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a b s t r a c t

Cassini radar images of Titan’s surface reveal numerous dark circular features in the equatorial region.

These may be related to methane sublimation and have been interpreted as pits. In the T8 equatorial

swath, we identify 199 individual pits and estimate their diameters. We analyze the observed spatial

distribution and size to characterize these features and understand their formation. Chi-square analysis

confirms a significant deviation from a random distribution and shows clustering over the entire swath.

However, analysis of the densest cluster of pits, a group of 50, shows a more random distribution.

Fractal analysis and comparison with a same-sized random set find only a hint of linearity. A Poisson

distribution fits the observed pit-sizes, although resolution limits size determination for the smallest

pits, those less than 1 km in diameter. Models for random pit generation and evolution simulate the

observed Poisson distribution of pit sizes, with larger pits forming by the coalescing of smaller,

overlapping ones. Pits, estimated to cover 0.5% of the equatorial T8 swath, could be an erosion

mechanism that significantly contributes to the negative skew that has been observed in Titan’s

hypsography.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Titan stands out as unusual even among Saturn’s diverse
moons. Cassini, reaching Saturn’s orbit in June of 2004, has used
various instruments to penetrate Titan’s thick atmosphere and
image its varied surface (Elachi et al., 1991, 2004). Using Cassini’s
radar, and operating in synthetic aperture mode (SAR), images of
Titan’s surface are pieced together to give a map of radar
reflectivity. Although these images have yet to cover the entire
surface, they show Titan to be unique among satellites, for its
varied surface features as well as its hydrocarbon chemistry and
dense atmosphere, exceeding even that of Earth’s.

Surprisingly Earth-like features have been revealed on Titan’s
surface. Lakes of methane or ethane cover the north and south
pole; dried lake beds exist in the southern hemisphere (Stofan
et al., 2007; Brown et al., 2008). River channels, common on the
surface, may carry large amounts of liquid methane during
downpours of methane rain (Tomasko et al., 2005; Perron et al.,
2006; Lorenz, 2008; Lunine and Lorenz, 2009). Linear dunes are
scattered over the equatorial region (Lorenz et al., 2006a,b;
Radebaugh et al., 2008). Various mountain types can be seen
from pole to pole (Radebaugh et al., 2007). Possible cryovolcanic
features could provide methane to Titan’s thick atmosphere
(Lopes et al., 2007). These features, particularly the lakes and
ll rights reserved.

urdy, D.M., Pit distribution
the dense atmosphere, make Titan an exceptional satellite. All
three phases of methane are stable at Titan’s surface, much like
the stability of water on Earth’s surface. Interaction of methane
cloud and liquid phases with the solid surface of Titan resembles
Earth’s hydrologic cycle (Atreya et al., 2006; Lorenz et al., 2003).
This could account for the eerily terrestrial appearance of Titan’s
surface.

Titan’s global topography, or hypsography, may provide clues
as to the relative balance of the constructional and erosional
processes acting on its surface. Indeed, Earth’s characteristic
bimodal hypsography was first seized upon by Alfred Wegener
in 1929 to support his proposed theory of ‘Continental Drift’
(Wegener, 1966). Accordingly, Lorenz et al. (2011) use the limited
Cassini radar topographic data to construct Titan’s hypsography.
They note that overall flatness characterizes Titan, and that its
hypsogram is sharper than those of the terrestrial bodies. In
addition, they observe that Titan’s hypsography shows a distinc-
tive skew toward lower elevations, suggestive of erosion out-
pacing uplift and construction through volcanism.

Pits, through their development and evolution, may represent
an important – or even the dominant – erosional process on Titan.
Thus we attempt to quantitatively assess the size and distribution
of pits in the equatorial region. Although there are pits elsewhere
on Titan, we focus on in Titan’s equatorial region, between 61–121
south and 2121–2301 west, within Cassini’s T8 swath where there
is the largest concentration of pits. Radar dark, smooth, circular
features in this area, assumed to be depressions or pits with
diameters of about 1–6 km, were identified by Lopes et al. (2007).
in the equatorial region of Titan. Planetary and Space Science
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Fig. 1. Pit fields from the T8 swath that range from 1 to 6 km in diameter. These are found in the equatorial region of Titan between 61–121 south and 2121–2301 west. In

total, 199 pits were mapped with location and diameter recorded. (a) without white circles as a reference. (b) with white circles outlined in black to highlight the pits.

White lines outlined in black show linear features that continue to the east in the original T8 image.
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Pits commonly occur on both icy and non-icy bodies throughout
the solar system. In this paper we will consider several mechan-
isms for pit formation on Titan. We study the distribution and size
of pits and develop quantitative models for the observations to
give insight into the evolution of pits and their relationship to
Titan’s hypsography.

1.1. Pit formation mechanisms

Mechanisms for pit chain formation on the surface of Mars are
summarized by Wyrick et al. (2004). They note the general
agreement that pits form through collapse in response to a cavity
beneath the surface. Methods of pit chain development include
lava tubes, karst dissolution, dikes and magma chamber collapse.
These mechanisms are discounted in our analysis due to the
composition and state of Titan’s surface. Other alternatives
include extension and dilational faulting (Wyrick et al., 2004).
Extension fractures can cause pit chains when collapses occur
above deep fissures (Tanaka and Golombek, 1989). In this case,
we would expect to find graben and other extensional features in
the area. Ferrill et al. (2003) and Wyrick et al. (2004) described
how dilational faulting can form pit chains similar to extensional
fractures where collapses occur into voids created by such
faulting.

