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A B S T R A C T

The topography of rifts on icy bodies can be used to probe their internal properties. Uplifted and curved rift
flanks occur when the elastic thickness (te) of the crust is low, indicative of high heat flow out of the body. Stereo
topography of Pluto shows no evidence of rift-flank uplift associated with large extensional graben to the west of
Sputnik Planitia. Modeling the amount of topographic deflection expected from varying elastic thicknesses yields
a conservative lower bound on te of 8 km at the time of deformation; the maximum implied heat flux since
graben formation is 66–85mWm−2. This upper bound is consistent with the predicted paleo-heat fluxes from
radioactive decay (~6mWm−2), but likely only marginally consistent with nearby apparently viscously-relaxed
impact craters. Additionally, we also analyze the shear stresses on these faults and find that Pluto's faults only
need to support low stresses in the range of 100–300 kPa to explain their dimensions.

1. Introduction

Constraining the thermal history of Pluto is important to under-
standing the formation and evolution of differentiated Kuiper Belt ob-
jects (KBOs). One way of constraining a planet's thermal history is to
look for signs of elastic flexure of the lithosphere, which can then be
used to infer the maximum heat flux since the time of deformation. That
is the approach we take in this paper, using the loads imposed by ex-
tensional grabens.

When the New Horizons probe visited Pluto in 2015 the first high
resolution images of Pluto's surface revealed a complicated world
showing a variety of features and processes (Stern et al., 2015; Moore
et al., 2016). The encounter hemisphere is dominated by a large de-
pression named Sputnik Planitita (SP).1 While the interior morphology
of Sputnik Planitia suggests processes are currently modifying the sur-
face of Pluto (McKinnon et al., 2016; Trowbridge et al., 2016), the
exterior regions record a more prolonged history. The bladed terrain of

Tartarus Dorsa (east of SP) suggests the likely involvement of sub-
limation and deposition of CH4 ices on the evolution of Pluto's geology
(Moore et al., 2018). Regions to the north of SP (i.e. Voyager and
Pioneer Terra) have likely been modified by deposition of CH4 ices
(Moore et al., 2016). Large extensional grabens are also observed in the
area east of SP (e.g. Sleipnir and Sun Wukong Fossae), but the limits of
topographic resolution and the degree of geologic modification have
driven us to focus on the extensional graben in the regions west of SP,
where there has been comparatively little degradation (Moore et al.,
2016).

The stresses generated by large extensional grabens have been used
to analyze the conditions of the near-surface crust of a variety of
worlds, including Earth (e.g. Kusznir et al., 1991; Brown and Phillips,
1999), Venus (e.g. Johnson and Sandwell, 1994; Foster and Nimmo,
1996), Mars (e.g. Barnett and Nimmo, 2002), Europa (e.g. Nimmo and
Schenk, 2006), Ganymede (e.g. Nimmo et al., 2002), Tethys (Giese
et al., 2007), Enceladus (e.g. Giese et al., 2008), Ariel (Peterson et al.,
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2015), and Charon (Beyer et al., 2017). The flexural rift flank response
(i.e. the amount that the topography at the edge of the rift is lifted
above the surrounding elevation) as a result of the imposed negative
load can be used to determine the characteristics of the crust. Primarily,
we can estimate the depth to which the crust acted elastically (i.e. the
elastic thickness) at the time of deformation, and how rapidly heat was
lost through the crust (i.e. the heat flux). In our analysis, we will show
that the minimum elastic thickness implied by the topographic ex-
pression of Pluto's extensional graben is ~8 km and the associated
maximum possible surface heat flux since graben formation is
~66–85mWm−2. This is a conservatively high estimate, as it neglects
the effects of layers of reduced thermal conductivity due to porosity
(Giese et al., 2008) or volatile ices and should be interpreted as an
upper bound; the expected radiogenic heat flux at the time of de-
formation is ~6mWm−2 (see below).

2. Observations

There are two large extensional graben each in Viking Terra and
Cthulhu Regio (4 total; Stern et al., 2015) that have widths on the order
of 20 km, maximum throws ranging from 1.0 to 2.4 km, and lengths
between 400 and 600 km. While other normal faults exist in these areas,
the topographic expression of these other faults (e.g. their trough
depths and flank dimensions) are close to an order of magnitude smaller
and most are near the limit of the topographic resolution (~300m/px).
Smaller faults are additionally less sensitive probes of the elastic
thickness, because it is easier to support their negative topography with
material strength (Turcotte and Schubert, 2002). For these reasons, we
are focusing this study on the major four faults of Inanna and Dumuzi
Fossae (Viking Terra) and Virgil and Beatrice Fossae (Cthulhu Regio).
The surrounding topography near each fossa, the chosen profile line
locations, and their location in Viking Terra and Cthulhu Regio are
shown in Fig. 1. The derived topography of these profiles is shown in
Sup. Fig. 1, where trends along fault strike can be observed.

