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Abstract Mars is the only extraterrestrial body which could host primitive lifeforms and also has the po-

tential to host a human base in the near future. Towards fulfilling these objectives, several remote sensing

missions and rover based missions have been sent to Mars. Still, confirmation of existing or extinct life on

this planet in any form has not been achieved and possibly human missions at selected sites in the future

are the key to addressing this problem. Here, we have used remote sensing data from Mars Reconnaissance

Orbiter (MRO; NASA), Mars Global Surveyor (MGS; NASA), Mars Odyssey (NASA) and Mars Express

(MEX; ESA) to devise an exploration strategy for one such area known as Hebrus Valles, which is a po-

tential site for human exploration of the surface of Mars. A geological context map of the Hebrus Valles

and Hephaestus Fossae region has been prepared and a candidate landing site has been proposed in the

Hebrus Valles region. Suitable rover paths have been worked out from the proposed landing site for har-

nessing the science and resource potential of the region. The proposed landing site is located in the equato-

rial region at (20◦40′ N, 126◦23′ E) and due to its proximity to the Potential Subsurface Access Candidates

(PSACs) in the region, such as sinkholes and skylights and also other resources such as crater ejecta, silicate

material and fluvial channels, the site is appropriate for exploration of the region.
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1 INTRODUCTION

Mars is a planetary body with very high potential for

past and present-day habitability. Remote sensing observa-

tions and rover based in-situ studies over the past several

decades have provided compelling evidence for the flow of

liquid water onto its surface during its geological past (e.g.,

Toulmin et al. 1977; Christiansen & Hopler 1986; Bibring

et al. 2005). In fact, during the present time as well, there

is evidence for flow of saline water in certain areas during

the warm period (Ojha et al. 2015), and it is unanimously

agreed upon that water ice is present in its subsurface at nu-

merous locations (e.g., Stuurman et al. 2016; Sinha et al.

2017). Despite these evidences, confirmation of past and/or

present-day life in any form has not been achieved to date.

In view of this, a human mission to Mars in the future is

the next logical step towards exploration of the Red Planet.

To accomplish this goal, it is important to use the available

high-resolution remote sensing datasets to narrow down to

the scientifically important sites and plan their exploration

well in advance. This involves selecting sites on the basis

of their scientific potential and the availability of economic

resources for long term human sustainability and examin-

ing them for the suitability of landing and rover operations.

The presence of large volcanoes on the Martian sur-

face and vast expanses of outflow channels in the adjoining

areas provide a naturally conducive geological setting for

the origin and sustainability of life. One such location is the

outflow channel Hebrus Valles region on the western flank

of the Elysium region (Fig. 1), which has been proposed

as a potential Human Exploration Zone (HEZ) by Davila

et al. (2015) because it possesses the following important

characteristics: (i) multiple point access to the subsurface

with high preservation potential for evidence of past habit-

ability and biosignatures, (ii) fluvial features indicative of

aqueous processes and potential habitability, (iii) access to

Hesperian subsurface materials and (iv) access to silicate

material over the entire exploration zone, including sedi-

ments.

In this study, we have used high resolution data

from recent remote sensing missions for (a) prepar-

ing a geological context map of the Hebrus Valles and

Hephaestus Fossae (HVHF) region (Fig. 1) using data from

Tanaka et al. (2014), Rodriguez et al. (2012), Sulcanese
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et al. (2018) and the findings from this study (Sect. 3);

(b) identifying and examining useful resources in the

Hebrus Valles region such as sinkholes and skylights

(Sect. 4); (c) carrying out morphometry of the sinkholes

in the region, which is important for deducing the re-

quired technology to access and explore them (Sect. 4.1);

(e) identifying and assessing potential landing sites in the

Hebrus Valles region (Sect. 5), and (f) delineating a suit-

able human/rover path for exploring the various resources

of scientific and economic importance (Sect. 6).

2 DATASETS USED

The study uses imaging datasets, spectrometer data and

altimetry data from several remote sensing missions to

Mars by NASA and ESA. These include panchromatic data

from the ConTeXt Camera (CTX) of Mars Reconnaissance

Orbiter (MRO; NASA, 2005–present) (Malin et al. 2007;

Hare et al. 2016), Mars Orbiter Laser Altimeter (MOLA)

data (Smith et al. 2001) and derived thermal inertia

data from the Thermal Emission Spectrometer (TES) on-

board Mars Global Surveyor (MGS; NASA, 1997–2006)

(Putzig & Mellon 2007), Thermal Emission Imaging

System (THEMIS) infrared (IR) daytime images and

Infrared Projected Brightness Temperature (IRPBT) im-

age data from Mars Odyssey (NASA, 2001–present)

(Christensen et al. 2004), and High Resolution Stereo

Camera (HRSC) nadir images and DTM from Mars

Express (MEX; ESA, 2003–present) (Neukum & Jaumann

2004; Jaumann et al. 2007). The spatial resolutions of

these datasets are: CTX images ∼5–6 m pixel−1, MOLA

DEM ∼463 m pixel−1 (in the equatorial region), ther-

mal inertia binned data ∼3 m pixel−1, THEMIS IR image

∼100 m pixel−1, and HRSC nadir images ∼12.5 m pixel−1

and DTM ∼75 m pixel−1. The vertical resolutions of

MOLA DEM and HRSC DTM are ∼1 m pixel−1 and

∼10 m pixel−1 respectively. Data have been downloaded

from the PDS Geosciences Node Mars Orbital Data

Explorer (ODE). The software Arc GIS has been used for

mapping and analysis in the spatial context.

