tubes

on Venus from overcrusting of lava channels is plausible in light of
both pre- and post-Magellan analyses®**~*, Firstly, the study of lava
flow morphologies on Venus suggests the presence of low-viscosity
basaltic lava**>**°, which is responsible for the formation of terrestrial
lava tubes. Secondly, it has been observed that Venus’ physical and
atmospheric parameters could favor the formation of lava tubes from
overcrusting®. Indeed, Venus has a lower gravity and a denser atmo-
sphere with respect to Earth, which would result in the rapid creation
of a thick insulating crust soon after the flow leaves its vent**2. This
behavior would then favor the development of tube-fed lava flows"’

No information is currently available regarding the structural
stability of lava tubes on Venus. The critical factors influencing their
stability are the thickness of the tube’s ceiling, the lava tube cross-
section, and the tensile strength of the lava material*’. The surface of
Venus experiences significantly higher temperatures and pressures
than Mars or the Moon. These extreme conditions may influence the
morphology and stability of the tube. Lunar lava tubes having a width
of about 1 km, similar to the Venusian one characterized in this paper,
are reported in the literature* to be stable for roof thicknesses above
100 m. Lava tubes with small width-to-height ratios (e.g., 1:1 or 3:1) are
more stable than more elliptical ones* (e.g., 6:1 or greater). For pit A,
we measure a width-to-height ratio of about 3:1 near the skylight and of
about 1.4:1 for the maximum radar visibility point inside the cavity
(see Fig. 3).

We were able to locate a large skylight providing access to a
potential lava tube on Venus which is also likely accessible. However,
the Magellan pixel resolution of 75 m/pixel may have excluded most
collapsed lava tubes from our analysis as they are not visible in the
acquired images. This suggests that additional skylights, and hence
entrances to lava tubes, may remain undetected across other regions
of Venus. Accordingly, the results of this paper are also of interest for
upcoming missions to Venus such as EnVision** and VERITAS (Venus
Emissivity, Radio Science, InSAR, Topography, and Spectroscopy)®.
Both spacecraft will carry SAR imaging systems operating in S-band
and X-band, respectively. The planned resolution for those systems is
of about 15- 30 m, thus they can greatly enhance the search for sky-
lights. Moreover, EnVision will carry on-board the Subsurface Radar
Sounder (SRS)*®, an orbital ground penetrating radar capable of
penetrating up to few hundred meters in the Venus subsurface. Our
discovery on potential Venusian lava tubes could be further investi-
gated by such an instrument which could potentially detect intact lava
tubes far from the collapse point.

Methods

Radar model and conditions for the detection of the interior of
lava tubes

We consider a SAR sensor operating from orbit. We assume that after
focusing the system range and azimuth resolutions are better than the
cavity width w. The radar received power Py, is directly proportional to
the radar backscattering coefficient ¢°. The value of Py is given by**:

Ka®(6)

Pa0)="0". M

The system constant K in the equation depends on factors such as
the transmitted power, the antenna gain, and other relevant para-
meters. The variable R denotes the slant range. The term clutter refers
to all unwanted radar echoes that have the potential to obscure the
desired signal. In the SAR image, the cavity interior (which is the signal
of interest) near a collapse point can be detected if the radar echo
power originating from the cavity is larger than the echo power arising
from the surface (i.e., clutter) for the same image pixel. This is con-
sidering the cavity interior and surface scattering points at the same
slant range that results in the superimposition of two radar echoes.
Therefore, the cavity can be detected only when the radar cross
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section of the cavity interior 60 is greater than that of the surface ¢?
(i.e., 02(6,) > 02(0y)) for any given pixel. Here, 6, and 6, represent the
local incidence angles inside the cavity and over the surface, respec-
tively, for each pixel in the image.