We use the digital elevation model (DEM) from Schenk et al. (2018),
which for the analysis area has a±~100m stereo height accuracy and
a ground sample distance of ~300m/pixel. While not in the highest
resolution area, the Viking terra and Chtuhlu regio appear in high en-
ough resolution to allow a reasonably complete analysis. Although the
DEM covers only ~42% of the total surface, it covers nearly our entire
analysis area with the only gaps occurring at the western termini of
Virgil and Beatrice Fossae. Schenk et al. (2018) calculated the DEM
through sets of stereo images from the MVIC hemispheric scans and
LORRI mosaics. Since 5× 5 pixel patches were used for each DEM

pixel, we take some care to check for possible smoothing effects from
the DEM creation process. This smoothing effect should be smaller than
the smoothing effect from averaging profiles (see below).

Cratering statistics could be of use in determining the relative age of
these faults. However, ages of features on Pluto calculated from crater
statistics have issues deriving from variable lighting angles and active
geology (Moore et al., 2016). Even so, using cratering models from
Greenstreet et al. (2015), Moore et al. (2016) found that the surface
ages of Viking Terra and Cthulhu Regio are ~4 Ga. It should be noted,
however, that the dating models have large uncertainties due to the
unknowns in the crater production rate at Pluto's orbital distance
(Greenstreet et al., 2015). In some places, such as in the case of a minor
fossa (127.9° longitude, 21.2° latitude) in the middle of the major sets, a
crater overprints a fossa, but more often a fossa cuts across a pre-ex-
isting crater (the eastern end of Virgil Fossae, for example). This implies
that these fossae formed at times younger than ~4 Ga, but are likely
still older than features on most of Pluto's other regions (e.g. washboard
terrain (Moore et al., 2018) and the convecting nitrogen ice cells in SP
(Stern et al., 2015)). The likely age for the start of fault formation is
approximately consistent with thermal model estimates of the begin-
ning of Pluto's expansionary period at around 2.5 Ga, i.e. when its ice
shell began to thicken (e.g. Robuchon and Nimmo, 2011; Hammond
et al., 2016; Bierson et al., 2018). We only analyze sections of the faults
with little evidence for post-formation disruption.

We determine an average topographic profile for each of the four
fossae by first calculating perpendicular great circle lines to chosen
locations along the strike of the fault. We purposely choose locations
along the center-line where there are no nearby large craters or features
orthogonal to the fault strike. For example, at the eastern terminus of
Inanna and Dumuzi Fossae, a shallow, unnamed fossa strikes in the
intermediate space between the two fossae. However, if an intervening
feature cannot be avoided, as in the case of Inanna Fossa's northerly
location with respect to Dumuzi Fossa, we use center-line points where
the other fossa in the pair shows up in the profile. After we have the
center-line points, two positions five degrees north and south along the
great circle perpendicular to the strike of the fault are calculated. Using
the three points (center-line point and north/south maxima) we cal-
culate topographic profiles along the great circle path between those
points using the software ArcMap. In the case of the profiles in Fig. 2
our resolution is 0.05° (~1 km). Before we calculate the average profile
for a fault, we de-trend each profile. To de-trend the profiles we first
remove any linear trend across the trough based on the slope between
the average height of points at each end of the profile. Once this is done
we set the endpoints of the profile to datum (or as close as the cross-

Fig. 1. Image and topographic maps of large faults in Viking Terra and Cthulhu Regio, west of Sputnik Planitia. Left: Locations of maps on the right. Right:
Topographic maps (Schenk et al., 2018) of fault sections with chosen profile line locations.
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strike de-trending allows); this ensures that the average trough depth is
not muted or exaggerated due to long wavelength changes in the fault
depth along strike relative to the datum. We note that changes in fault
depth along strike will factor into the averaging with the resulting
profile representing a compromise between the shallower and deeper
profiles. However, since Inanna Fossae is the only fault with major
changes in trough depth (reaching an additional 0.5 km deeper in its
deepest sections relative to the average – see Sup. Fig. 1) this effect is
unlikely to be very important. The resulting averaged profiles and the
standard deviation are presented in Fig. 2.