Use of MOLA data has significantly advanced our

knowledge of the Martian surface by providing an accu-

rate elevation map of the entire planet (Smith et al. 2001);

however, due to the low spatial resolution of 463 m pixel−1

in the equatorial region, the data are not suitable for

detailed studies that are required for landing site selec-

tion and mission planning (Smith et al. 2001; Broxton &

Edwards 2008). HRSC DTM has a better spatial resolution

(75 m pixel−1) and is better suited for such purposes; how-

ever, the coverage of HRSC is limited. Also in the case of

the Hebrus Valles HEZ, HRSC covers only a part of the

region and therefore in this study MOLA data have been

substituted for the locations for which HRSC data are not

available. The HRSC DTM, MOLA DEM and CTX data

have been utilized in this study for carrying out geomor-

phological studies and to search for potential landing sites

and appropriate rover traverses. The THEMIS IR day im-

age mosaic has been applied for geological context map-

ping of the HVHF region because of its global coverage

and appropriate spatial resolution. THEMIS IRPBT data

are computed from Band 9 (12.57µm) calibrated spectral

radiance values considering atmospheric opacity of 0.0 and

surface emissivity of 1.0 (Christensen et al. 2004).

The thermal inertia values from TES data have been

applied to estimate the thermal inertia value at the land-

ing sites. Thermal inertia has been derived from bright-

ness temperatures observed by TES onboard MGS using

the methodology of Putzig & Mellon (2007) wherein the

single point method of Mellon et al. (2000) was modified.

Here, a thermal model was employed to develop a look-up

table of temperatures for latitude, time of day, intervals of

the season, dust opacity, albedo, surface pressure and ther-

mal inertia. The brightness temperature value observed for

a particular location was correlated with other parameters

and the best fitting thermal inertia value was derived. The

derivation of thermal inertia is sensitive to physical param-

eters such as albedo, dust opacity, surface pressure, water-

ice clouds and sub-pixel surface frosts. These parameters

are very difficult to access and account for, and cause in-

accuracies in the derived thermal inertia values.

3 GEOLOGICAL CONTEXT MAP OF THE HVHF

REGION

The geological context map of the HVHF region (Fig. 2)

has been prepared by integrating information available

from Tanaka et al. (2014), Rodriguez et al. (2012) and

Sulcanese et al. (2018) using THEMIS, CTX and MOLA

data. In addition to these, new skylight candidates discov-

ered in this study (Sect. 4.2) and impact craters ≥5 km in

diameter have also been included in the map. It is evident

from the map that outflow channels associated with HVHF

originate from isolated elongated pits in the Late Hesperian

Transition unit, which are relatively smooth plains that in-

clude small mesas and knobs of the Noachian age and per-

haps younger material (Tanaka et al. 2014). They extend in

the NNW and NW directions respectively and subsequent

to crossing the Vastitas Borealis Formation (VBF) line ter-

minate in the Late Hesperian Lowland (lHl) unit, which is

comprised of planar to undulating landforms with lobate

and troughed margins in places. Vastitas Borealis is often

simply referred to as the northern plains or the northern

lowlands of Mars.

The formation of Hebrus Valles is not understood with

clarity at present. According to Rodriguez et al. (2012),

fractures were initially produced within the cryosphere due
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Fig. 1 (a) MOLA DTM showing the study area HVHF region, which is a system of channels and troughs in the Amenthes Quadrangle

on Mars. These channel systems are located on the plains of the northern lowlands, just west of the Elysium volcanic complex. The red

flag refers to the proposed landing site of Davila et al. (2015) (LSD) for a future human mission and exobiological exploration of this

region. The geological units in this region are — the Late Hesperian lowland unit (lHl), the Amazonian and Hesperian volcanic unit

(AHv), the Late Hesperian transition unit (lHt), the Early Hesperian transition unit (eHt) and the Amazonian volcanic unit (Av) (Tanaka

et al. 2014). (b) A close-up view of the area lying inside a 50 km buffer from the LSD using a CTX image mosaic. The plausible cavern

network site is enclosed within the brown colored ellipse.
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Fig. 2 Geological context map of the HVHF region. The geological units in this region are — the Late Hesperian lowland unit (lHl), the

Amazonian and Hesperian volcanic unit (AHv), the Late Hesperian transition unit (lHt), the Early Hesperian transition unit (eHt) and

the Amazonian volcanic unit (Av) (Tanaka et al. 2014). VBF refers to the Vastitas Borealis Formation. The outflow channels, troughs,

fractured mounds, pit lines and single pit at the terminus of the outflow channels have been marked according to Rodriguez et al. (2012)

using a CTX image mosaic on a background of a THEMIS daytime-IR image mosaic. The skylight candidates in the region are signified

by white-colored stars. These include seven skylight candidates proposed by Sulcanese et al. (2018) and five new ones identified in this

study.

to high pressurization of the continuous groundwater zone

in the hydrosphere, leading to extensive mud volcanism in

the area. Subsequently, the hydrosphere and conduit feeder

systems drained out leaving behind a network of fissures

and fractures in the cryosphere. Later, magma was em-

placed in the ice-rich cryosphere, facilitating the melting of

ice and production of voluminous water, which emanated

through the pit and flooded the region, carving the Hebrus

Valles. As an alternative scenario where the cryosphere

does not confine the groundwater zone, it is understood

that the dikes would have intruded into the cryosphere pro-

ducing hydrothermal systems, some of which extend to the

surface leading to occurrences of mud volcanism in the

area. As the hydrothermal systems cooled and water evap-

orated, the conduits evacuated and the groundwater within

a few isolated channels that were not open to the surface

froze. Later, a large intrusive magmatic body melted the

cryosphere and produced the catastrophic discharges that

carved Hebrus Valles. In both these scenarios proposed by

Rodriguez et al. (2012), the groundwater discharges form-

ing Hebrus Valles infiltrated the evacuated conduits and de-

veloped the plausible cavern network in the area.