Radar model for the determination of skylight and lava tubes
geometric parameters

The lava tube interior is illuminated if the radar look angle 6, satisfies
the following condition”** (see Supplementary Fig. 5):

0, <atan <&> ?2)
hy

where D; and h, are the pit diameter (range direction) and the cavity
roof thickness, respectively. This implies that 8, should be sufficiently
low to allow the radar signal to propagate inside the lava tube, rather
than being solely reflected by the cavity roof exposed by the skylight.
The collapse depth h=h,+h_ is estimated as (see Supplementary
Fig. 5):

h=h,+h.=AR, sin6,cos 6, 3)

where AR, , is the ground range interval of the radar shadow cast from
the pit’s edge, h. is the cavity height measured from the top of the rock
pile and 6, is the radar incidence angle. The radar signal propagation P,
inside the lava tube is equal to*:

P, = <ARgl2 - ARgJ) sin@,sin6, )

where AR, , is the ground range extent of the radar anomaly origi-
nating from the lava tube interior measured from the relevant pit edge
and AR, 5 is the ground range interval measured between the reflec-
tion from the pit’s edge and the first reflection from the roof (see
Supplementary Fig. 5). The radar signal propagation inside the lava
tube can be also measured with reference to the pit’s edge. In this case,
the measurement is denoted as P, and it is estimated to be:

P,<AR; ,sing,;sin6,. )

The maximum depth H, based on radar signal propagation inside
the cavity is equal to:

Hy=h+hyye+h 2 AR 5 sin 6, cos 6. (6)

The roof thickness A, could be estimated in case of vertical roof
wall as:

h,- AR, 5sin 6, . e
cos 6,

However, the unknown inclination of the roof wall makes it impossible
to reliably estimate its thickness through equations. Indeed, when the
roof wall is not vertical, the previous equation could yield an over-
estimation of the real value. It is possible to obtain an approximation of
the inclined roof thickness as:

he=AR; 3sinf, cos 6, . 8)

Nonetheless, in this case, the obtained value may represent an
underestimate of the real one.

Therefore, due to the uncertainty about the actual geometry of
the cavity roof, the thickness h, has been estimated numerically,
starting from the knowledge of the slant range interval measurement

AR, 5 sin 6, as follows:

h, =argminwp|{|AR (xp,yp) — AR, 5sin 9,|} ©)

where the parametric slant interval measurement AR(x,,y, ) as func-
tion of the roof cartesian reflection point (x,,y,) is equal to:

AR(xp,yp) =R —Ry= \/(hs —yp)2 + (hs tan(6,) —x,,)z

10
—\/ (1)’ + (~htan(6,))”
where A is the spacecraft height.
The cavity height H; within the lava tube is equal to:
H;=(AR, , — AR, 3)sin6,cos 6. an

The cavity width w and the pit major and minor axes, denoted as
D, and Dy, respectively, are directly measured on the image. The lava
tube floor slope is estimated as:

6, =atan {H’;hc} . 12)
Py

To take into account the Magellan pixel resolution, all the geo-
metric measurements of the conduit have been quantized as follows:

y=round <l> .75 (13)

75

where y is a generic cavity parameter (e.g., h). Accordingly, the mea-
surement uncertainty is equal to £75m.
The collapse linear volume V is equal to*

n

V=3 hD,. (14)
The collapse asymmetry ratio AR is defined as*
D
AR 15)

=

Analysis of the uncertainties in the determination of skylight
and lava tubes geometric parameters from Magellan data
A radar measurement taken at a slant range resolution equal to
R, =R, sin(6,), where R, is the ground range resolution, has a root-
mean-square error 6R equal to*:
6R=R,/v2SNR. (16)
Given that, for Magellan’s system, R;=88 m and SNR=8dB, a
value of 24.77 m is obtained for 6R. Thus, we have that the uncertainty
due to SNR is lower than the one given by the pixel resolution, which is
equal to p=75m (6R < p). Knowing the values of the incidence angle,
6;, and look angle, 6,, corresponding to the analyzed SAR measure-
ment, we can bound the errors for the different estimated quantities.
The pit examined in this paper, namely pit A (see Fig. 3), was imaged by
Magellan’s SAR system with an incidence angle of 42.4° and a look
angle of 40°. Consequently, the following uncertainties can be eval-
uated for the estimated geometric parameters (see Methods and
Supplementary Fig. 5). The estimated collapse depth uncertainty is
evaluated as psin6; cos6,=38.74m. The radar signal propagation
uncertainty is equal to psin;sing,=32.75m. The lava tube roof
thickness (worst-case overestimation model) uncertainty is equal to
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psin@;/ cos §;=66.02m. The cave height uncertainty is computed
as psin 6; cos 6, =38.74m.

