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1. Introduction

ABSTRACT

The areas of volcanic units on Venus have been measured on the 1:5000000 geological maps published by
NASA/USGS.

distribution of 1544 specific occurrence of units cover six orders of magnitude from the largest unit
(30 x 10° km?) to the smallest (20 km?). The probability distribution function has been calculated. The
medium and large volcanic units correlate well with a power-law (fractal) relation for the dependence of
frequency on area with a slope of 1.83. There are fewer small units than the expected values provided
by the power-law relation. Our measurements cover 21.02% of the planetary surface, 3.59% of the study area
was found to be tessera terrain and is excluded from this study of volcanism. The measurements were
restricted to areas where geological maps have been published. The analysis was performed on two inde-
pendent areas of the planet, with a complete coverage of published maps. In both areas the largestvolcanic
unit covers asignificant portion of the surface (58.75% and 63.64%, respectively). For the total measured vol-
canic units {(excluding tessera), these two largest units (that could correspond to the same unit or not) cover
the 61.18% and they are stratigraphically superimposed on older volcanic units which cover 3.37% of the
area. The remaining area (35.45%) is occupied by younger volcanic units stratigraphically superimposed
on the large volcanic unit{s). These results are based on the independent mapping of a large number of geol-
ogists with different ideas about the geodynamical evolution of Venus and different criteria for geological
mapping. Despitethis fact, the presence ofthesevery large units isincompatible with the equilibrium resur-
facing models, because their generation at different ages would destroy the crater randomness. Qur fre-
quency-area distribution of the mapped volcanic units supports a catastrophic resurfacing due to the
emplacement of the largest unit(s) followed by a decay of volcanism. Our data for the frequency-area dis-
tribution of volcanic units provide new support for catastrophic resurfacing models. It is difficult to make
our observations compatible with equilibrium, steady-state resurfacing models.

widely discussed. On the one hand, Schaber et al. (1992) and Strom
et al. (1994 ) attribute the generation of the volcanic plains to a ra-

Volcanism plays a major role in planetary evolution. Volcanic
rocks are primarily responsible for resurfacing planetary surfaces
although aeolian and sedimentary processes can be important in
some cases. The distribution and timing of surface volcanism pro-
vide essential information on the geodynamical evolution of a
planet.

The spatial distribution of impact craters on Venus 1s approxi-
mately random (Schaber et al., 1992; Phillips et al., 1992) indicat-
ing a mean surface age, T, in the range of 300-1000 Ma (McKinnon
et al., 1997). The lack of highly cratered areas on Venus suggests a
global scale resurfacing process. The most extensive expression of
this resurfacing are the volcanic plains covering ~80% of the sur-
face. The style and duration of the resurfacing process has been
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pid, near global volcanic flooding, which covered the preexisting
impact craters. The global stratigraphic model of Basilevsky et al.
(1997), Basilevsky and Head (1998, 2000, 2002) follow this cata-
strophic hypothesis. The catastrophic resurfacing model is sup-
ported by Monte Carlo simulations and the analyses of the
impact crater record performed by Schaber et al. {1992) and Strom
et al. (1994). In this model, the rate of volcanism after the cessation
of the catastrophic resurfacing event is very low and localized at
volcanic centers (Basilevsky and Head, 2002). On the other hand,
Phillips et al. {(1992) and Hauck et al. {1998) propose that the spa-
tial randomness of the impact crater population can be achieved by
a equilibrium resurfacing process in which small volcanic units
were emplaced during a relatively long time spam (~0.5 T).
Different geodynamic theories have been proposed according to
gradual (Phillips and Hansen, 1998) or catastrophic resurfacing
hypotheses, caused by episodic (Parmentier and Hess, 1992;



Turcotte, 1993, 1995, 1996; Turcotte et al., 1999; Herrick and Par-
mentier, 1994: Fowler and O’Brien, 1996; Weinstein, 1996; Moresi
and Solomatov, 1998) or unique geodynamic events (Arkani-
Hamed et al., 1993; Herrick, 1994; Solomatov and Moresi, 1996;
Reese et al., 2007). Turcotte (1993, 1995, 1996) and Turcotte
et al. (1999) proposed that Venus loses heat through episodic glo-
bal subduction events causing catastrophic resurfacing. The geo-
logic model of Phillips and Hansen {(1998) attributed a gradual
resurfacing process to the transition from a thin (mobile)-lid re-
gime to a thick (stagnant)-lid regime that occurred 700-500 Ma
ago.