4 RESOURCE POTENTIAL OF THE

HEBRUS VALLES REGION

The Hebrus Valles region hosts a diverse suite of regions

of interest (ROIs), which includes both scientifically im-

portant areas as well as areas that can provide important re-

sources which may be necessary for long term survival and
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Fig. 3 A CTX image mosaic of the Hebrus Valles region depicting the locations of the various Science Regions of Interest (SROIs),

Resource Regions of Interest (RROIs) and Special Regions (SRs) identified by Davila et al. (2015) and Pitura (2017). In addition, seven

probable skylights, SK 1–7, have been included. SK1, 3 and 5–7 are newly identified skylights while skylights SK2 and SK4 are the

ones reported by Sulcanese et al. (2018) as possible candidates. Moreover, a fluvial channel (SROI 13) and crater ejecta (SROI 14) have

been included.

sustainability of any human mission in the future. Some of

these include 1) Potential Sub-surface Access Candidates

(PSACs) such as sinkholes and skylights which could pro-

vide access to possible ice caves in the regions that have the

potential to address present-day/extinct habitability; 2) im-

pact crater deposits with potential to produce the stratig-

raphy of the region provide clues regarding the paleocli-

mate via trapped atmospheric gases; and 3) fluvial deposits

and channels with potential for past habitability and sed-

iment resources. Davila et al. (2015) and Pitura (2017)

identified a total of 23 ROIs in the Hebrus Valles HEZ (a

100 km circular buffer around LSD) and classified them

into 12 science ROIs, six resource ROIs and five special

ROIs. These are depicted as SROI 1–12, RROI 1–6 and

SR 1–5 respectively in Figure 3. Among these, SROI 1,

RROI 2 and SR1 have been referred to as regions where

sinkholes or underground ice caves may be present and

where there is a high possibility for present-day habit-

ability. In this study, we have identified eight sinkholes in

this special ROI and carried out their detailed morphom-

etry in order to aid in their exploration in the future. In

addition to these, we have included seven skylight candi-

dates as resources in the Hebrus Valles. They are marked

as yellow colored stars in Figure 3. These areas in the

Hebrus Valles region are extremely important since they

provide a gateway to caves that are (a) natural shelters

for human exploration; (b) possible repositories for min-

erals and volatile resources such as water ice, liquid wa-

ter and methane which are essential for survival on Mars,

and (c) potential sites for the study of extinct/existing life-

forms (Boston et al. 2004; Christiansen & Hopler 1986).

Two more SROIs, one representing a fluvial feature (SROI

13) and the other representing crater ejecta (SROI 14), have

also been included (Fig. 3). Whereas the fluvial channel

feature at SROI 13 provides an opportunity to study past

habitability, the crater ejecta at SROI 14 along with that at

SROI 5 provides an opportunity to investigate the lithos-

tratigraphy of the regions since both of them must have

sampled different depths.

4.1 Sinkholes

A “sinkhole” is a morphological form which originates

through a sudden or gradual lowering of a part of the sur-

face topography. Specifically, a sinkhole is a steep-sided

closed depression resulting from a sudden collapse down-

ward of the hard rock or of the soft material on the sur-
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Fig. 4 The elevation (a) and slope (b) map of a part of the Hebrus Valles region prepared using CTX, MOLA and HRSC data. Eight

sinkholes (1–8) identified in this study have been marked in the map. The contour lines in the elevation map are drawn at an interval of

30 m. Here, PS refers to pseudo sinkholes in the region because morphologically they resemble the sinkholes but topographically they

do not possess the variations observed in the sinkholes in this area. The red dots in (b) signify the locations with maximum depth inside

the sinkhole. Sinkhole 7 has been interpreted as a composite of four sinkholes that coalesced to form a single elongated feature. The

green dots in (b) mark the sections for which topographical profiles have been drawn in Fig. 6.

face. On the basis of morphology, sinkholes are mainly

classified as well-shaped, bowl-shaped or funnel-shaped

(Waltham & Sweeting 1974). They commonly have a cir-

cular outline, but they can also be elliptical, linear or ir-

regular in shape. It is possible that a tunnel or throat may

be visible within the hole. The size of a sinkhole depends

upon the amount of material that has been flushed down

the drain. Sinkholes initially have steep or nearly vertical

sidewalls; however, over time, portions of the sidewalls can

break off and fall into the sinkhole (Kochanow 1999). In

the Hebrus Valles region, we have noticed large, mostly ir-

regularly shaped depressions where a sharp dip in elevation

is accompanied by an abrupt increase in the slope (Figs. 4

and 5). These could be potential sinkholes. They can form

and/or be modified by volcanic, tectonic or groundwater

sapping processes. Over a long period of time, ground-

water flowing to the subsurface can erode the subsurface

rocks, creating voids and open tunnels. This process is

mostly responsible for the formation of caves.

