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ABSTRACT
The continental ϐlood basalt on Earth and the extensive ϐlood basalt provinces onMars are well recognised for

their prominent surfacemanifestation, which offer valuable insights into the planet’s interior activity and evolution.
Mars’s volcanic provinces are signiϐicantly larger than those on Earth; however, the volcanic landforms, particularly
the columnar jointing in basalt ϐlows, show some remarkablemorphological resemblances. TheDeccan trap basalts
are characterised by a tholeiite composition with typical iron‑rich trend similar to that of Martian basalts. Within
the Deccan volcanic province, the columnar jointing includes both colonnade and entablature jointing facies with
a more or less consistent hexagonality index (XN:1.34), reϐlecting its maturity index. A higher cooling rate (0.29
°C/h) contributes to the formation of entablature as compared to colonnade. The morphology of the colonnade is
inϐluenced by a uniform coolingmechanism corroboratedwith the liquidwater inϐiltration during the emplacement
of lava. Thus, the columnar jointing in basalt provides insights into the paleoenvironment during lava emplacement.
Themorphology of columnar basalt onMars ismainly gained through remote sensing and in situ rover observations.
The presence of both colonnade and entablature on Martian columnar basalt also indicates that water was likely
prevalent, possibly ϐlooding or ponding during the lava’s emplacement. In comparative planetology, incorporating
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new, potential terrestrial analogue materials remains a top priority to validate orbiter data and to strategise for
future planetary exploration.
Keywords: Columnar Jointing; Basalt; Deccan; Mars; Terrestrial Analogue

1. Introduction
Magmatism and volcanism are the dominant pro‑

cesses responsible for the surface evolution of our inner
rockyplanets. Since theNoachian andHesperian epochs,
the Martian surface has experienced diverse volcanic ac‑
tivity and is believed to have remained geologically ac‑
tive into themore recent Amazonian epoch [1, 2]. The ma‑
jor volcanic features that exist on Mars include not only
shield volcanoes (Olympus Mons), but also channels,
ϐlood lavas, calderas, and cones [3]. Additionally, there is
evidence of mud volcanoes, hydro or phreatovolcanism,
cryovolcanism, and subsurface lavas, which are believed
tobeprevalent onMarsdue to its diverse climatic history
and surface/subsurface‑hydrosphere‑cryosphere inter‑
action [4, 5]. The volcanic resurfacing (manifested mainly
by the emplacement of younger lavas) was also common
and signiϐicantly modiϐied the older, cratered Noachian
(>3.5 Ga) terrain on Mars. The discovery of columnar
jointing on Mars near the crater walls of Marte Vallis
(northeast of Hellas basin) is particularly signiϐicant as
it provides many invaluable insights into the mode of
emplacement of lava, its cooling front, and indirectly im‑
plies the past hydrology of Mars [6]. Due to limited expo‑
sure and constraints on orbiter image resolution ofMars,
terrestrial volcanic analogue sites are crucial for inter‑
preting volcanic landforms and processes of other plan‑
ets and planetesimals. Additionally, there is a genetic
similarity of ϐlood basalt provinces on Earth and Mars
(volcanism is linked to a deep mantle, plume‑fed), and
also resembles the plume‑fed continental ϐlood basalt
(CFB) on Earth [7].

Though the present conditions of Earth and Mars
are markedly different, many geological features appear
to be similar during their earliest history (e.g., Mars is
thought to have been Earth‑like, warm and wet in the
past) [8]. In comparative planetology, there is always
a continuous effort to comprehend the processes com‑
mon on Earth and Mars and ϐind a parallel between the

two planets. Columnar jointing is common in terres‑
trial CFBs, and several exposures exist in the Deccan
basaltic terrain [9]. The volcanic system of the Deccan
traps, characterised by intraplate, plume‑driven erup‑
tions, and iron‑rich tholeiitic basalts, exhibits several
similarities to Martian basalts, despite notable differ‑
ences. Consequently, in the absence of returned sam‑
ples from Mars, the Deccan basaltic province may serve
as a potential analogue for Martian ϐlood basalts. The
ϐield‑based data, including mode of occurrences, mea‑
surement of width and length of joints, and petrography,
are important to decipher the formationprocess, cooling
history, and past climatic conditions during the lava em‑
placement. Basedona recent ϐield expedition, the colum‑
nar jointing in basalts from theDeccan volcanic province
in Matanomadh Formation, Kutch, Gujarat, India, offers
a unique opportunity to conduct morphometric, petro‑
chemical analyses, allowing for comparisons with Mar‑
tian counterpart to gain insights into the formation pro‑
cess and the past hydrologic conditions.