Generally, the fossae of Inanna and Beatrice share similar dimen-
sions when their average profiles are considered (Fig. 2). They are both
E-W trending with moderately symmetrical faulting and the flanks
show little to no flexural uplift. The ratio of vertical offset to half-width
is ~1:5 for both fossae. This gives an “apparent” fault dip of around
11–12°. Fault dip angles for terrestrial normal faults are typically above
45° (Jackson and White, 1989); lower angles on terrestrial worlds ty-
pically implies that mass-wasting events have occurred. However, the
actual graben profile can be observed in the images and DEM. In the
images it becomes clear that there are sections of flat floors in every
large graben, which are not resolved as clearly along the whole strike of
each fossa in the DEM. We can use the images (Fig. 1) to determine the
exact distance over which the dip occurs, rather than estimating them
through the DEM. By using the images to determine the horizontal
extent of the fault surface and using the DEM to determine the vertical

offset we can derive a more accurate dip angle. From a few locations
along the strike of Inanna Fossae where we observe a flat floor in the
images, the dip angle we calculate is ~51 ± 4°. This value better
matches normal fault angles observed on other icy worlds (Kadel et al.,
2000) and is also consistent with the expected dip angle based on the
measured friction coefficient of ice at low temperatures (Beeman et al.,
1988; Turcotte and Schubert, 2002).

Dumuzi Fossa is the smallest of the four faults we study. It is ap-
proximately 1 km deep and about half as wide as Inanna and Beatrice
Fossae. The ratios of vertical offset to half-width are still around 1:5 and
the fault dip angle is likely also the same as Inanna and Beatrice Fossae.
The profile of Dumuzi is also complicated by Inanna Fossa to the north
so its southern flank is our focus. Because we are more concerned with
why these structures show no apparent flexural uplift - which is easier
to achieve with smaller features - we place more weight on the results
derived from analysis of the other three major faults.

The eastern section of Virgil Fossa displays differing geometry from
the three other fossae. Most notably the southern flank ridge of Virgil is
~1 km higher in elevation than the northern flank ridge (Moore et al.,
2016; Schenk et al., 2018). The structure implies that Virgil Fossa is a
half-graben, or at least started out as a half-graben and is in an inter-
mediate state. This asymmetry also exists in the dip angles; we can use
the same method as we used for Inanna and Beatrice Fossae to estimate
dip angles based on the images. We get a fault horizontal extent of
around 1.0 ± 0.1 km, and with a throw of ~2.2 ± 0.2 km, the dip
angle is ~66 ± 3° for the southern flank. For the northern flank a si-
milar horizontal extent with a throw of ~1.5 ± 0.2 km gives a dip
angle of ~55 ± 3°.

Using the dip angles, we can calculate the displacement to length
ratio (D/L), a useful value for comparing faults across different Solar
System worlds (Nimmo and Schenk, 2006; Schultz et al., 2006). To find
a characteristic D/L for Pluto's faults we look at our high dip angle
estimates from images for our largest fossae. For Inanna Fossa we es-
timate a D/L of 0.006 and for southern Virgil Fossa we estimate a D/L of
0.004. This is lower than values for terrestrial faults (~0.01; Schultz
et al., 2006), but is more in line with values found for martian faults
(~0.005; Schultz et al., 2006).

3. Methods and results

3.1. Deflection

In general, a load applied to an elastic plate will result in flexural
deformation with a characteristic wavelength given by the flexural
parameter, α. If this wavelength can be measured, an elastic thickness
can be inferred (e.g. Turcotte and Schubert, 2002). In our case, how-
ever, no clear rift-flank deflection is observed (Fig. 2). If rift-flank de-
flection was present the flanks of the graben would curve and rise above
the surrounding topography. This lack of uplift suggests that the li-
thosphere is sufficiently rigid to prevent observable deflection, in which
case only a lower bound on elastic thickness can be derived.