Extension fractures seem a plausible mechanism for the
development of pits on Titan due to geologic features found in
the area. Radebaugh et al. (2007) have identified sub-parallel
mountain ranges described as possible extension features in the
region of the T8 swath that also contains the pits being studied.
Fig. 1 displays these mountains (shown in Fig. 1) as radar bright,
linear features, in the northern and southern part of the image.
They postulate that these mountains could be formed by exten-
sional tectonism due to their comparable width, height, and
length to some mountains in the Basin and Range. Furthermore,
they argue that extension commonly exists in the history of icy
bodies in the solar system, and that models for Titan’s outgassing
Please cite this article as: Adams, K.A., Jurdy, D.M., Pit distribution
(2012), doi:10.1016/j.pss.2012.01.007
of methane produce crustal thickening and associated extension.
To determine if extension is in fact the cause of pits found on
Titan, we will look for linear trends.

Pits have been observed on Mars’ south polar cap by the Mars
Orbiter Camera on the Mars Global Surveyor (Thomas et al.,
2000). Referred to as ‘‘swiss cheese’’ these pits have been
attributed to sublimation (Thomas et al., 2000; Byrne and
Ingersoll, 2003; Malin et al., 2001). Circularity of the pits are
possibly due to their south polar location where a constant solar
elevation causes radially symmetric ablation along the walls of
depressions (MacClune et al., 2003). CO2 ice in the south polar
caps is the likely explanation for why these pits exist only in this
region (MacClune et al., 2003).

Cryovolcanism was initially suggested as a method for pit
development on Titan by Lopes et al. (2007). This process has been
defined by Kargel (1995) as eruptions of ice-cold aqueous or non-
polar molecular solutions or partly crystallized slurries that result
from the partial melting of ice-bearing materials. On Titan, ice-cold
refers to the surface temperature of approximately 94 K. Mitri et al.
(2008) proposed cryovolcanism on Titan results from the formation
of bottom crevasses in an ice-I shell floating on an ammonia–water
ocean. Pockets of ammonia–water are transported to the surface
through convection in the ice shell and then erupt due to re-freezing
at the surface or tectonic processes (Mitri et al., 2008). Evidence of
cryovolcanism can be found in Titan’s atmosphere where photolysis
breaks methane down to form ethane (Strobel, 1974; Yung et al.,
1984). The current levels of methane in the atmosphere suggest
replenishment either by large bodies of liquids on the surface or by
methane out-gassing through cryovolcanism (Atreya et al., 2006;
Lopes et al., 2007). With no visible cryovolcanic features in this area,
such as evidence of flows or volcanic calderas, it is unlikely that this
is the cause of pits in Titan’s equatorial region.

Secondary craters may also cause pits on some bodies. How-
ever, no evidence of a primary crater in this area, along with
Titan’s thick atmosphere, make this an improbable explanation
for these pits on Titan (Wood et al., 2006, 2010).
in the equatorial region of Titan. Planetary and Space Science
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Table 1 (continued )

Latitude Longitude a-diameter

(km)

c-diameter

(km)

Flatness (km)

�11.38 214.92 1.40 1.40 0.00

�8.46 214.93 3.50 3.15 0.10

�11.12 214.94 4.90 3.85 0.21

�11.45 214.96 3.15 2.80 0.11

�9.92 214.99 2.45 2.10 0.14

�9.92 214.99 2.45 2.10 0.14

�10.44 215.18 3.15 2.80 0.11

�8.26 215.39 3.15 3.15 0.00

�10.77 215.46 2.10 2.10 0.00

�10.95 215.62 2.45 2.10 0.14

�7.57 215.67 4.20 4.20 0.00

�10.61 215.72 2.10 2.10 0.00

�10.70 215.73 2.45 2.45 0.00

�7.73 215.86 2.10 2.10 0.00

�10.28 215.88 1.75 1.75 0.00

�7.71 216.03 2.45 2.10 0.14

�7.77 216.07 3.15 2.10 0.33

�8.41 217.17 2.10 1.75 0.17

�8.55 217.27 1.75 1.40 0.20

�8.50 217.37 2.45 2.45 0.00

�7.51 217.42 2.80 2.80 0.00

�7.59 217.45 3.50 2.45 0.30

�10.59 217.57 3.50 3.50 0.00

�7.53 217.60 2.45 2.10 0.14

�7.15 217.67 2.45 2.10 0.14

�6.46 217.74 1.75 1.40 0.20
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2. Mapping