2. Geological Setting

Deccan Continental Flood Basalt and Vol-
canism on Mars

The Deccan CFB erupted during the Cretaceous‑
Paleogene boundary (∼65Ma), covering nearly 500,000
km2 in Western and Central India [10]. The popular
plume hypothesis largely explains the terrestrial CFB,
which discusses magma produced due to the partial
melting of deep mantle plumes [11]. Alternate hypothe‑
ses also exist and include the sub‑continental litho‑
sphere or the decompression melting of a shallow, non‑
plume mantle [12, 13].

The plume hypothesis argued that the Deccan was
emplaced when India passed over a large plume head at
the current position of the Reunion hot spot in the In‑
dianOcean [14]. As there is no large‑scale tectonic activity
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currently known onMars, Martian volcanism and plume
characteristics ofMartian basalt are often comparable to
the terrestrial hotspots/plumes that resulted in the for‑
mation of large igneous provinces and CFB [7].

Besides prominent shield volcanoes on Mars, ϐlood
basalts are equally abundant, especially during the early
history of Mars (Since Noachian till early Amazonian
epoch, ∼4 to 2.5 Ga) [15]. However, based on high‑
resolution volcanic landform imagery, it is hypothesised
that the volcanism peaked during the Hesperian (∼3.7
to 2.9 Ga) [16]. Volcanic eruptions and lava‑like ϐlood vol‑
canoes during early Hesperian times are common in the
northern lowlands [16]. In contrast, the southern high‑
land is mostly characterised by older‑aged Noachian
ϐlood basalt. These ϐlood lavas frequently tend to show
the cooling joints. The global occurrences of blocks of
ϐlood lava plains were conϐirmed through the orbiter re‑
mote sensing [17]. However, the information based on
meteoritic studies is limited (the total number of Mar‑
tian meteorites is small ∼280 nos) and incomplete due
to their unknown source/provenance. The majority of
volcanic suites of rocks (Shergottite‑Nakhla‑Chassigny
meteorite clan) yield a relatively younger crystallisation
age (<2 Ga, based on radiometric age determination of
themeteorites), suggesting geologically recent ϐlood vol‑
canism activities [18].

A comparisonofDeccan trapbasalt and theMartian
ϐlood basalt draws some resemblances and differences.
Both the terrestrial Deccan Trap volcanic terrain and the
Martian ϐlood basalts are within plates, associated with
hotspot‑related volcanism and erupted enormous vol‑
umes of lava within a brief time interval. The Martian
ϐlood basalts are linked to a several magnitude higher ef‑
fusion rate as compared to their terrestrial counterparts.
Additionally, the older ϐlood lavas on Mars are believed
to be more ancient than those found on Earth (mostly
belong to Phanerozoic). Another key distinction is that
the terrestrial columnar basalt is largely exposed due to
the erosion, while the columnar basalt of Mars is largely
exposed at crater wall as a result of later impact events.

3. Analytical Techniques
Since the Deccan CFB and the average Martian

basaltic crust share spectroscopic and geochemical sim‑

ilarities and have a common genetic linkage, it seems
plausible that the geological landform in the volcanic ter‑
rain may share some resemblances. Using this example,
various analytical approacheswere applied to terrestrial
Deccan columnar basalt using this analogy to compre‑
hend the mechanism of emplacement, cooling history,
and paleoclimatic implications. The analysis of petrog‑
raphy, mineralogy, andwhole‑rock composition is essen‑
tial for comprehending rocks, their origins, and possible
applications. This process includes thorough descrip‑
tions of the rocks, their mineral constituents, textures
and the chemical makeup. The morphometric analyses
provide the rate of cooling and themodeof emplacement
of lava.

3.1. Terrestrial

Petrography is carried out using polished thin
sections under a polarising microscope (Nikon
LV100NPOL) at the Physical Research Laboratory, India.
The powdered basalt samples’ X‑ray diffraction (XRD)
analyses were conducted at the Physical Research Lab‑
oratory in Ahmedabad, India, using Bruker D2 Phaser
benchtop XRD equipment. With current and power rat‑
ings of 10 mA and 30 kV, respectively, this XRD system
uses a Cu‑K excitation and a Ni ϐilter. An agate mortar
and pestle were used to grind (up to 250 µ) and ho‑
mogenise the materials. The samples were scanned at
a speed of 0.02° 2θ/s for a 2θ angle range of 10–70°.
The accuracy of XRD analyses was better than 0.03° 2θ
(w.r.t corundum). Using the phase identiϐication soft‑
ware DIFFRAC.EVA from Bruker (included with the in‑
strument), the peaks of the XRD results were compared
with the ICDD‑PDF2 database [19].