We use the plate deflection method as used in Barnett and Nimmo
(2002) to estimate the minimum elastic thickness at the time of fault
formation. Their method is based on the method of McKenzie and
Bowin (1976), assuming an unbroken and thin plate. A broken plate
would yield a larger minimum elastic thickness, so our approach is
conservative. We also neglect the role of membrane stresses, which is
appropriate given the short wavelength of the load compared to the
planetary radius. The deflection in the frequency domain, X(k), from a
load of thickness S(k), on an elastic plate is given by:
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Fig. 2. Comparison of averaged fault profiles. Profiles are vertically offset for
clarity and there is ~17× vertical exaggeration. These profiles are generated
using the same technique described in the text but are segments 100 km (~5°)
in length are shown here rather than the 10° segments used for comparison with
topographic models. Inanna, Beatrice, the southern half of Dumuzi, and the
northern half of Virgil all show similar forms. The northern side of Dumuzi is
dominated by the deeper and longer Inanna Fossa, while Virgil shows a possible
half-graben behavior (also noted in Schenk et al., 2018).
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Here k is the wavenumber, ρc is the load density, ρm is the density of
the “upper mantle”, E is Young's modulus, te is the elastic thickness, g is
the gravitational acceleration, μ is the rigidity (equal to E / 2(1+ υ)),
and υ is Poisson's ratio. The parameters with their values or range in
values are presented in Table 1.

For the load (which is negative, leading to uplift) we constructed a
simplified profile that has a similar shape as the averaged Inanna Fossa
profile. We used a 2.44 km deep and 24.5 km wide cosinusoidal trough
(i.e. a trough in the shape of half a cosine wavelength) as our load for
Inanna with the same resolution as our topographic profiles. Other load
geometries were tested for Inanna with the same width and depth, and
neither a boxcar load nor a triangular load (which are the two end
members) created an appreciably better result and did not match the
fault geometry as well as the cosinusoidal trough. Our use of the cosi-
nusoidal trough is based on its use by Barnett and Nimmo (2002) and
the shape can be observed in Fig. 3 as the elastic thickness increases.
The cosinusoidal load geometry can also be scaled to match Dumuzi
and Beatrice Fossae by changing the depth and width to match their
observed geometries. Fig. 3 shows how the resulting model topography
(load + response) compares with observations for Inanna Fossae. The
analysis for the other three fossae is included in the supplemental (Sup.
Fig. 2)). For all fossae, at low elastic thicknesses significant model rift-
flank uplift occurs, which is not observed in the topographic data. As
the elastic thickness increases, the rift-flank uplift becomes smaller,
until at te=10 km the model topography matches the observations
quite well and further increases produce no significant change in result.
To quantify this effect, the elastic thickness (te) is varied over a range
from 1 km to 60 km and the χ2 misfit between the model and observed
topography outside the trough is calculated for each te value.

For the other three fossae we used differing trough geometry to
better fit the results of our models. We altered the model load topo-
graphy to 1.2 km and 1.9 km deep troughs and widths of 13.2 km and
17.4 km for Dumuzi and Beatrice respectively. For Beatrice Fossa we
calculate a minimum elastic thickness about the same as Inanna Fossa.
This is expected as the topography of the fossae flanks is structurally

similar to Inanna Fossa's. Virgil Fossa is structurally separate from the
other major fossae in the regions west of Sputnik Planitia as the
southern flank is higher by ~1 km. Asymmetries across the fault profile
prevent easily assigning a load shape to the whole fault. As such we
determine statistical values like the misfit from each side separately
with different model load topographies. We calculate the mismatch for
the side where the load topography matches that flank's topography
better and combine the misfit that we individually calculate for each
side. Similarly, for Dumuzi Fossa we ignore the northern flank for our
analysis due to the dominance of Inanna Fossae.

We use the results of our deflection models to determine the misfit
between the model results and the observed topography. The χ2 misfit
between our model results and observed topography is calculated as
follows:
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where N is the number of points outside the trough, s is the standard
deviation of the ith point (as shown in Fig. 2), and z is the topography of
the observation (o) and model (m) for locations exterior to the trough
width. We then calculate the misfit for every te in our model set. Gen-
erally, the misfit decreases as the elastic thickness increases (Fig. 4). We
then take the ratio of the misfit at each te to the asymptotic value
reached at high values of te to obtain a relative misfit. This asymptotic
value for the misfit is the same as the misfit to a straight line fitting the
observation data outside the trough. Once we have the relative misfit
we can use an F-test (Bevington, 1969) to find the minimum te at which
the model's misfit is no longer significantly different from the straight-
line misfit. We will use a probability level of 10%, that is values of the
relative misfit less than this critical value do not yield a significant
improvement over the straight-line fit at the 90% significance level.
Additionally, to perform this test we need to determine the number of
degrees of freedom v for our models and observations. Nearby points on
a topographic profile are strongly correlated with each other, so that
the number of effectively independent observations of topography is
less than the total number of points. To estimate the number of in-
dependent observations N we determine the correlation length (J) be-
tween points in our profiles, where J is the mean number of points at
which the correlation drops below 0.5. For all four profiles we obtain
J~25. This in turn yields N=600 / 25=24 and v=22. At the 10%
level this value for v gives an f-value of ~1.74. The results for this
analysis are displayed in Fig. 4.