Cassini radar data was utilized in our identification of pits and in
their analysis. Radar swaths of Titan were obtained from the
Planetary Data System operated online by NASA, with images saved
as .IMG files. These are converted to .cub files using USGS ISIS
program. As .cub files, images can be manipulated using various
programs within ISIS or visually using the qview program provided by
ISIS. Using qview the brightness and contrast can be adjusted to
define features. Initially, pits were identified using a T8 image at 256
pixels per degree resolution. These pits were compared and identified
using a lower resolution image at 128 pixels per degree. Pits were
visually identified by looking for quasi-circular dark features that had
a diameter of at least 1.05 km (three pixels in the 128 pixel/degree
image). Anything smaller than three pixels was excluded due to the
inability to constrain the feature’s circularity. Almost certainly even
smaller pits litter Titan’s surface, but these cannot be identified with
the current resolution. After several separate visual examinations of
the T8 image we located 199 pits (Fig. 1) and determined their
diameters (Table 1). Both an a-diameter (longest diameter) and
c-diameter (short diameter) were found to determine the degree of
circularity, or ‘‘flatness’’ ½ða�cÞ=a� of the pits (Table 1). Fig. 2 shows
that over 90% of the pits are circular, while the remaining are nearly
circular.
Table 1
Location of all pits identified in the equatorial region of Titan, latitude and longitude

are given. a-diameters are measures of the longest diameter of the pit, while c-

diameters measure the shortest diameter. For consistency the a-diameter is used for

analysis. Flatness, (a-c)/a, is calculated for each pit to determine circularity.

Latitude Longitude a-diameter

(km)

c-diameter

(km)

Flatness (km)