Magellan radar system specifications and image data format
Magellan is a SAR system operating in S-band (2.385 GHz). The trans-
mitted peak power is 325W and the swath width is 25 km (variable).
The Full Resolution Radar Mosaicked images (FMAP) used in this study
are full-resolution (75 m/pixel) global mosaics produced by the U.S.
Geological Survey from Magellan Full-resolution Basic Image Data
Record (F-BIDR) data. FMAP products are reprojected from the radar
coordinates (delay-doppler) onto the surface of Venus by using
information about the spacecraft location based on a priori predic-
tions and earth-based tracking. For this study, the left-look FMAP
mosaic has been employed. The radar resolution ranges from
120 m x 120 m (range x azimuth) to 280 m x 120 m, depending on the
spacecraft altitude.

Sentinel 1 radar system specifications and image data format
The SAR images used in this paper were acquired by Sentinel 1. Sentinel
1 is a SAR system operating in C-band (5.405 GHz). The Sentinel 1
Ground Range Detected (GRD) products used in this work encompass
focused SAR data that have undergone detection, multi-looking, and
projection onto the ground range utilizing an Earth ellipsoid model.
The ellipsoid projection of the GRD products is adjusted based on the
terrain height. Ground range coordinates refer to the slant range
coordinates that have been projected onto the Earth’s ellipsoid. The
pixel values represent the detected magnitude. The resultant product
exhibits an approximately square spatial resolution and square pixel
spacing of 10 m x 10 m, with reduced speckle owing to the multi-look
processing. The spatial resolution is about 20.5 m x 22.5 min range and
azimuth, respectively.

Capella radar system specifications and image data format

The VHR SAR spotlight image of Lanzarote of size 5 km x 5km used in
this paper was acquired with Capella Space X-band radar systems. The
radar central frequency and bandwidth are 9.65 GHz and 500 MHz,
respectively. Data has been acquired in HH polarization with a pulse
repetition frequency of 10 KHz. After the geocoding and orthor-
ectification, the ground range resolution can vary between 0.5 and
0.8 m depending on the look angle. The azimuth resolution is 0.5m
without sidelobe filtering. The standard look angle range for Capella
Space X-Band data is between 25° and 40°. Given the small size
(5kmx5km) of the considered image, the look angle does not
appreciably vary across the imaged scene. No post-processing has
been applied to the data. We exploited the GEO (Geocoded Terrain
Corrected) data products, in which pixel values contain the radio-
metrically calibrated intensity in linear scale. The image is multi-looked
nine times in the azimuth direction to enhance their radiometric
resolution. GEO data products are geocoded and terrain-corrected
using a Digital Elevation Model to improve the geolocation accuracy
beyond what is achievable with only considering the ellipsoid.

Data availability

The VHR SAR data of Lanzarote used in this study will be released as
part of the Capella Space Open Data Program https://www.
capellaspace.com/community/capella-open-data/ under the follow-
ing user license https://www.capellaspace.com/customers/product-
documentation/data-licensing/. The Magellan FMAP data used in this
study is publicly available on the NASA planetary data system
geoscience node at the following address https://ode.rsl.wustl.edu/
venus/pagehelp/Content/Missions_Instruments/Magellan/Radar_
System/Other Records/FMAP.htm. The Sentinal 1 GRD data used in
this study is publicibly available at https:/scihub.copernicus.eu/.
Magellan Altimetry data is publicly available through Java Mission-

planning and Analysis for Remote Sensing (JMARS) at https://jmars.
asu.edu/.

Code availability
All the relevant analyses on the experimental data were performed
using MATLAB ©. Code is available upon request.
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