Our results for the F-test show that for Inanna, Virgil, and Beatrice

Table 1
Parameters used in this study.

Symbol Parameter Value Source

g Surface acceleration due to gravity 0.62m s−2 Stern et al. (2015)
ρc Load density 930 kgm−3

ρm Density of the upper “mantle” 930 kgm−3

E Young's modulus 9× 109 Pa Gammon et al., 1983
υ Poisson's ratio 0.3 Gammon et al., 1983
Q Activation energy 60a, 49b, 60c kJ/mol Goldsby and Kohlstedt, 2001
n Stress parameter 2.4a, 1.8b, 4c Goldsby and Kohlstedt, 2001
A Material parameter a: 5.5× 107MPa2.4 s−1

b: 3.9× 10−3 MPa1.8 m1.4 s−1

c: 4.0× 105MP 4 s−1

Goldsby and Kohlstedt, 2001

p Grain size parameter 0a, 1.4b, 0c Goldsby and Kohlstedt, 2001
R Gas constant 8.315 J K−1 mol−1

De Deborah number 0.001 Mancktelow, 1999
μ Rigidity modulus 3.46× 109 Pa μ=E/(2(1+ υ))
d grain size 0.1–10 cm Barr and McKinnon, 2007
TS Surface temperature 40 K Stern et al. (2015)
κ Thermal conductivity of pure H2O ice 567/TWm−1 Klinger, 1980

a Basal slip-accommodated grain boundary sliding (GBS) regime.
b GBS-accommodated basal slip regime.
c Dislocation creep regime.
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fossae the crossover point for a relative χ2 value of ~1.74 occurs at te
~8–10 km. However, Dumuzi Fossa fails to produce any result sig-
nificantly different than the background variance. We ignore Dumuzi
Fossa in the analysis in the following section. From the other three
fossae we set a minimum elastic layer thickness of 8 km based primarily
on the result for Inanna and Beatrice Fossae. While 8 km is a low value
for a modern day elastic thickness given results of Pluto thermal history
models (e.g. Bierson et al., 2018), properties in the past could have been
different and the value we found here is the lower bound. The actual
value could be anywhere in the range we set for our models, or perhaps
higher.

3.2. Heat flux

Given an estimated minimum elastic thickness, we can additionally
estimate the thermal structure of the elastic layer at the period of fault
formation and find the maximum surface heat flux since the time of
fault formation. While there are various ways of doing so in the lit-
erature, here we adopt an approach that utilizes the composite nature

of different ice deformation regimes (Goldsby and Kohlstedt, 2001). We
use the three primary grain boundary sliding regimes from Goldsby and
Kohlstedt (2001) to determine a range of likely values for Tb, the
temperature at the base of the elastic layer. Those regimes are basal
slip-accommodated grain boundary sliding (GBS), GBS-accommodated
basal slip, and dislocation creep. Note that we neglect diffusion creep as
it is only likely to be important at very small grain sizes. Table 1
summarizes the values we used for the calculations in this section and
show the difference in parameters between the three regimes. To be
conservative we assume any of these mechanisms could be the domi-
nant mechanism when obtaining heat flux estimates (Fig. 5) and as such
we use their cumulative strain rate relationship (Goldsby and Kohlstedt,
2001).