�9.41 212.86 2.80 2.45 0.13

�9.56 213.10 2.80 2.80 0.00

�11.77 213.20 3.15 2.80 0.11

�10.14 213.61 3.15 2.80 0.11

�11.81 213.68 2.45 2.10 0.14

�10.20 213.69 2.10 1.40 0.33

�10.77 213.78 1.75 1.75 0.00

�10.69 213.84 2.10 2.10 0.00

�9.82 213.84 2.10 1.75 0.17

�10.64 213.90 3.50 2.80 0.20

�9.83 213.94 1.75 1.40 0.20

�11.49 213.98 3.15 2.80 0.11

�9.81 214.01 1.75 1.40 0.20

�10.49 214.04 2.45 2.10 0.14

�11.47 214.09 3.85 3.15 0.18

�11.77 214.10 3.15 3.15 0.00

�10.85 214.17 2.10 2.10 0.00

�11.59 214.17 3.15 3.15 0.00

�10.87 214.20 2.10 2.10 0.00

�10.06 214.20 3.15 3.15 0.00

�10.49 214.22 3.15 2.45 0.22

�11.17 214.23 1.40 1.40 0.00

�11.82 214.27 4.20 3.50 0.17

�10.08 214.27 2.80 2.10 0.25

�10.43 214.27 1.40 1.40 0.00

�10.88 214.30 2.10 1.75 0.17

�6.96 214.42 2.45 2.10 0.14

�11.54 214.43 2.80 1.75 0.38

�9.79 214.51 5.60 5.60 0.00

�10.10 214.51 3.15 2.80 0.11

�10.18 214.56 3.15 2.80 0.11

�9.91 214.57 3.50 2.80 0.20

�9.57 214.62 3.15 3.15 0.00

�9.94 214.66 3.85 3.15 0.18

�6.88 214.71 2.10 1.75 0.17

�10.66 214.71 1.75 1.75 0.00

�10.35 214.78 1.75 1.40 0.20

�8.40 214.82 4.20 3.85 0.08

�11.40 214.87 1.75 1.40 0.20

�10.49 214.87 2.45 2.10 0.14

�11.04 214.88 3.50 2.45 0.30

�11.31 214.92 1.75 1.75 0.00

�8.13 217.76 1.40 1.40 0.00

�7.18 217.86 2.80 2.45 0.13

�6.39 217.87 1.40 1.40 0.00

�6.53 217.90 1.75 1.75 0.00

�10.82 217.97 3.50 3.50 0.00

�10.68 218.04 1.40 1.05 0.25

�8.10 218.07 2.10 2.10 0.00

�7.09 218.10 2.10 2.10 0.00

�8.64 218.15 1.40 1.05 0.25

�8.61 218.16 1.40 1.40 0.00

�8.68 218.17 1.75 1.75 0.00

�10.30 218.26 2.45 2.45 0.00

�10.36 218.29 3.15 3.15 0.00

�10.32 218.38 3.15 2.80 0.11

�9.69 218.38 2.10 2.10 0.00

�10.82 218.48 2.45 2.45 0.00

�9.98 218.49 2.10 2.10 0.00

�7.41 218.51 1.75 1.40 0.20

�10.73 218.55 2.10 1.75 0.17

�10.48 218.58 3.50 2.80 0.20

�9.74 218.63 3.50 2.80 0.20

�9.44 218.63 3.15 2.80 0.11

�10.96 218.92 2.10 1.75 0.17

�10.27 218.95 1.40 1.40 0.00

�10.35 218.96 1.05 1.05 0.00

�8.10 219.14 2.80 2.10 0.25

�8.20 219.26 2.80 2.80 0.00

�9.10 219.31 5.60 4.20 0.25

�7.96 219.54 3.50 3.50 0.00

�9.35 219.64 4.55 4.20 0.08

�10.29 219.68 1.40 1.40 0.00

�9.34 219.86 3.85 3.85 0.00

�8.86 219.99 2.80 2.80 0.00

�8.86 220.16 2.45 2.45 0.00

�8.60 220.20 4.90 4.55 0.07

�10.58 220.55 2.45 1.75 0.29

�8.85 220.57 2.10 1.75 0.17

�7.74 220.61 4.55 4.20 0.08

�8.55 220.66 1.40 1.40 0.00

�8.62 220.67 1.40 1.05 0.25

�7.73 220.70 2.45 2.10 0.14

�8.31 220.76 2.10 2.10 0.00

�7.73 220.80 2.80 2.45 0.13

�8.79 220.98 2.45 2.45 0.00

�9.21 220.99 4.20 4.20 0.00

�8.04 221.00 2.45 2.10 0.14

�9.91 221.42 1.40 1.40 0.00

�10.02 221.44 2.10 2.10 0.00

�9.87 221.57 1.75 1.75 0.00

�8.92 221.60 1.75 1.40 0.20

�9.18 221.95 4.55 3.85 0.15

�9.06 222.01 4.20 3.85 0.08

�9.15 222.13 3.50 3.15 0.10
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Table 1 (continued )

Latitude Longitude a-diameter

(km)

c-diameter

(km)

Flatness (km)

�9.25 222.19 4.55 3.85 0.15

�10.51 222.29 2.80 2.45 0.13

�9.91 222.47 2.10 2.10 0.00

�6.87 222.52 3.85 3.15 0.18

�9.06 222.56 2.80 2.45 0.13

�9.18 222.59 3.50 3.15 0.10

�7.43 222.67 2.80 2.45 0.13

�9.15 222.70 4.20 3.50 0.17

�9.32 222.73 2.45 2.10 0.14

�8.92 222.80 2.45 2.10 0.14

�9.35 222.91 2.10 2.10 0.00

�6.75 222.98 2.10 1.75 0.17

�7.14 223.32 2.45 2.10 0.14

�7.34 223.38 2.80 2.80 0.00

�9.48 223.45 1.40 1.05 0.25

�7.28 223.47 1.75 1.75 0.00

�7.19 223.48 2.45 2.10 0.14

�7.23 223.51 2.10 2.10 0.00

�9.47 223.52 2.80 2.45 0.13

�8.17 223.62 5.25 4.55 0.13

�7.76 223.77 4.20 3.85 0.08

�10.30 224.09 3.15 2.45 0.22

�9.13 224.13 4.20 4.20 0.00

�8.73 224.24 3.15 2.80 0.11

�9.87 224.47 2.45 2.45 0.00

�8.33 224.52 1.75 1.40 0.20

�7.25 224.79 3.50 2.80 0.20

�8.59 224.85 3.15 2.80 0.11

�7.26 225.00 4.20 3.50 0.17

�7.45 225.07 4.55 4.55 0.00

�8.48 225.08 4.90 4.55 0.07

�7.77 225.17 4.20 3.50 0.17

�8.41 225.18 3.50 3.15 0.10

�8.59 225.63 4.20 3.15 0.25

�8.48 225.66 3.15 3.15 0.00

�8.86 225.68 3.15 2.80 0.11

�8.61 225.79 2.80 2.80 0.00

�6.56 225.87 1.75 1.40 0.20

�6.78 225.88 2.10 2.10 0.00

�7.66 225.92 1.40 1.40 0.00

�8.56 226.20 2.80 2.45 0.13

�9.84 226.22 1.40 1.40 0.00

�8.68 226.23 3.50 3.50 0.00

�8.42 226.28 2.45 2.45 0.00

�8.52 226.32 3.15 3.15 0.00

�8.63 226.35 4.55 3.85 0.15

�7.69 227.05 1.40 1.40 0.00

�9.27 227.29 3.15 2.10 0.33

�6.75 227.39 1.75 1.40 0.20

�7.47 227.55 2.10 2.10 0.00

�7.37 227.83 2.80 2.80 0.00

�6.66 228.03 4.55 4.20 0.08

�6.55 228.08 4.20 3.85 0.08

�6.11 228.09 4.55 3.85 0.15

�6.65 228.15 4.55 4.20 0.08

�6.47 228.27 3.15 2.80 0.11

�6.49 228.55 3.15 3.15 0.00

�7.57 228.66 3.50 2.80 0.20

�7.46 228.72 2.45 2.10 0.14

�7.60 228.78 2.80 2.80 0.00

�7.71 228.84 1.40 1.40 0.00

�7.53 228.84 2.45 2.10 0.14

�7.70 228.91 2.80 2.45 0.13

�7.73 229.10 3.50 3.15 0.10

�7.99 229.13 1.75 1.40 0.20

�8.71 229.18 1.40 1.40 0.00

�7.91 229.19 1.40 1.05 0.25

�7.86 229.23 1.05 1.05 0.00

�7.94 229.25 1.40 1.05 0.25

�8.63 229.26 1.75 1.40 0.20

�7.77 229.29 2.10 1.75 0.17

�7.80 229.55 2.10 1.75 0.17

�8.99 229.55 3.15 3.15 0.00

�7.70 229.63 2.10 1.75 0.17

�7.97 229.67 6.30 6.30 0.00

�7.75 229.68 2.10 2.10 0.00

�9.05 229.69 2.80 2.80 0.00

�9.12 229.84 1.75 1.75 0.00

Fig. 2. Histogram of pit flatness, a measure of the circularity. Flatness is calculated

as (a–c)/a where a is the long diameter and c is the short diameter of each pit. Over

90% of the pits are circular, while the rest are nearly circular.