Fluvial features associated with sinkholes in the

Hebrus Valles provide evidence of groundwater sapping

processes that could have helped in the development of

an underground cavern network. Davila et al. (2015) first

pointed out the possible presence of a cavern network in

the Hebrus Valles region. In this study, eight sinkholes

have been identified in the Hebrus Valles on the basis of

surface morphology (using CTX data) (Fig. 5) and eleva-

tion and slope variations (using MOLA and HRSC data)

(Figs. 4 and 6). These are referred to here as Sinkholes 1–

8. Most of these sinkholes (six in number) are closed, rim-

less, rounded to elliptical depressions of various sizes that

are surrounded by unbroken plains. In contrast to these,

Sinkholes 7 and 8 are two large curvilinear sinkholes. The

topographical variations observed in the HRSC data for

Sinkhole 7 (Fig. 4) indicate that it could have formed due

to the coalescence of four smaller sinkholes.

The planimetric attributes [area (A), perimeter (Pe),

elongation index (EI) and circularity index (CI)] and
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Fig. 5 An enlarged view of the individual sinkholes (1–8) in the Hebrus Valles region using CTX images.

topographic attributes [slope (S◦) and depth (m)] of

Sinkholes 1–8 have been estimated and tabulated in

Table 1. The EI is defined as the ratio between the longest

axis (L) and the width perpendicular to it (Wmax), and

the CI is the ratio between the measured depression area

and the area of a circle with the same perimeter (Baioni

& Tramontana 2017; Telbisz et al. 2016). The CI is de-

termined using the formula CI = 4π(A)/Pe2. Here, at-

tributes A and Pe refer to the area and perimeter of the sink-

hole under consideration respectively. The slope and depth

of the sinkholes have been estimated using topographic

profiles extracted from MOLA DEM (for Sinkholes 1 and

6) and HRSC DTM (for Sinkholes 2–5, 7 and 8) (Fig. 6)

along sections marked in Figure 4(b). According to the EI

values (Table 1), Sinkholes 2, 5 and 8 have been found

to be sub-elliptical to elliptical whereas others (1, 3, 4, 6

and 7) are elongated in shape. Since the EI is mostly high,

they must have undergone extensive modification subse-
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Table 1 The Morphological and Morphometric Characteristics of Sinkholes in the Hebrus Valles Region

Sinkhole Area Pe CI Length Width EI CS S◦ Depth

(km2) (km) (km) (km) (m)

1 1.57 6.3 0.49 2.60 0.85 3.0
A1A2 2.5 80

A3A2 5.2 81

2 0.93 4.5 0.56 1.41 0.85 1.6
B1B2 8.0 121

B3B2 7.6 94

3 0.42 2.7 0.70 1.06 0.51 2.0
C1C2 4.1 39

C3C2 3.0 62

4 0.54 3.5 0.56 1.37 0.46 2.9
D1D2 5.7 71

D3D2 3.9 48

5 2.20 7.9 0.44 2.57 1.39 1.8
E1E2 15.1 298

E3E2 8.5 307

6 0.56 3.91 0.45 1.36 0.59 2.3
F1F2 9.9 79

F3F2 4.8 77

7a
G1G2 23.0 327

G3G2 16.6 299

7b
H1H2 23.1 388

H3H2 18.3 377

7c
9.38 18.9 0.32 8.37 1.47 5.7 I1I2 20.1 339

I3I2 18.9 343

7d
J1J2 13.7 188

J3J2 8.9 182

8 2.83 6.83 0.76 2.67 1.56 1.7
K1K2 13.3 316

K3K2 15.2 319

quent to their formation, possibly due to the groundwater

sapping process. The floors of these sinkholes are covered

with dunes and their walls exhibit conspicuous layering in

the HiRISE data (Sinkhole 1: ESP 053152; Sinkhole 7 and

8: ESP 053640). Some of the layers in the wall manifest a

high density of boulders, suggesting that they had a sedi-

mentary origin.

Among Sinkholes 1–6, Sinkhole 5 is the largest and

deepest. Its areal extent is 2.2 km2 and is on average

∼302 m deep. Most of the other sinkholes here are rela-

tively smaller and shallower. They have an areal extent of

< 1 km2 (except for Sinkhole 1) and are < 100 m deep

(except for Sinkhole 2). For Sinkholes 7–8, Sinkhole 7 pos-

sesses four locations where the elevation values drop down

abruptly and the slope becomes very steep. Thus, it is inter-

preted that Sinkhole 7 comprises four sinkholes, marked as

Sinkholes 7a–d (Figs. 4 and 5). All these PSACs are quite

deep, with the minimum depth being ∼182 meters in the

southernmost one at Sinkhole 7d.

Of all the sinkholes identified in the Hebrus Valles re-

gion, Sinkhole 7b is the deepest one with an average depth

of ∼382 m. Also, the flank slope of Sinkhole 7b is the

maximum in the region (∼23◦ and ∼18◦). Further, among

all the sinkholes identified in this region, Sinkhole 8 en-

compasses the maximum area (∼2.8 km2) and is also quite

deep, having a depth of more than 300 m. Sinkhole 8 is

unique since a part of it was formed due to the collapse

of a major fluvial channel in the area. Rodriguez et al.

(2012) envisaged that water in the fluvial channel would

have gone underground through this knickpoint. A few

sinkholes – similar features – have also been identified

in the area. One of these, marked as PS in Figure 4(b),

refers to a pseudo-sinkhole. Morphologically, they appear

similar to the sinkholes in the region but topographically

they are very different (Figs. 4, 6I). The morphometry of

the sinkholes is described in Table 1. The CTX data geo-

referenced with HRSC nadir images have been used to

derive the planimetric attributes. The parameters requir-

ing topographic measurements have been estimated using

MOLA DEM (for Sinkholes 1 and 6) and HRSC DTM

(for Sinkholes 2–5, 7 and 8). The slope and depth of the

sinkholes have been estimated using topographic profiles

(Fig. 6) drawn along sections marked in Figure 4(b).