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

+
−

ε
ε ε

ε̇ 1
̇

1
̇

̇comp
gbs basal

dis

1

(6)

Here ε ̇ is the strain rate (which we estimate in this section) and the
subscripts comp, gbs, basal, and dis correspond to composite (i.e. cu-
mulative), basal slip-accommodated grain boundary sliding (GBS), GBS-
accommodated basal slip, and dislocation creep respectively. We will
calculate the individual contribution to the strain rate for each regime
as it depends on Tb and σcrit, the critical stress at Tb. The strain rate for a
given regime can be expressed as:

Fig. 3. Comparison of observed topography with modeled topography for
Inanna Fossa.
The uppermost plot is the averaged topographic profile of the faults we in-
cluded in our study. The red area brackets the profile to show the profile's
standard deviation. The lowermost four plots show the resulting model topo-
graphy when the load described in this section is applied to a plate of various
elastic thicknesses. As the elastic thickness increases the resulting model to-
pography approaches the applied load shape. These may be compared to the
uppermost plot. The red area in each box represents the standard deviation of
Inanna's topographic profiles. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Relative misfit between our modeled deflection topography and the
averaged topographic profiles for the extensional graben. The misfit is nor-
malized by the asymptotic misfit for each graben. Color of each line matches the
color scheme used in Fig. 2 as shown in the figure legend. The dashed line
represents the relative χ2-value (1.74) for which a te parameter does not pro-
duce a model result misfit significantly (α=0.10) different than the back-
ground misfit. For the three largest fossae this crossover occurs at ~8–10 km
and for this reason we use 8 km as our minimum te value for the analysis in the
following sections.
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Here ε ̇ is the strain rate, σ is the stress, d is the grain size, R is the gas
constant, and A, Q, p, and n are rheological constants as defined by the
different deformation regimes (Goldsby and Kohlstedt, 2001). The va-
lues for every variable in Eq. (6) can be obtained from Table 1 except
for the stress, which is determined from assumptions of the crustal
structure as follows. A transition from the elastic layer to the viscous
layer of Pluto's crust occurs when the product of the Maxwell time and
the strain rate is equal to the dimensionless Deborah number (De;
Mancktelow, 1999). This, with the definition of the Maxwell time, will
make the critical stress equal to:

= ∗σ De μcrit (8)

Here μ is the shear modulus of water ice (rigidity and shear moduli
are equivalent). We assume De ranges between 10−2 to 10−3, using a
slightly wider value range than Nimmo et al. (2002), and note that our
upper bound values are based on De=10−3. Changing De by an order
of magnitude to 10−2 results in a decrease of Tb by about 10 K, not
enough to significantly affect our conclusions. Taking De=10−3 is
consistent with the thermal state and measured elastic thicknesses of
terrestrial oceanic lithosphere (Watts, 2001); for our case it also results
in stresses of order 1MPa, which is comparable to the stresses resulting
from the graben topography. The shear modulus we use is the same as
in the flexure analysis (Section 3.1) and the value of it is included in
Table 1.

We can now calculate ε ̇ for a given range of Tb values given a set of
parameter values (Fig. 5). For the grain sizes we use a range from 1mm
to 10 cm; Barr and McKinnon (2007) showed that for large icy satellites

(i.e. Ganymede/Callisto) this range of grain sizes should apply. Since
the bulk of Pluto's ice shell is not expected to differ significantly from
these worlds on a near-surface compositional level (although there are
significant surface and atmospheric differences; Stern et al., 2015), we
use the same range as in their study. We also assume that the elastic
layer extends to the surface (i.e. we ignore any brittle layer).

When we calculate the strain rate from Tb we want to know what
range of strain rates are reasonable for Pluto's geophysical history.
While the exact amount of global surface strain for Pluto is unknown,
we can estimate a range of reasonable strain rate values to use for our
calculations based on thermal model results and the arguments pre-
sented for a present-day subsurface ocean (Nimmo et al., 2016). We
analyzed a variety of thermal model solutions for the internal evolution
of Pluto (e.g. Hammond et al., 2016; Bierson et al., 2018) to estimate
the change in radius in the expansionary phase of Pluto's history i.e. as
the ocean re-freezes. These models predict ~5 km of radius extension as
the subsurface ocean freezes from its maximum extent to the present.
From calculating the change in surface area of a sphere we calculate
strains< 1%. This would imply that the average strain rate over the
extensional period of Pluto's history is about 10−19 s−1. Other estimates
of strain rate can be based on assumption for fault formation in re-
sponse to reorientation of Pluto due to Sputnik Planitia formation
(Keane et al., 2016; Nimmo et al., 2016). If we assume that the areal
strain is ~0.5% and is solely due to reorientation stresses, and we as-
sume that reorientation happens due to growth of the nitrogen ice cap
in SP, which Keane et al. (2016) find to be ~5million years, then the
strain rate should be ~10−16 s−1. For Fig. 5, we present a range of
strain rates from 10−20 to 10−14 s−1 with our highest preference put on
strain rates between 10−19 s−1 and 10−16 s−1. This approach allows us
to infer a range of possible Tb values from the range of ε .̇