Fig. 3. Chi-squared analysis of pit distribution. The T8 swath was split into three

sections of equal area to create a geometry suitable for analysis. The numbers for

each box represent the count of pits for that box. Clustering is apparent, with the

largest cluster in the lower right corner.
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3. Distribution and size analysis

For the identified pits, we first use Pearson chi-square analysis
to assess the randomness of their distribution. Then, we employ
fractal analysis, to find the number of pits per unit area, for an
additional comparison of the distribution of pits to random
distributions. This will quantitatively determine how the number
of pits increases with increasing area, thus the plan form and
degree of linearity. Next, we analyze the size distribution of pits,
comparing diameters regionally. Also, the observed pit diameters
are compared with the results of models for random pit devel-
opment and evolution. With the observed pit distribution
and sizes, we assess their potential contribution to Titan’s
hypsography.

3.1. Chi-squared analysis

An initial look at identified pits suggests a degree of clustering, so
to assess the randomness of the pit distribution, and the influence of
clustering, we perform a chi-squared analysis. The T8 swath that
contains the 199 identified pits was divided into three sections, each
with four sub-sections, all with approximately equal area (Fig. 3).
This makes the geometry of the swath more suitable for analysis.

We use the equation

w2 ¼SðOk�EkÞ
2=Ek ð1Þ

for w2 (where Ok is the number of pits in the box and Ek is the
average number of pits in the boxes) (Taylor, 1997). A reduced w2

value is found by dividing by the degrees of freedom (n–1) and is
used to find the probability of randomness (Table D in Taylor,
1997).

Performing this analysis for the three sections, we find the left
section (in Fig. 3) has a 1.1% probability of being a random
distribution, the middle section has a 0.15% probability of ran-
domness, and the right section has less than a 0.05% probability of
randomness. The densest box of pits, located in the lower right
subsection of the right portion of the T8 image, was expanded to
in the equatorial region of Titan. Planetary and Space Science
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Fig. 5. Fractal analysis of 199 pits found in the T8 image compared with a random

set of 199 points. (a) cumulative distribution and (b) logarithmic distribution. The

slope of the logarithm for the random set, as well as the observed pits, gives a

fractal dimension just over 1.0. Errors of 2
ffiffiffiffi
N
p

are shaded.

Fig. 4. Chi-squared analysis of pit distribution within the largest cluster, in the

south-east corner of pits from Fig. 3, including adjacent pits. The numbers for each

box represent the count of pits for that box. Analysis shows a random distribution

with no internal clustering.
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include adjacent pits giving a total of 50 (Fig. 4). A chi-squared
test of this cluster shows a probability of randomness in excess
of 99%.

The T8 swath on Titan’s equator cannot be covered with boxes
of exactly the same size. Examining the consequences of the only
approximate similarity of box size, we find in Fig. 3 that the
analyses for the left and center regions would not be affected, as
area differences could only be compensated with fractional pits.
We prefer to work with whole numbers of pits, ‘‘integer pits’’. For
the right third of the region, however, the lower right box clearly
exceeds the others in size, 6.4% larger than the average for this
third. Thus its pit count of 45 should be lowered by 3 and each of
the other three boxes would gain a pit. However the re-calculated
chi-squared test of the right section still has less than a 0.05%
probability of being random. For the densest box of pits (Fig. 4),
located in the lower right subsection of the right portion of the T8
image, the slight differences in areas range from 1 to 7%, so do not
affect the ‘‘integer pit’’ count.

In summary, chi-squared analyses of 199 pits in Titan’s
equatorial region (Fig. 3) shows clustering throughout the entire
pit field. However, the distribution within the densest pit cluster
of 50 pits (Fig. 4 appears to be random).

3.2. Fractal analysis

Pit chains commonly occur on solar system bodies such as
Mars (Wyrick et al., 2004). Although lines or chains of pits are not
obvious on Titan (Figs. 1 and 6) we undertake fractal analysis to
assess the degree of linearity. Fractal analysis is used to objec-
tively assess any subjective perception of whether pits occur in
chains or more random groupings. We do this by starting at the
center of longitude and latitude of each grouping of pits, then
expanding out from that location with circular caps of increasing
radius and area and counting the number of pits in each cap
(Jurdy and Stefanick, 1990). This gives a cumulative distribution.
For a random distribution, the number would increase propor-
tional to the area of the cap. However, for points aligned in strings
or chains, the number would increase as the radius of the cap, and
thus as the square root of the area. This holds for caps small as
compared with Titan’s radius. The increase of pits with area then
would differentiate the plan form of pits.