4.2 Skylights

The skylights are formed by the collapse of surface mate-

rial into subsurface void spaces which can be associated

with tube-fed lava flows, volcanic-tectonic fracture or rille

structures (Cushing 2012; Cushing et al. 2015). Some are

sheer-walled Atypical Pit Craters (APCs) which have sharp

and distinct rims, and vertical or overhanging walls that

extend down to their floors. As viewed from orbit, they

occur as a mostly circular shaped structure having a col-

lapsed roof. They exhibit a shadowed appearance in the

unilluminated part, however unlike any impact craters they

show hotter appearance than the surrounding terrain in the

nighttime. Also, they do not possess impact related rays or

a highly elevated rim. In addition, impact craters can also,

rarely, be considered as skylights when the crater floor col-

lapses due to the collision of a meteoroid.

In this study based upon a CTX data survey, we have

shortlisted eight skylight candidates (Table 2 and Fig. 7).

Skylights SK1, 3 and 5–8 are newly identified skylight can-
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Fig. 6 The topographic profiles of the sinkholes in the Hebrus Valles region along the sections marked in Fig. 4(b). The topographic

profile LL’ (l) corresponds to the cross-section of a pseudo-sinkhole in the region.

didates in this study while skylights SK2 and SK4 are the

ones reported by Sulcanese et al. (2018) on the basis of

their surface appearance. Here, we have carried out mor-

phometric analysis and assessment of the thermal behav-

ior of all these candidates, i.e., the newly identified ones

as well as SK2 and SK4. Their depths (D) have been es-

timated from the length of shadows and solar incidence

angle (i), emission angle (e) and phase angle (Pa) at the

time of the observation using the approach of Cushing

et al. (2015). Formulas D = Ls/[tan(i) − tan(e)] and

D = Ls cos(i) cos(e)/[sin(i+e)] have been used to calcu-

late the depth of the skylight candidates for cases (Pa < i)

and (Pa > i) respectively. Here, length of visible shadow

(Ls) is the horizontal distance in the direction of illumina-

tion from the shadow-casting point on the rim to the edge

of the shadow cast upon the floor and depth (D) is the true
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Fig. 7 CTX images showing skylight candidates (1 to 8). The corresponding IRPBT data are displayed on the right side (1T to 8T).

IRPBT data i71480014 (Solar Longitude 119.764, Night Time 20:31) and i55736029 (Solar Longitude 157.911, Midnight Time 2:37)

have been used for Skylights 1–3 and Skylights 5–8 respectively. All of these skylights except Skylight 8 exhibit a hotter appearance at

nighttime in the northern summer season.

Table 2 Morphometry of skylight candidates in the Hebrus Valles region. Here Lmax refers to maximum Length and (D) signifies

Depth. Ls denotes length of visible shadow. Coordinates corresponding to the central location of the features and the viewing geometry

parameters (incidence angle (i), emission angle (e) and phase angle (Pa)) of the CTX images used have also been tabulated as labeled.

SK CTX IRPBT Central Coordinates i e Pa Ls Lmax D D/Lmax

(deg) (deg) (deg) (m) (m) (m)

1 G23 027399 2001 i71480014 21.1801, 127.0893 45.45 4.54 49.75 274 820 250 0.3

2 G23 027399 2001 i71480014 21.3655, 127.1378 45.45 4.54 49.75 150 153 137 0.9

3 G23 027399 2001 i71480014 21.3661, 127.0614 45.45 4.54 49.75 132 178 121 0.7

4 G20 026054 2007 i55736029 21.8856, 126.1203 42.11 3.64 38.67 111 343 132 0.4

5 G20 026054 2007 i55736029 22.3537, 126.2714 42.11 3.64 38.67 152 604 181 0.3

6 G20 026054 2007 i55736029 23.0816, 125.9734 42.11 3.64 38.67 108 217 129 0.6

7 P17 007765 2015 i55736029 23.0353, 125.7234 41.36 2.61 38.79 347 434 416 0.9

8 G20 026054 2007 i55736029 22.5606, 126.0274 42.11 3.64 38.67 97 143 120 0.8

vertical depth at that point. The skylights are classified on

the basis of Depth to Length Ratio (DLR) which is defined

as D/Lmax. Skylights have DLR ≥ 0.1. They are classified

as a bowl-shaped pit crater (BPC) if ( 0.1 ≤ DLR ≤ 0.3)

and an APC if (0.3 < DLR < 2.5) (Cushing et al. 2015).

All the skylights studied here (except SK5) have been clas-

sified as APCs since DLR > 0.3 for them. Only SK5 has

been classified as a BPC since DLR ≤ 0.3 (Table 2). The

nighttime thermal observations suggest that all the candi-

dates except SK8 show hotter appearance than their sur-

roundings (Fig. 6). The candidate SK8 neither appears hot

in the IRPBT image i63523015 (Midnight Time 00:42) nor

in the image i55736029 (Time 2:37). Therefore, SK8 is not

considered as a skylight and out of eight, only seven candi-

dates (SK1–7) have been considered as probable skylights

in this study based upon morphometry and thermal obser-

vations.