The general characteristics of the Venusian volcanism are de-
scribed in several papers. Head et al. (1992) provide a classification
of individual volcanic features, their size distributions and associa-
tions. Crumpler et al. (1997) shows the global diameter distribu-
tion of volcanoes >20 km and their spatial distribution on the
planetary surface indicating a concentration in the Beta Alta The-
mis (BAT) region.

Other papers have focused on special classes of volcanoes. Ked-
dle and Head (1994) give the height and altitude distribution of
large volcanoes. McGovern and Soclomon (1997) studied the filling
of flexural moats around large volcanoes, while Herrick et al.
(2005) focused on the geologic history and topographic and gravity
expression of large shield volcanoes. The morphometry and classi-
fication of small volcanic edifices on Venus was carried out by
Guest et al. (1992) and Kreslavsky and Head (1999).

The spatial and temporal distribution of volcanism in a terres-
trial planet 1s a main key for understanding its geodynamical evo-
lution. Previous papers on volcanism have focused on volcanic
units that can be associated with centers of activity (Head et al.,
1992; Guest et al,, 1992; Keddle and Head, 1994; Crumpler et al.,
1997; McGovern and Solomon, 1997; Kreslavsky and Head, 1999;
Herrick et al., 2005). Nevertheless, the main volcanic activity dur-
ing the resurfacing process of Venus cannot be ascribed to emis-
sion centers because the largest volcanic units of the volcanic
plains cover these centers. Considering that the main observable
difference between the end-member catastrophic and equilibrium
resurfacing models is the size of the volcanic units, we have mea-
sured the frequency-area distribution of the volcanic units on Ve-
nus, whether they are associated with emission centers or not.

In this paper we show the results of a detailed measurement of
the areas of individual volcanic units on the 1:5.000.000 geological
maps published by NASA/UGSS. We will analyze the frequency-
area distribution of the volcanic units. We will estimate the volume
of magma for the observed units using a conic disc approach. Final-
ly, the geodynamic implications of this study for the resurfacing
history of Venus will be discussed.

2. Data acquisition

The measurement of the area of volcanic units has been per-
formed on the 1:5.000.000 geological maps published by NASA/
USGS. This mapping program is partially completed; the planet is
divided into 62 quadrangles (Fig. 1) of which 20 are published.
We have used the largest areas of contiguous maps for our study,
with the intention of reducing the number of volcanic units that
are cut by map edges. Two independent areas of the planet were
selected for this study, their locations are shown in Fig. 1. One area,
that we will called “zone 1", 1s composed by quadrangles: V-8
(McGill, 2004), V-9 (Campbell and Campbell, 2002), V-20 (McGill,
2000), V-21 (Campbell and Clark, 2006), V-31 (Copp and Guest,
2007) and V-43 (Bender et al,, 2000). The other area, called “zone
2", 1s composed by quadrangles: V-4 (Ivanov and Head, 2004),
V-5 (Rosenberg and McGill, 2001), V-13 (Ivanov and Head, 2005),
V-25 (Young and Hansen, 2003) and V-37 (Hansen and DeShon,
2003).

Our measurements cover 21.02% of the planetary surface. We
consider this percentage of the planetary surface enough to esti-
mate the frequency-area distribution of volcanic units on Venus.
The areas covered by our survey include a variety of geologic prov-
inces present on Venus. Zone 1 covers, from north to south, the
southern part of Fortuna tessera, Bereghinya Planitia, Bell Regio,
Eistla Regio, Gula mons, southern Guinevere Planitia, Heng-o
corona,Vasilisa Regio and Kanykey Planitia. Zone 2 covers from
north to south: Atlanta Planitia, Nightingale Corona,Vinmara Plani-
t1a, Velamo Planitia, Ananke Tessera, Rusalka Planitia, Dali Chasma
and Atahensik Corona.