The major elemental analysis of the ϐinely pow‑
dered (grounded up to 60 µ size fractions using the
Retsch Planetary Ball Mill PM100) specimen (2 g) was
conducted at the Physical Research Laboratory using the
methodology of the Panalytical Axios X‑ray Fluorescence
(XRF) instrument, following the procedural guidelines
outlined by Ray and Shukla [20]. The veracity and consis‑
tency of our analytical outcomes were evaluated against
internationally recognised rock standards, speciϐically
BHVO‑2 (Basalt, USGS), G‑2 (Granite, USGS), and IF‑
G (Iron Formation Group, USGS). The results demon‑
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strated a precision and accuracy level better than ±5%,
afϐirming the reliability of our analytical procedures.

3.2. MARTIAN

Morphometric analyses of Mars basaltic column
are largely dependent on the available images collected
by orbiter missions. Based on the altitude of the or‑
bit, the High‑Resolution Imaging Science Experiment
(HiRISE) camera onboard the Mars Reconnaissance Or‑
biter (MRO) spacecraft provides a very high spatial reso‑
lution of 25–32 cm/pixel [21]. This instrument can effec‑
tively resolve features at themeter scale due to its excep‑
tional signal‑to‑noise ratio and pixel scale.

In this study, we have used two HiRISE images
PSP_006774_2020 (centered at Lat: 21.52° Long: 184.
35°) and ESP_013871_1945 (centered at Lat: 14.536°
Long: 98.513°) showing columnar basalt exposure at
a crater wall in the Marte Vallis region and in the
right margin of Isidis Basin respectively. No additional
processing was done on the images apart from linear
stretching on the close‑up of the second image using
ENVI (version 4.7) software. One HiRISE Digital Terrain
model (DTM) was generated using the MARS Système
d’Informatio (MarsSI) web platform using the stereo
pair HI_013238_1945_013871_1945. This DTM was
analysed using QGIS software’s 3D visualisation tool.

4. Results

Columnar Jointing: Field Observations,
Petrography, Mineralogy and Geoche-
mistry

The Mesozoic basin of Kutch in Gujarat, India, is
known as a classic example of a fault‑controlled land‑
form resulting from an ancient east‑west rift system
(Figure 1a) [22]. The effect of the Reunion hotspot under
the Indian subcontinent led to the formation of a series
of extensional fractures, recognised through satellite im‑
agery as faults or lineaments [23]. These fractures ulti‑
mately facilitate conductive cooling even after the em‑
placement of Deccan lavas. The early‑formed, rapidly
chilled crust in such ϐlows impedes vapour loss, retains
ϐluidity in the lava, and possibly allows for a relatively

slower cooling rate of the core. The pulses of endoge‑
nous lava transfer encased below the crust are consoli‑
dated into an apparently uniϐied core [24]. The distinct
pulses that fed these ϐlows can be identiϐied by multi‑
tiered columnar (entablature) joints, compositional vari‑
ations, and, in some places, horizontal bands of vesicles
that separate the batches of lava in the core [25].

Figure 1. (a) Location of the study area (marked by red square,
basemap after Biswas, 1987). Field occurrences of (b) entabla‑
ture and (c) colonnade in two different locations. Petrography
of basalts (under PPL) from (d) entablature and (e) colonnade
showing the ϐine‑grained texture (a few phenocrysts seen in
the latter).

Several types of basaltic columns account for vari‑
ous volcanic landforms, including colonnades and entab‑
lature (for a detailed description, see the work of
Sheth et al. (2022)) [9]. The columnar basalt in the
Matanomadh Formation in Kutch, Gujarat, was exposed
in several basaltic quarries and found to be overlain by
the tertiary Matanomadh Formation (Figure 1b). How‑
ever, the basement of the columnar basalt is not exposed
in the three studied locations (Figure 1b,c). No dou‑
ble ormulti‑tier exposures of entablature and colonnade
were found. The lack of conjugate upper entablature
and lower colonnade in a single section might suggest
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a single‑unit ϐlow.
The columnar jointing of basalts is studied from

three different locations near Matanomadh Formation,
India. The two locations were ∼50 m apart, whereas
the third location was ∼12 km from the ϐirst two. The
morphology of columnar jointing resembles colonnade
throughout, except in one location where the top layers
resemble an entablature‑like structure (Figure 1b). The
basalt colonnades are uniformly thick (average length 6
m and width ∼0.2 m) (Figure 1c). The lower contact is
not visible and is largely covered by talus. The entabla‑
tures show typical curvilinear and are often incisedwith
chevron joints. Although the column’s width is nearly
consistent, its length is approximately 3 meters, which
is shorter than that of other locations.