5 LANDING SITE SELECTION AND TRAVERSE

DELINEATION IN THE HEZ

Davila et al. (2015) proposed a candidate landing site

(marked as LSD in Fig. 1) for rover-based human explo-

ration of the Hebrus Valles region on Mars to carry out de-

tailed in-situ scientific studies and to harness its resources

(Sect. 4). The criteria defined by NASA prior to the first

landing site/exploration zone workshop for human mis-

sions to the surface of Mars, held at Houston, Texas dur-

ing 2015 Oct. 27–30, were used to narrow down to the

appropriate landing site LSD . These include the follow-

ing: (1) The site should be located within ±50◦ latitude

for adequate sunlight. (2) The altitude should be <2 km
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Table 3 Characteristics of Landing Sites LSN and LSD

Candidate Landing LSN LSD

Site

Coordinates 20◦40′31.9′′N, 20◦05′ N, 126◦38′ E

126◦23′56.2′′E

Elevation (MOLA) –3686 m to –3673 m –3605 m to –3594 m

LS to 25 km2 area (–3680 m at point location) (–3598 m at point location)

(13 m relief) (11 m relief)

Elevation (HRSC) –3729 m to –3632 m –3642 m to –3573 m

LS to 25 km2 area (–3682 m at point location) (–3618 m at point location)

(97 m relief) (69 m relief)

Elevation (MOLA) –4735 to –3173 m –4664 to –3067

100 km radius BZ (1562 m relief) (1597 m relief)

Slope (MOLA) 0◦to 0.54◦ 0.02◦to 0.22◦

LS to 25 km2 area (0.1◦at point location) (0.1◦at point location)

Slope (HRSC) 0◦to 8.66◦ 0◦to 7.89◦

LS to 25 km2 area (0.6◦at point location) (1.6◦at point location)

Slope <1◦ (MOLA) 83.40 %; 77.08 %; 80.09% 81.37 %; 76.12%; 74.54%

Area % for Coverage 100% 100%

100; 50; 25 (HRSC) 12.27%; 12.59%; 14.85% 10.83%; 10.18%; 13.79%

km radius BZ Coverage 60.01%; 72.56%; 91.72% 51.71%; 56.39%; 66.82%

Thermal Inertia 190 to 206 J m−2 K−1 s−1/2 173 to 230 J m−2 K−1 s−1/2

(TES) (206 at point location) (186 at point location)

J m−2 K−1 s−1/2 (LS

to 25 km2 area)

Thermal Inertia day 92 to 394 22 to 394

(TES) J m−2 K−1 s−1/2 (99.94% area covered (99.89% area covered

(LS to 100 km Thermal Inertia value higher Thermal Inertia value

radius BZ) than 100). higher than 100).

Mean value 197.93 Mean value 198.60

Fig. 8 A flowchart depicting the methodology adopted for determining suitable rover traverses from the candidate landing sites to the

various destination ROIs. Here, combined slope raster indicates the slope raster generated by combining HRSC and MOLA data.

(measured using MOLA data) above the Martian zero el-

evation level. (3) The terrain should be largely flat [slope

< 10◦ (using MOLA data)] with low relief and low sur-

face roughness. (4) Landing hazards such as large craters

or high crater density, hilly terrain, extensive dune fields,

etc., should be absent. (5) Thick deposits of fine-grained

dust should not be present, i.e., thermal inertia should be

> 100 J m−2 K−1 s−1/2. (6) Sites with scientific value and

having high resource potential should be present within a

100 km buffer zone. The characteristics of LSD determined

in this study are tabulated in Table 3.

Further, we determined suitable rover paths from the

candidate landing site proposed by Davila et al. (2015)

(LSD) to the projected destination sites, i.e., SROIs, RROIs

and SRs. A flowchart depicting the methodology adopted

for determining suitable rover paths is shown in Figure 8.

A slope raster derived from a combination of MOLA DTM

and HRSC DTM is used to prepare a surface roughness

raster map of the area. Following this, all the areas with

slope >20◦ have been excluded considering the capabil-

ity of present day Martian rovers (Heverly et al. 2013).

Finally, most appropriate paths have been worked out on

the map on the basis of least surface roughness accounting

for slope, i.e., whether the slope is an upslope or a downs-

lope (Fig. 9).

An analysis of the determined path lengths (Table 4)

reveals that the sinkholes and skylights (Fig. 5), which are

the most important regions from a science and resource
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Fig. 9 A combination slope raster (HRSC MOLA) image of the Hebrus Valles HEZ (100 km buffer from LSD) showing the proposed

rover paths from LSD to the various ROIs. Only sub-paths >∼ 7 km are visible here. The path lengths for individual ROIs are provided

in Table 4.

Fig. 10 A flowchart depicting the methodology adopted for selecting a candidate landing site in this study.

point of view, are quite far from LSD. The average dis-

tance for the sinkholes is ∼43 km and the nearest sinkhole

is ∼30 km away from LSD. Also, special regions SR1, SR2

and SR4 identified by Pitura (2017), which are expected

to provide an opportunity to investigate underground ice

caves with flowing fluid systems and high potential for

residual organic matter, and where preserved life or fossils

could be found, are very far from LSD. The nearest one

is SR1, which is approximately 54 km away and the far-

thest one is SR4, which is at a distance of ∼103 km along
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Fig. 11 A combination slope raster (HRSC and MOLA) image of the Hebrus Valles region and CTX mosaic showing the proposed

rover paths from LSN to the various ROIs. Only sub-paths >∼ 7 km are visible here. The dashed line encircles a 100 km buffer from

LSN . The path lengths for individual ROIs are provided in Table 4. The SROI 13 refers to a nearby fluvial channel from LSN .