The complete area of each map was included in our measure-
ments corresponding to both volcanic terrains and tessera terrains.
All the limits of the geologic units measured are the real boundary
of a volcanic unit, produced by the volcanic embayment on an
underlying unit. This underlying unit can be a tessera terrain or
an older volcanic unit. The tectonic units mapped as areas inside
a volcanic flow defined by a dense pattern of tectonic structures,
(1.e. a fold or fracture belt) are not considered in this study of the
volcanism, because they are morphotectonic units caused by a sec-
ondary deformation process and not real geologic units, in the
sense of a body of rock generated by a simple geologic event. A
few discrepancies between adjacent maps were found, in those
cases the original Magellan radar images were used to unify the
mapping criteria.

A few of the measured units are cut by the limits of the mapped
area and therefore their areas are underestimated. This problem
can only be completely avoided with full planet coverage by geo-
logic maps which are not yet available. We cannot exclude these
edge units from the study. This would introduce a significant error
in the frequency-area distribution, because the largest units are
more frequently cut by the map edges than the smaller ones. We
have included all the units in our study; therefore, the areas of
some units shown in the frequency-size distribution are underesti-
mated, especially among the largest units.

We found that 3.59% of the study area was tessera terrain and is
excluded from our study of volcanism. Although some tessera ter-
rains are probably volcanic in origin, the boundaries between vol-
canic units inside tessera are very difficult to determine, because
the surface is extremely modified by tectonic processes. The origin
and composition of tessera terrain is still a subject of controversy.
Romeo and Turcotte (2008) proposed that tessera terrains could
correspond to old continental crust (or a crust with a differentiated
composition), that survived a global resurfacing event.

3. Results: frequency-area distribution

The areas of 1544 volcanic units were measured in the two
zones whose locations are shown in Fig. 1. The cumulative fre-
quency-area distribution of the volcanic units of both zones is
shown in Fig. 2. The areas of the units cover six orders of magni-
tude from the largest unit (30 x 10° km?) to the smallest (20 km?).

The limit of the smallest unit (20 km?) is imposed by the scale of
the geological mapping. The maps, depending on the authors, have
different degrees of detail, consequently the number of units smal-
ler than 100 km? can be significantly underestimated. This is be-
cause not all the geologists have included so small units into
their maps. We are confident that all the units bigger than
100 km? were successfully mapped, so the statistics is robust from
100 km” to 30 x 10° km”.

Excluding the two largest units which are one order of magni-
tude larger than the next larger unit, the 168 largest units correlate
well (R?=0.997) with a power-law (fractal) relation of the form
N=1734815 x A-%%° (Fig. 2). There are fewer medium and small
units than predicted by the power-law relation.
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Fig. 1. Locamon of the study areas on the NASA-USGS 1:5000000 geclogic maps marked in grey.
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Fig. 2. Log-log and log-linear plots of the cumulative number-area diswibution of
the 1544 volcanic units studied in this paper. Also shown is the power-law fit to the
large units with areas greater than 3 x 10% km?, except the two largest units.

The cumulative frequency-size distributions of specific units are
compared with the total cumulative distribution in Fig. 3. The data
has been separated into several categories following the mapping
criteria of the authors (McGill, 2004; Campbell and Campbell,

2002; McGill, 2000; Campbell and Clark, 2006; Copp and Guest,
2007; Bender et al., 2000; Ivanov and Head, 2004; Rosenberg and
McGill, 2001; Ivanov and Head, 2005; Young and Hansen, 2003;
Hansen and DeShon, 2003). The volcanic units have been subdi-
vided into: lineated plains, plains, corona flows, volcano flows,
shield fields, flows associated with channels and fluctus. The
cumulative frequency-area distribution of tessera outcrops is also
included. The lineated plains are stratigraphically and locally the
oldest volcanic units, they are units of the plains that have suffered
one or more tectonic processes characterized by the generation of
one or more sets of tectonic structures (lineaments) before they
were covered by younger volcanic units. The units included in
the category “plains” cannot be associated with any emission cen-
ter and cover the largest areas, on the contrary the lineated plains
frequently appear as inliers inside these large plains units. The
flows that can be clearly be associated with volcanoes and coronas
are included in their respective categories. These units represent
isolated flows and not the total area of a volcano or a corona, as
was the case in previous frequency-size studies of volcanic features
(Head et al., 1992; Crumpler et al., 1997). In the category called
“shield fields” we have included the volcanic units formed by the
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Fig. 3. Cumulative numbet-area distribumon of the volcanic units by category, and
comparison with the total volcanic data and tessera inliers.