For the fractal analysis, we form the cumulative distribution of
points N(A) and fit a power law

NðAÞ ¼ CAd=2
ð2Þ

where d is the fractal dimension, A is the area and C describes the
local density of points (Feder, 1988). We estimate these para-
meters by taking logarithms, plotting (Figs. 5 and 6) and fitting a
Please cite this article as: Adams, K.A., Jurdy, D.M., Pit distribution
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straight line to

log NðAÞ ¼ log Cþd=2 log A ð3Þ

The number, N(A), over a given area will show some statistical
fluctuation, 7

ffiffiffiffiffiffiffiffiffiffi
NðAÞ

p
. In our analysis, we compare the number of

pits as a function of area fraction with the same number of
random points. Thus, we attempt to quantitatively – and objec-
tively – assess the degree of linearity of Titan’s pit distribution.

A total of 199 pits were identified with 50 pits in the largest
cluster to the southeast (Fig. 1). An analysis of the entire pit area
was compared to a randomly generated set of 199 points with
cumulative and logarithmic distributions shown in Fig. 5, with an
error of 2

ffiffiffiffi
N
p

(with N being the number of pits). Over the entire pit
field the observed distribution – though slightly more linear than
the random set – does not differ from the random points at a
statistically significant level. The slope of the logarithm for the
random set (Fig. 5b), as well as the observed pits gives a fractal
dimension just over 1.0. Unfortunately, the linear strip used for
analysis did not contain enough area to the north and south to
allow for the expanding circular cap. So the fractal dimensions
determined were dominated by the limited area for analysis, a
consequence of the linear strip, the swath of data. Here we
compare the cumulative distribution for the 199 pits with a
best-fitting power law having an exponent of 1.14 (shown as a
black line threading through the points). The maximum deviation
for the cumulative distribution of the entire set of 199 pits with
the cumulative distribution for a power law is 10. Using standard
Kolmogorov–Smirnov statistics to compare these cumulative
in the equatorial region of Titan. Planetary and Space Science
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Fig. 7. A comparison of pit size distribution of the north and south halves of the

pit field. (a) North latitudes and (b) south latitudes.

Fig. 6. Fractal analysis of a the densest concentration of 50 pits found in the

south-east pit area compared with a random set of 50 points. (a) cumulative

distribution and (b) logarithmic distribution. The fractal dimension of the random

set is determined as 2.12, slightly over the value of 2.0 expected for a random set.

The value for the pit distribution does significantly deviate from that of the

random points, giving a dimension of 1.66. Errors of 2
ffiffiffiffi
N
p

are shaded.
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distributions (Press et al., 1992), we find that this small deviation
establishes that the power law fit very nearly matches the
observed distribution of 199 pits.

Next, we focus on the distribution of pits within the largest
cluster. Here we repeat the fractal analysis for the 50 pit cluster in
comparison with a randomly generated set of 50 pits, with the
cumulative and logarithmic distributions shown in Fig. 6. Here
the analysis region is not limited by the dimensions of the swath.
In this cluster we find that the observed distribution of pits
deviates by more than two standard deviations from the random
set with error region shaded (2

ffiffiffiffi
N
p

). The fractal dimension of the
random set is determined as 2.12, slightly over the value of
2.0 expected for a random set. The value for the pit distribution
does significantly deviate from that of the random points, giving a
dimension of 1.66. Using this dimension, we find a power law
with a dimension of 1.66 (shown as the curves in Fig. 6) fits the
data very well, with only slight deviations from the cumulative
curve. For the cluster of 50 pits, there is a maximum deviation of
4 with the power law curve. With standard Kolmogorov–Smirnov
statistics we compare these cumulative distributions (Press et al.,
1992) as a measure of fit; we find that the power law fit closely
matches the observed pit distributions.

In summary, the fractal analysis for the entire set of 199 pits in
the T8 swath shows no strong evidence of linearity or strings for
the whole set of 199 pits. But this largely results from the
dimensions of the T8 swath. However, the southeast region
containing 50 pits exhibits a more linear trend than the random
Please cite this article as: Adams, K.A., Jurdy, D.M., Pit distribution
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set. The discrepancy between results for the cluster and the entire
set of pits over the swath, suggests that the cluster may be in a
different stage of pit development or there could be some local
control such as ongoing extension with further thinning. So
fractal and other distribution analyses should be performed over
smaller sets or groupings in areas contained within the swath.
3.3. Size distribution

The diameter of each pit was found by counting the number of
pixels across the pits and then converting to kilometers (Table 1). For
the image resolution of 128 pixels/degree there are 0.351 km/pixel.
For consistency, a-diameters are used for all size distribution
analyses. To assess our initial impression that pit size is unrelated
to location, we generated pit-size distribution histograms, dividing
the swath into northern and southern parts, and compared the
distributions of the halves (Fig. 7). The northern hemisphere shows
an average of 2.74, while the southern hemisphere shows and
average of 2.76. A t-test (Croxton, 1953) utilized to determine the
estimated standard error for the difference between the two area
means yields a t-value of 0.17. This corresponds to a probability of
0.86, implying that the difference between the northern and south-
ern hemisphere diameter distributions is non-significant.