Fig. 12 An enlarged view of the region between LSN and sinkholes from Fig. 11 illustrating the proposed rover traverses.
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Table 4 Path Distances from LSD and LSN to Various ROIs

S. No. ROIs Distance (km) from LSD Distance (km) from LSN

PSACs

1 Sinkhole 1 44.75 26.08

2 Sinkhole 2 44.95 21.77

3 Sinkhole 3 SROI1, 46.27 21.69

4 Sinkhole 4 RROI2 49.22 21.37

5 Sinkhole 5 53.83 26.21

6 Sinkhole 6 55.05 28.48

7 Sinkhole 7a 39.45 22.36

8 Sinkhole 7b 37.81 20.09

9 Sinkhole 7c 35.95 18.23

10 Sinkhole 7d 34.27 17.16

11 Sinkhole 8 RROI 3 29.85 20.32

12 SK 1 Skylights (SK) 78.73 51.04

13 SK 2 1, 3, 5-7 are newly 90.31 76.49

14 SK 3 discovered in this 87.11 72.76

15 SK 4 study. Others have - 80.18

16 SK 5 been examined for - 106.75

17 SK6 morphometry and - -

18 SK7 thermal behavior. - -

Other Science Regions of Interest (SROIs)

19 SROI 2 18.01 43.55

20 SROI 3 17.29 50.2

21 SROI 4 (Slope >20◦) (Slope >20◦)

22 SROI 5 27.91 20.39

23 SROI 6 53.35 24.23

24 SROI 7 (Slope>20◦) (Slope >20◦)

25 SROI 8 76.84 117.05

26 SROI 9 (Slope>20◦) (Slope >20◦)

27 SROI 10 73.24 35.39

28 SROI 11 80.65 56.36

29 SROI 12 70.84 92.15

30 SROI 13 44.07 7

31 SROI 14 68.81 94.97

Other Resource Regions of Interest (RROIs)

32 RROI 1 29.8 51.96

33 RROI 4 54.61 19.88

34 RROI 5 18.71 45.33

35 RROI 6 24.6 64.12

Special Regions (SRs)

36 SR1 54.19 33.88

37 SR2 56.12 18.13

38 SR3 45.29 85.47

39 SR4 102.71 65.96

40 SR5 45.29 115.33

the determined path in this study. Thus, exploring these

important sites from LSD would be an extremely difficult

task.

Considering the above-mentioned constraints for LSD,

an alternate landing site LSN has been worked out in

this study. The approach used is depicted in the flowchart

(Fig. 10). We have applied similar criteria to those utilized

by Davila et al. (2015) to search for an alternate candidate

landing site. Special care was taken to ensure that the land-

ing site remains within the 100 km buffer of LSD , which is

near the PSACs (sinkholes and skylights) and that most of

the ROIs lie within the 100 km buffer zone. Also, we have

employed HRSC DTM along with MOLA DTM in our

search. The original criteria for landing site determination

were only based upon slope and elevation values derived

from MOLA data. A discussion on the benefits of using

higher resolution HRSC data over MOLA data is available

in Section 2 of this study.

The alternate landing site proposed in this study, LSN ,

is located at (20◦40′31.9′′ N, 126◦23′56.2′′ E). A com-

parative assessment of the characteristics of sites LSN and

LSD is provided in Table 3. It is evident that both LSN and

LSD are comparable and conducive for landing; however,

LSN has the slight advantage of greater depth (82 m lower)

compared to LSD. The greater depth is advantageous for

human landing in terms of less radiation and compara-

tively higher atmospheric pressure. Subsequent to narrow-

ing down to LSD and LSN , rover paths to various ROIs

(Figs. 9, 11 and 12) were determined as per our methodol-

ogy described in Figure 8 and their path lengths are tabu-

lated in Table 4. It can be seen from the path lengths that

the average distance of the sinkholes from the landing site
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has been reduced to ∼22 km, which is approximately half

that from LSD. Also, the distances to SR1, SR2 and SR4

have been considerably reduced. The SR1, SR2 and SR4

are now approximately 20 km, 38 km and 37 km nearer. In

addition to these, it is worth mentioning that five of the po-

tential skylights fall in the 100 km buffer zone around LSN

as opposed to only three in the case of LSD (Fig. 11). Also,

even these three are quite near to the LSN compared to that

from LSD.

A major advantage of landing at LSD is that it is

merely 17–18 km from fluvial channels (SROI 2 and SROI

3). In the case of LSN , the distances to these important

sites have almost doubled; however, there are analogous

locations in the nearby areas which can be utilized alter-

natively. The nearest one among these is located at a dis-

tance of only ∼7 km. The same is shown as SROI 13 in

Figure 11. Also, it is worth mentioning that three of the

ROIs, SROIs 4, 7 and 9, which lie in the crater interiors,

are inaccessible from both LSN and LSD as per the rover

criteria defined in this study. In order to reach these des-

tinations, the rover should be capable of climbing steep

slopes present at the crater rims, i.e. slopes that are > 20◦.

Figure 12 provides an enlarged view of the region between

LSN and sinkholes in the HEZ along with the rover tra-

verses. It is evident that inside Sinkhole 7, only 7c and 7b

can be explored in a single traverse as per the criteria de-

fined by us in this study. To arrive at 7a and 7d, separate

traverses may be required.

It is important to mention here that the actual path

taken by a manned/unmanned rover during any future mis-

sion to the study area will require DEM with much higher

spatial resolution than that used in this study, i.e., of the

order of the size of the rover, which could be only a couple

of meters, as compared to 75 m for HRSC and 463 m for

MOLA. The slope values at such a small scale can be very

different. As a result, some of the paths shown in Figures 9,

11 and 12 may not be practical.