coalescence of flows from groups of small shield volcanoes, and
also the flows associated with small isolated shield volcanoes.
The units attributed to the overflow of magma channels are in-
cluded in the category “channel flow”. A category of units mapped
as “fluctus” is also included, usually corresponding to large volca-
nic flows with high radar brightness.

The cumulative frequency-area distribution for volcanic units
on Venus given in Fig. 2 is quite similar to the frequency-area dis-
tribution for landslides on Earth (Malamud et al., 2004). These
authors have argued that it is preferable to utilize the probability
distribution function,

1 6N
BDE — N- A (1)
where dN is the number of units in the area range A to A + A and Nr
is the total number of units, instead of the cumulative distribution.

Our cumulative distribution of areas has been converted to a
probability distribution function using bins of S data points. The
slope of each S adjacent data points in the cumulative frequency-
area distribution has been calculated and normalized to the total
data. Bins are incremental (i.e. the slope has been calculated for
each set of 5 contiguous data) and plotted centered within the bins.
The data were later averaged within bins of log (0.1) of area. The
resultant probability distribution function for areas is shown in
Fig. 4. The medium and large volcanic units correlate well with a
power-law (fractal) relation for the dependence of the PDF on area
with a slope of —1.83. There are fewer small units than the ex-
pected values provided by the power-law relation.

The slope of the PDF is close to unity greater than the slope of
the cumulative distribution (—1.83 versus —0.89). This is expected
since the PDF is basically the derivative of the cumulative distribu-
tion. Malamud et al. (2004 ) found that the PDF slope for the power-
law behavior of large landslides on Earth was —2.40 compared
with our result —1.83 for volcanic flows on Venus.

4. Magma volume estimations

Although converting area measurements to volume measure-
ments of flows with precision is a difficult task, we have performed
a first-order approximation useful for comparing the flow volumes
involved in different kinds volcanism. The frequency-area data
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Fig.4. Probability distribution function for the area of volcanic units. Also shown is

the power-law fit to the large units with areas greater than 3 x 10? km?, except the
two largest units.

have been slightly modified for volume estimation. A significant
number of units show smaller areas today that when they were
formed due to partial superposition of younger units. Superposi-
tion can occur at the margins or in the central areas of a given unit.
When superposition occurs completely inside a unit, the area of
this unit was corrected adding the covered part. Nevertheless,
when partial superposition occurs in the margin of a unit, the ori-
ginal area cannot be determined. In these cases, the data were not
corrected and the area is underestimated.

A conic disk approach has been applied for each unit of the cor-
rected area data set. The volume estimated for each unit is equal to
the volume of a cone with an equivalent basal area. The morphol-
ogy of the cone is defined by the slope of the cone flank, «. Thus,
the volume, V, as a function of the area, A, is given by:

_ tan(a)
S

The estimation of the volumes of each unit can be accomplished
by determining the slope of real Venusian volcanic units. Using the
morphometry data of large volcanoes from Herrick et al. (2005) we
have obtained the values of real slopes of large volcanoes on Venus.
They show slopes («) ranging from 0.2°* to 1.5°, with an average of
0.63°. The slope of the large plains units not associated with a cen-
ter of emission was determined to be about 0.5-1.0°® by Kreslavsky
and Head (1999) using the morphometry of small shield volcanoes.
Collins et al. {1999) used a slope of 0.5 to model the embayment of
the large volcanic plains. Based on the similar values of slope esti-
mated for large volcanoes and regional volcanic plains, we choose a
conservative slope () of 0.5* in order to not overestimate the vol-
ume during conversion.