The analysis was repeated with a sliding box histogram from
west to east (Fig. 8). A change in the number of pits is evident in
the histogram, but it is not clear if there is a change in the
distribution. A quartile analysis on each section is performed to
provide a useful characterization of the range of values for a set.
In quartile analysis the values range from q0 to q4. The lowest
fourth of the values range from q0 to q1, the next fourth of the
values range from q1 to q2, similarly the third quarter range from
q2 to q3, and the final, top quarter range from q3 to q4. The
numbers q1 and q3 are often referred to as the first and third
quartiles, and q2 is usually referred to as the median. The
numbers q0 and q4 are the minimum and maximum values. For
a set with a statistically defined ‘‘normal distribution’’ the
quartiles can be related to the standard deviation: for a normal
(or Gaussian) distribution, 68.3% of the values lie within one
in the equatorial region of Titan. Planetary and Space Science
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Fig. 8. A sliding box comparison of pit size distributions from west to east across the pit field. Pit diameters from west to east average 2.7 km, 2.6 km, 3 km, and 2.7 km

respectively. A quartile analysis shows 50% of the pit diameters lie between 2.1 and 3.15 km, within 0.675 standard deviations of the mean. The middle west section varies

more from 2.1 to 4.2 km for 50% of the pits in this area.

Fig. 9. A graph of mean (top) and median (bottom) pit diameters over equal areas

across the pit field. A slope of less than 1 shows no significant change in pit

diameters across the pit field.
Fig. 10. Histogram of pit diameters in pixels (shown as boxes). Poisson distribu-

tion can be seen as smooth line overlaying the histogram. The cumulative

distribution for the identified pits is represented by the step function fit by the

model curve. Note the similarity to the Poisson distribution and the lack of smaller

pits, less than 1 km, due to the restriction of image resolution. An average pit

diameter is 2.75 km (8 pixels), while the peak pit diameter is roughly 2.1 km (6

pixels).
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standard deviation of the mean. Alternatively, the range between
the first and third quartiles contains 50% of the values and the
points are within 0.675 standard deviations of the mean (Fisher,
1973).

Applying this simple, yet informative analysis to our distribu-
tions we find that, in all but the middle west section, 50% of the pit
diameters lie between 2.1 and 3.15 km, within 0.675 standard
deviations of the mean. The middle west section varies more from
2.1 to 4.2 km for 50% of the pits in this area. A slight skew in pit
diameters can be seen in the histogram for this region (Fig. 8). Pit
diameters from west to east average 2.7 km, 2.6 km, 3 km, and
2.7 km respectively. Slightly larger pits in the middle west
section may show a clustering of large pits in this area. To take a
closer look at pit diameters across the longitudinal range and to
look for clustering of large pits, we calculated the mean and median
diameters over 17 equal areas. A graph of the median and
mean diameters as a function of longitude can be seen in Fig. 9. A
linear fit of the data shows only a slight decrease in diameter from
west to east, with a slope less than 1 for each graph. This is
further proof of the lack of a relationship between diameter and
pit location.

How different are these four distributions shown in Fig. 8?
Here we again use Kolmogorov–Smirnov statistics to compare the
Please cite this article as: Adams, K.A., Jurdy, D.M., Pit distribution
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distributions. Starting with the histograms we form cumulative
distributions and look for the extreme deviations between
the distributions for each of the histograms. In this case, the
greatest differences are between the cumulative distributions of
the second and fourth (furthest east) sections, where D¼ .2. Based
on this deviation of .2 and the number of pits in the second (40)
and fourth (44) sections and consulting a table for Kolmolgorov–
Smirnov distributions, we find that a larger deviation would be
expected 38% of the time. Thus, the differences in the histograms
for pit size versus location are not remarkable.

A histogram of pit diameter versus frequency was employed to
determine the incidence of pit diameters (Fig. 10). An average pit
diameter was found to be around 2.75 km (eight pixels), while the
peak pit diameter is roughly 2.1 km (six pixels). The distribution
of pit sizes can be nicely fit with a Poisson curve. We test the
degree of fit with Kolmogorov–Smirnov statistics (Press et al.,
1992), finding the maximum difference between the cumulative
distribution and the Poisson fit at a diameter of about five pixels.
in the equatorial region of Titan. Planetary and Space Science
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This maximum deviation between the two cumulative curves,
scaled by the number of pits, 199, establishes a Kolmogorov–
Smirnov distribution. The K–S statistic establishes that there is a
reasonable degree of fit between the histogram of the observed
pit sizes and the Poisson distribution.

A slight difference in the chi-squared analysis as well as fractal
analysis for the largest cluster found in the lower right of the
cropped T8 swath (Fig. 1) leads to the question of whether there is
a difference in the diameter of the pits in this area compared to
the entire swath. A diameter versus frequency histogram of the 50
pits found in the cluster was utilized to determine the pit size
distribution for this region (Fig. 11). Average pit diameters were
found to be 2.68 km, with a median of 2.45 km. A t-test to
compare the size distribution of the cluster to the entire swath
yields a probability of 0.65, implying that the difference between
the cluster and the entire swath area is non-significant.

We constructed a model for pit evolution to establish whether
the observed distribution of pit sizes could be replicated with
simple starting assumptions. In our model, for a geographical area
equivalent to the T8 swath for Titan, we generated 199 points at
random locations with random sizes between 1 and 10 pixels. All
‘‘pits’’ smaller than 2 km were eliminated—as if any this small
were to exist they would elude identification. Furthermore, any
‘‘pit’’ that fell within the radius of a nearby existing ‘‘pit’’ would be
Fig. 11. Histogram of pit diameter frequency, in kilometers, for the 50 pit cluster.