6 CONCLUSIONS

Our study of the Hebrus Valles region on Mars for the pur-

pose of human exploration has revealed a candidate land-

ing site (LSN ), which satisfies all the required criteria, and

which is very near to the sinkholes (1–8), fluvial feature

(SROI 13; ∼7 km) and five skylight candidates (SK1–5),

which are very important from a science and resource point

of view during any future human mission. In total, eight

skylight candidates (SK1–8) located in the HVHF region

have been examined and of these, seven candidates (SK1–

7) have been interpreted as probable skylights based upon

morphology, morphometry and thermal observations. An

up to date geological context map of the HVHF region has

been made by integrating information available from ear-

lier studies and features discovered in this study such as

Skylights (SK 1, 3 and 5–7) and impact craters ≥ 5 km

in diameter. Morphology and morphometry of the sink-

holes in the area have revealed that they are mostly sub-

elliptical to elongated in shape, some of them are quite

deep (depth > 300 m) and they possess steep walls (flank

slope: > 20◦). Suitable rover traverses from the landing

sites have been worked out to the various resources us-

ing terrain characteristics derived from a combination of

MOLA and HRSC data for the first time. While very high-

resolution images and slope data (from the rover in op-

eration) may be required to determine the actual traverse

path of the rovers, the approach used and findings made

herein will be of immense importance and would serve as

guidelines during a possible human endeavor to explore the

Hebrus Valles region on the Red Planet in the future.

Acknowledgements We would like to thank Varun

Sheel, S.A. Haider and Anil Bhardwaj, Director PRL,

Ahmedabad, India for providing encouragement and nec-

essary facilities to carry out this work. We also gratefully

acknowledge the two anonymous reviewers for their use-

ful comments and suggestions that have significantly im-

proved the manuscript.

References

Baioni, D., & Tramontana, M. 2017, International Journal of

Speleology, 46, 5

Bibring, J.-P., Langevin, Y., Gendrin, A., et al. 2005, Science,

307, 1576

Boston, P., Frederick, R., Welch, S., et al. 2004, in AIP, 1007

Broxton, M. J., & Edwards, L. J. 2008, in Lunar and planetary

science conference, Vol. 39, 2419

Christensen, P. R., Jakosky, B. M., Kieffer, H. H., et al. 2004,

Space Sci. Rev., 110, 85

Christiansen, E. H., & Hopler, J. A. 1986, in Lunar and

Planetary Science Conference, 17, Lunar and Planetary

Science Conference, 125

Cushing, G. E. 2012, Journal of Cave and Karst Studies, 74, 33

Cushing, G. E., Okubo, C. H., & Titus, T. N. 2015, Journal of

Geophysical Research: Planets, 120, 1023

Davila, A., Fairén, A. G., Rodrı́guez, A. P., et al. 2015, in

LPI Contributions, 1879, First Landing Site/Exploration Zone

Workshop for Human Missions to the Surface of Mars, 1012

Hare, T., Cushing, G., Shinamen, J., Day, B., &

Law, E. 2016, US Geological Survey, https:

//astrogeology.usgs.gov/search/map/

Mars/MarsReconnaissanceOrbiter/CTX/

HumanExplorationZones/CTX_Human_EZ_sites_

Oct2015, 16, 16

Heverly, M., Matthews, J., Lin, J., et al. 2013, Journal of Field

Robotics, 30, 835



16 R. Sharma, N. Srivastava & S. K. Yadav: Exploration of the Hebrus Valles, Mars

Jaumann, R., Neukum, G., Behnke, T., et al. 2007,

Planet. Space Sci., 55, 928

Kochanow, E. 1999, Educational Series, 11, 33

Malin, M. C., Bell, J. F., Cantor, B. A., et al. 2007, Journal of

Geophysical Research: Planets, 112

Mellon, M. T., Jakosky, B. M., Kieffer, H. H., & Christensen,

P. R. 2000, Icarus, 148, 437

Neukum, G., & Jaumann, R. 2004, in ESA Special Publication,

1240, Mars Express: the Scientific Payload, eds. A. Wilson, &

A. Chicarro, 17

Ojha, L., Wilhelm, M. B., Murchie, S. L., et al. 2015, Nature

Geoscience, 8, 829

Pitura, M. 2017, International Cartographic Conference, 145

Putzig, N. E., & Mellon, M. T. 2007, Icarus, 191, 68

Rodriguez, J. A. P., Bourke, M., Tanaka, K. L., et al. 2012,

Geophys. Res. Lett., 39, L22201

Sinha, R. K., Vijayan, S., & Bharti, R. R. 2017, Icarus, 297, 217

Smith, D. E., Zuber, M. T., Frey, H. V., et al. 2001, Journal of

Geophysical Research: Planets, 106, 23689

Stuurman, C. M., Osinski, G. R., Holt, J. W., et al. 2016,

Geophys. Res. Lett., 43, 9484

Sulcanese, D., Komatsu, G., Ori, G., & Rodriguez, J. 2018, in

Lunar and Planetary Science Conference, 49

Tanaka, K. L., Skinner, J. A., Dohm, J. M., et al. 2014, in

Scientific Investigations Map

Telbisz, T., Látos, T., Deák, M., et al. 2016, Acta Carsologica, 45

Toulmin, III, P., Baird, A. K., Clark, B. C., et al. 1977,

J. Geophys. Res., 82, 4625

Waltham, T. & Sweeting, M. M. 1974, The Limestones and

Caves of North-West England, eds. A. C. Waltham, & M. M.

Sweeting (Newton Abbo: David & Charles)