The results for the cumulative frequency-volume distribution
are shown in Fig. 5. As the original area data have been only
slightly corrected for the volume calculation, the volume distribu-
tion has a similar geometry to the area distribution. The medium
and large volcanic units correlate well with a power-law (fractal)
relation for the dependence of number on volume with a slope of
—0.58. This corresponds to a fractal dimension
D=3 x 0.58 =1.74. For the area dependence given in Fig. 2 we
have D =2 x 0.89 = 1.78. The two values are in quite good agree-
ment as is expected since we assume a geometrical similarity be-
tween volume and area V ~ A'~.

Again our cumulative distribution of area has been converted to
a probability distribution function using bins of 5 adjacent data
points. The resultant probability distribution function for area is gi-
ven in Fig. 6. The large volcanic units correlate well with a power-
law (fractal) relation for the dependence of the PDF on volume
with a slope —1.53. Again the slope of the PDF is close to unity
greater than the slope of the cumulative distribution (—1.53 versus
—0.58).

v ALS (2)

5. Comparison with other data sets

Frequency-size data for volcanic features have been published
by several authors (Guest et al., 1992; Head et al., 1992; Crumpler
et al.,, 1997). They measured the apparent radius of individual vol-
canic edifices. Their measurements do not cover all the volcanic
units, and they exclude the largest volcanic units of the plains that
cannot easily be ascribed to an emission center.

Our data set include all ty pes of volcanic units whether ascribed
to emission centers or not and we measure actual areas of volcanic
units while previous authors measured diameters of volcanic edi-
fices that sometimes are formed by several volcanic flows that
are separated in our data set. Therefore our distribution is expected
to be different from previously published distributions. Crumpler
et al. (1997) fit an exponential law for the cumulative distribution
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shown is the power-law fit to the large units with volume greater than 104 km?,
except the two largest units.

of diameters of volcanoes >20 km and shield fields. Fig. 7 shows a
comparison of the exponential distribution of Crumpler et al.
(1997) with our cumulative frequency-area data transformed into
apparent diameters (i.e. to the area of each unit we assigned the
diameter of a circle of the same area). Although the data base of
Crumpler et al. (1997) covers the whole planet with ~1000 data,
our survey has 1544 volcanic units from 21.02% of the planetary
surface.

Power-law (fractal) distributions have been previously applied
to the geodynamic processes related to volcanism. Malamud and
Turcotte {1999) showed that cumulative number of plumes with
a heat flux greater than Q had a power-law dependence with an
exponent —1.47. This is evidence that the magma flux associated
with plumes also has a power-law dependence. However, it does
not directly give the total volume of magma since the durations
of flow are not know.

The study of the frequency-height distribution of seamounts on
Earth has also been described using power-laws. Hillier and Watts
(2007) showed that the cumulative frequency-height distribution
of seamounts can be described by fractal dimensions between 2
and 4. As described above, our correspond fractal dimension for
volcanic flows on Venus i1s about 1.75. Again the apparent
power-law correlation of sea mount frequency height and volume
statistics support our power-law results for Venus.

6. Discussion and conclusions

The frequency-area distribution of volcanic units is the result of
two related processes: the generation of new volcanic units with a
given frequency-size distribution and the partial or total destruc-
tion of previously formed units by flooding. In the two independent
areas, zones 1 and 2, that we have analyzed, the largest volcanic
units cover a significant percentage of the surface (58.75% and
63.64%, respectively). These two largest units (that could corre-
spond to the same unit or not, until the mapping progress link both
zones we will not know) cover 61.18% of the total volcanic surface.
These two largest units are stratigraphically superimposed on old-
er volcanic units, so called lineated tessera, which cover 3.37% of
the volcanic area. The remaining area (35.45%) is occupied by
younger volcanic units stratigraphically superimposed on the large
volcanic unit(s). Despite the large number of geologists working on
these areas (McGill, 2004; Campbell and Campbell, 2002; McGill,
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Fig. 7. Comparison of the cumulative frequency distribumon of the apparent
diameter (D) of our units (covering 21.02% of the planetary surface) (black points)
and the exponential diameter-frequency distribution of volcanoces >20 km and
shield fields from Crumpler et al. (1997) that covers the whole planet (grey line).