To find the maximum heat flux since graben formation we use the
temperature profile of a conductive ice shell, in which the thermal
conductivity of ice, κ, varies as 567/T (Klinger, 1980). Because Pluto is
not expected to be tidally-heated after reaching dual-synchronous orbit
with Charon (which is expected to happen quickly), we neglect any
source of internal heat in the icy shell. We do not include any effects
from porosity; including porosity would result in a lower estimated heat
flux, because porosity will reduce the strength of the ice and increase
the near-surface temperature gradient. There are methods to include
porosity (Giese et al., 2008), but as we are calculating the maximum
possible heat flux these methods are not used. The heat flux F, with top
and bottom temperatures TS and Tb, respectively, is given by:

=F T T
t567

ln( / )b S

e (9)

Fig. 5 shows how the temperature at the base of the elastic layer, Tb,
and the heat flux at the surface, F, varies with the strain rate, ϵ ,̇ for three
different grain sizes, te=8 km, and De=0.01–0.001. For the strain
rate range of 10−19 s−1 to 10−16 s−1 and an elastic thickness of 8 km,
likely Tb values are ~103–113 K for De=0.01 and ~115–133 K for
De=0.001 and a maximum possible surface heat flux since graben
formation in the range of ~66–85mWm−2 including both values of De
is found. Depending on the range of strain rate, grain size, and Deborah
number the elastic base temperature varies by ~±15 K and the max-
imum surface heat flux varies by ~ ± 9.5mWm−2. However, we stress
here that the values found here represent maximum possible values;
heat fluxes on Pluto are expected to have been lower (see below).

4. Discussion and conclusions

We found above that the absence of any observed rift-flank uplift
implies a lower bound on elastic thickness of 8 km and, assuming a
strain rate range of 10−19 s−1–10−16 s−1, an upper bound on heat flux
since graben formation of 66–85mWm−2. This is a conservative esti-
mate, as neglected factors such as plate failure or porosity would tend
to increase the inferred te and decrease the heat flux respectively.

Fig. 5. Temperature at the base of the elastic layer and maximum surface heat
flux as it relates to strain rate with the elastic thickness set at te= 8 km and a De
range of 0.01–0.001. The elastic thickness is derived from the model for Fig. 2
and is the minimum value based on our analysis. The three colors correspond to
different grain sizes, with red as 10 cm, green as 1 cm, and blue as 1mm, and
the line style corresponds to the value of De. For De=0.001, the results for
10 cm and 1 cm nearly overlap which is a signal that the GBS-accommodated
basal slip (which depends on grain size) is less prominent relative to dislocation
creep at large grain sizes for our set of parameters. For De=0.01, the results for
all three grain sizes overlaps which is a factor of dislocation creep dominating
the cumulative ice flow. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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4.1. Other heat flux estimates

Hammond et al. (2016) predict a maximum mean surface heat flux
of ~6mWm−2 at ~3.5 Ga, with the maximum subsurface ocean
thickness occurring at roughly the same time. Bierson et al. (2018)
predict around the same value for the mean surface heat flux with a
slight difference in the approximate time of maximum for both the heat
flux and subsurface ocean at ~2.5 Ga. Regardless, extensional graben
should form after the subsurface ocean starts to refreeze due to the
extensional stresses from the increase in volume. Such low predicted
heat fluxes are certainly consistent with our lower limit constraint,
since they would imply elastic thicknesses of roughly 100 km. Both
models (in addition to Robuchon and Nimmo, 2011, which also predicts
a possible convective ice shell with around the same maximum heat
flux) use radiogenic decay as the primary heat source.