An average pit diameter is 2.68 km, with a median of 2.45 km.

Fig. 12. A model for pit evolution for a geographical area equivalent to the T8

swath for Titan. We generated 199 points at random locations with random sizes

between 1 and 10 pixels. All ‘‘pits’’ smaller than 2 km were eliminated. Further-

more, any ‘‘pit’’ that fell within the radius of a nearby existing ‘‘pit’’ would be

merged into a single larger ‘‘pit’’, so features greater than 10 pixels could develop.
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merged into a single larger ‘‘pit’’, so features greater than 10
pixels could develop. In reality, coalescing pits would tend to
occur where pits clustered, with the pits formed earlier gaining in
size. In our model, random locations are specified, with no
clustering. Even with this rather simple random model, the
generated distribution for randomly evolving pits (Fig. 12) resem-
bles the observed distribution (Fig. 10). Conversely, models that
would start with pits having exactly the same diameter could not
evolve to a Poisson or Gaussian distribution. In numerical experi-
ments we compare distributions for three different random
models and find a variety in their respective histograms for sizes.
Yet each of these random sets displays some pits larger than 10
pixels, a result of coalescing of nearby pits. Thus we conclude that
a region simulating Titan’s T8 swath, even with 199 random
points, would result in some overlap, thus enlarged pits. However,
another model, one in which pits exert an influence over a region
twice their radius, results in very large pits, with some exceeding
20 pixels in diameter. This does not match observations. A more
realistic model might include the effects of pit evolution with
time, size loss or perhaps gain, as new pits arrive. Or possibly the
initial size distribution might be specified to be Gaussian or some
other distribution. Such models are beyond the scope of this
paper, and perhaps not even warranted, as we do not yet clearly
understand the mechanism of pit formation and their evolution.
4. Discussion

Cassini’s radar imaging revealed nearly 200 dark circular
features, interpreted as pits, in Titan’s equatorial region. We have
identified and analyzed the spatial distribution of pits along the
T8 swath, between 61–121 south and 2121–2301 west. The swath
was divided into three sections for chi-squared analysis. The
analyses confirmed clustering of pits over the entire pit field
(Fig. 4). However, within the southeastern cluster of pits, the
densest pit area, the distribution does appear to be random.

Pits on solar system bodies commonly occur in chains. To
quantitatively assess the degree of linearity, fractal analysis was
performed on the entire set of 199 pits, as well as the densest
cluster of 50 in the southeast. Although the entire data set could
not be differentiated from a random set of the same size, the
cluster showed statistically significant departure from the ran-
dom set, including the associated errors. This suggests there may
be a degree of linearity in the pits, perhaps even remnants of
chains. If pit distributions in other clusters, yet to be identified
and analyzed, also display a degree linearity, this could be
indicative of the pit formation process on Titan.

In addition, pit diameters were estimated. Unfortunately, the
number of pits smaller than 1.05 km in diameter cannot be
estimated, as these fall below three pixels, below the limit of
identification. Pits range in diameter from 1 km to 6.3 km, with an
average of 2.75 km. Size distribution analysis shows that pit
diameter does not strongly depend on pit location (Figs. 7 and
8). Comparing the cumulative distributions of histograms for
subsets of pits by location, no regional difference could be
detected in Titan’s pit-size distribution. A simple model for
random pit generation was found to simulate the observed
Poisson distribution of pit sizes. In this model, a few large pits
could develop as features overlap.

Pits are generally located between mountain chains (Radar
bright linear features seen in Fig. 1), although some lie outside
this region in close proximity to the mountains. This suggests the
possibility of a process of pit development associated with
formation of these mountains. What causes pits to develop in
this area on Titan? Several mechanisms for pit chain development
outlined by Wyrick et al. (2004) have been discounted due to
in the equatorial region of Titan. Planetary and Space Science
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Titan’s surface composition and state. Cryovolcanism is not
probable due to a lack of volcanic features in the area. Secondary
craters are not likely as there are no large craters nearby. Sub-
parallel mountain chains, identified in this area of the equator and
not found to this extent elsewhere on Titan, are possibly due to
extension. The coincidence of a large quantity of pits in the same
vicinity as the mountains suggests they may be related. Thinning
of the crust due to extensional tectonics may facilitate the release
of methane hydrates beneath the surface. A sudden release of
hydrates could form circular features that we identify as pits.
More detailed mapping of this area would aid in a better under-
standing of pit development on Titan.

We find that in the equatorial region of Titan, specifically the
region covered by the equatorial T8 swath (latitudes between 61–121
south and longitudes between 2121–2301 west) pits cover � 0:5% of
the area. Thus, surface erosion by pit development may contribute to
the negative skew observed in Titan’s hypsometric curve (Lorenz
et al., 2011). The role of pits in the erosional balance can be better
evaluated with additional coverage of the Titan to establish the global
hypsography and satellite-wide distribution and sizes of pits.
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