2000; Campbell and Clark, 2006; Copp and Guest, 2007; Bender
et al., 2000; Ivanov and Head, 2004; Rosenberg and McGill, 2001;
Ivanov and Head, 2005; Young and Hansen, 2003; Hansen and DeS-
hon, 2003), evidence of a subdivision inside these large volcanic
units was not found. We consider that each large volcanic unit
was formed by a unique volcanic event. If these areas were formed
by volcanic flows of different ages, their cooling boundaries should
be visible on the detailed Magellan radar images.

In both zones 1 and 2, the largest unit is cut by the map bound-
aries, indicating that the areas of these units are clearly underesti-
mated. The largest unit from zone 1 (29.9 x 10°km?) and the
largest unit from zone 2 (27.2 x 10° km?), correspond to the two
largest units in the total distribution. The presence of these very
large units cannot be explained by equilibrium resurfacing models.
The generation of units of that size with different ages would de-
stroy the randomness that has been observed in the crater popula-
tion. EQuilibrium resurfacing models can maintain the randomness
only through the generation of small and medium size units. Phil-
lips et al. {1992) demonstrated using Monte Carlo simulations of
equilibrium resurfacing that resurfacing areas with diameters be-
tween 4* (area = 0.14 x 106 km?) and 74* (area = 47.98 x 106 km?)
produce crater populations which distributions are not compatible
with the crater distribution of Venus. We have measured 46 units
(3% of the measured volcanic units) that have areas inside this
range. The simulations performed by Bond and Warner (2006)
reproduce equilibrium resurfacing with units of a maximum size
of 1400 km of diameter (equivalent to 1.5 x 10° km? of area) at
the beginning of the simulation and units of 500 km of diameter
(0.2 x 10° km? of area) at the end of the simulation.

The two observed largest units are significantly larger than the
value expected by the power-law (fractal) distribution defined by
the next 168 largest units in the cumulative frequency-area distri-
bution (Fig. 2). This seems to indicate that the largest units were
formed during a “special” event of a different nature than the for-
mation of the younger and smaller units that are associated with
centers of volcanic activity.

If the different nature of the largest units is clear in the fre-
quency-area distribution, it is even more evident looking at the
volume estimation. Although, the intrinsic problems of an area-
volume transformation only allow a first-order approximation,
the frequency-volume distribution obtained by the conic disk ap-
proach provide interesting results. The volume associated with
the largest unit represents 93.73% of the total volume estimated
for zone 1 and 90.27% in the zone 2. The volume of the two largest
units (the largest of zone 1 and the largest of zone 2) represent
92.09% of the total estimated volume. The 841 units that were em-
placed on top of the large volcanic plains represent only 6.19% of
the total estimated volume (4.33% in zone 1 and 8.26% in zone
2). These results strongly support a catastrophic resurfacing event
followed by a very much lower volcanic activity.

The difference in magnitude between the largest units and the
smaller and younger ones is so important that it strongly suggests
a different origin of both type of units. A catastrophic emplacement
of the large plains followed by moderate volcanism is the simplest
explanation for our data set. This resurfacing history was previ-
ously proposed by Schaber et al. (1992), Strom et al. (1994 ), Basi-
levsky et al. (1997) and Basilevsky and Head (1998, 2000, 2002),
and our data give new support for the catastrophic resurfacing
scenario.

Our study i1s based on the detailed geologic mapping performed
by a large number of geologists (McGill, 2004; Campbell and
Campbell, 2002; McGill, 2000; Campbell and Clark, 2006; Copp
and Guest, 2007; Bender et al, 2000; Ivanov and Head, 2004;
Rosenberg and McGill, 2001; Ivanov and Head, 2005; Young and
Hansen, 2003; Hansen and DeShon, 2003), with very different
ideas about the resurfacing history and geodynamical evolution

of Venus and also different criteria for geological mapping. Despite
this fact, the frequency-area distribution of the mapped volcanic
units supports a catastrophic resurfacing due to the emplacement
of the largest unit(s) followed by a decay of volcanism. It is difficult
to make our observations compatible with equilibrium, steady-
state resurfacing models because the sizes (underestimated in
our work) of the largest units are incompatible with such a
scenario.
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