4.2. Relaxed craters as a possible heat flux constraint

As noted in McKinnon et al. (2018) there are a pair of complex
craters to the west of the fossae analysis area with an interesting dif-
ference in possible relaxation state. The craters of Oort (7.5° latitude,
91.5° longitude) and Edgeworth (6.5° latitude, 108.5° longitude) are
approximately the same size (120 km and 140 km respectively), but
display different relaxation states (Moore et al., 2016). Oort crater is
relatively pristine for a complex crater on Pluto while Edgeworth's
crater floor is either bowed up in a way that signals viscous relaxation
(McKinnon et al., 2018) or in-filled with SP-like material in the same
manner as Elliot crater (12° latitude, 138.5° longitude; Schenk et al.,
2018). The possible viscous relaxation shaping Edgeworth crater could
help constrain the maximum surface heat flux through numerical
modeling similar to that applied at Dione and Tethy (White et al.,
2013). White et al. (2013) found that for similarly-sized craters to
Edgeworth (e.g. Dione: Aeneas and Alcander; Tethys: Dolius) the re-
quired heat flux to relax those craters to ~70–80% relaxation fraction is
~50–60mWm−2. While some factors (i.e. gravity and surface tem-
perature) are different on Pluto, the likely result will be similar for
Edgeworth crater. This relaxation-derived heat flux is marginally con-
sistent with our maximum possible heat flux. However, a more thor-
ough study into Edgeworth crater, as well as the proposed relaxed
crater of Burney (45° latitude, 134.5° longitude; main ring diameter
~250 km), should give a more precise insight into the thermal history
of Pluto.

4.3. Fault stresses

The relationship between maximum shear stress (σmax) on a fault
and the regional elastic thickness is well documented for the Earth
(Jackson and White, 1989). Determining the maximum shear stresses
that these faults could support is useful in determining the overall
strength of Pluto's icy crust and comparing to terrestrial analogs. We
use the set of equations from Jackson and White (1989) to describe
σmax:

= <σ
ρ gh

e
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π
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2max
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Here 2h is the vertical displacement of the fault, e is the base of
natural logarithms, and λ is the wavelength of the faulting width (twice
the trough width in most cases). All other variables are the same as
described in previous equations. Stresses must support the gravitational
load of the faults to maintain topography; as the vertical displacement

(2h) or trough width (λ / 2) increases the stresses must also increase. It
is unlikely that there are faults where λ / te > π on Pluto based on our
results, but we include the final equation for completeness. For Inanna
and Beatrice Fossae we calculate the maximum shear stress values
based on their dimensions (λ and h) and a range of possible te values
(1–60 km). We note that, past around te=18 km (i.e. where te=2λ / π)
the maximum stress is constant (Eq. (10)) as te is increased. For Inanna
and Beatrice Fossae the maximum shear stress supporting the faults is
between ~140 kPa and 290 kPa. Even at the maximum possible shear
stress, Pluto's faults only need to support comparatively low stresses
compared with faults on silicate bodies. Earth and Mars' faults appear to
be able to support shear stresses on the order of a few to tens of MPa
(Barnett and Nimmo, 2002) and Venus' exceptionally dry environment
supports faults with strengths of ~80MPa (Nimmo and McKenzie,
1998). If the stresses responsible for causing the faults on Pluto were
comparable to our estimated maximum shear stresses, they would be
small compared to terrestrial plate tectonic stresses, but comparable to
the tidal stresses apparently capable of driving deformation on Europa
(Hoppa et al., 1999). Such small stresses would alternatively result from
only a few hundred meters of shell thickening. True polar wander may
have been an additional source of stress (Keane et al., 2016).

4.4. Implications of constraining Pluto's elastic thickness and heat flux in
regard to surface features

The minimum elastic thickness values found in this study are higher
than values calculated for icy satellites of giant planets (e.g. Nimmo
et al., 2002; Giese et al., 2008; Peterson et al., 2015). One possible
explanation is that Pluto, lacking a companion with greater mass, is
unlikely to have ever experienced significant tidal heating. As such, in
this respect it is likely more similar to Callisto, which is distant enough
not to be strongly tidally-deformed. Callisto however lacks evidence of
wide-spread extensional tectonics (Moore et al., 2004).

Determining a maximum heat flux serves as an important constraint
on possible processes to create and modify various features across the
surface of Pluto. The ability of craters and large tectonic features
(Schenk et al., 2018 to relax place additional constraints on heat flux.
Other features, like SP's convecting nitrogen ice layers are consistent
with the low heat fluxes expected just from radioactive decay
(McKinnon et al., 2016), but they do not constrain surface heat flux
estimates because of uncertainties in the thickness of the nitrogen ice
layer. Determining Pluto's elastic thickness history is also important to
understanding Pluto's shape (Nimmo et al., 2016). Pluto is nearly
spherical, with no obvious flattening. This probable lack of a fossil
bulge can be explained by the development of an ocean, or by a low
elastic thickness early in Pluto's evolution (Robuchon and Nimmo,
2011, Hammond et al., 2016; Bierson et al., 2018). Integrating all the
available constraints into a single, coherent picture of Pluto's thermal
evolution remains a challenge for the future.
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