Petrography of basalt from the colonnade shows
the presence of a few scattered plagioclase phenocrysts
(Figure 1f). Three samples from each ϐield site were se‑
lected for petrographic analysis. The texture often re‑
sembles a porphyritic type where phenocrysts of pla‑
gioclase grains (up to a size of ∼420 µm) are sur‑
rounded by smaller and ϐiner grains of plagioclase and
pyroxene‑dominated groundmass. The petrography of
basalt collected from different sectors of the colonnade
shows similarmineralogical assemblages (primarily pla‑
gioclase+pyroxene and Fe‑Ti oxides) with uniform grain
sizes (Figure 1e). Opaque minerals are mainly titano‑
magnetite and often ilmenite. Typical skeletal crystals
are apparently absent, which is often common in the
entablature (Figure 1e). The petrography of colonnade
and entablature at the boundary appears to be transi‑
tional, without any clear demarcation.

The XRD powder diffraction pattern of the basalt
sample showed the presence of plagioclase and pyrox‑
ene as major minerals (Figure 2a) [26–28]. Prominent
peaks at 27.96, 28.2, 29.92, 27.75, 30.54, 22.153, 23.82,
30.95, 35.79, 35.90, 42.37, 28.6, 24.63, 35.07, and 35.55°
2θ positions are observed in the powder diffraction pat‑
tern. The corresponding d values of these prominent
peaks are 3.19, 3.16, 2.98, 3.21, 2.92, 4.01, 3.73, 2.89,
2.51, 2.5, 2.13, 3.61, 2.56, and 2.52 Aǒ . These values were
thenmatchedwith the published d spacing values of pla‑
gioclase 3.20, 3.78, 4.03, 3.66, 2.93 Aǒ [29]. Both enstatite
and ferrosilite pyroxene were identiϐied by successfully

matching the d spacing values of the minerals at 3.17,
2.50, 2.48Aǒ (enstatite) and 3.21, 2.89, 2.50, 2.58, 2.12,
2.98 Aǒ (ferrosilite) [30, 31]. All the d‑spacing values and
their corresponding literature values are presented in
Table 1 [29–31].

Figure 2. (a) XRD analyses of the columnar basalt, (b) A
(Na2O+K2O) F (FeO)M (MgO) diagram to show the composi‑
tional plot of the Martian surface (APXS data), Deccan basalt.
Additionally, literature Deccan tholeiite from Kutch is also
shown for comparison. Arrow shows the Fe‑enrichment trend
of the Deccan and Martian basalt. Data sources: Ming et al.,
2008; Ray et al., 2013; Sen et al., 2009 [26–28].

In the ensuing paragraph, we discussed the whole‑
rock chemical composition of studied Deccan basalts
and compared them with the Martian in situ data to
ϐind the geochemical analogue. Geochemically, the
basalts are tholeiitic with a total alkali‑silica content
of less than 4 wt%. The TiO2 content ranges from
low (0.86–1.55 wt%) to intermediate type (up to 2.8
wt%). The magnesium number (Mg#, calculated as
moleMg/mole(Mg+Fe)) ranges from 0.34 to 0.50, sug‑
gesting that the magmas are fractionated in nature. In
the Alkali‑Iron‑Magnesium (AFM) diagram, the Deccan
basalt from the Matanomadh Formation is compared
with the Martian basalt (in situ Alpha Particle X‑ray
Spectrometer (APXS) data from the home plate, Gusev
crater) [26]. Both fall under the typical tholeiitic series
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Table 1. Values for d‑spacing (Aǒ ) and diffraction angles (°2θ) for identiϐied phases present in the analysed samples with their
published data [29–31].

Interpreted Phase °2θ d (Å) d (Å) [Literature]

Plagioclase 27.96 3.19 3.196a
24.63 3.61 3.663a
30.54 2.92 2.933a
22.153 4.01 4.030a
23.82 3.73 3.780

Pyroxene Enstatite 28.2 3.16 3.175b
35.79 2.51 2.497b
35.90 2.5 2.477b

Ferrosilite 27.75 2.98 2.979c
29.92 3.21 3.21c
30.95 2.89 2.892c
35.07 2.56 2.577c
42.37 2.13 2.126c
35.55 2.52 2.504c

with a distinct Fe‑enrichment trend (Figure 2b).
The maturation process is the progressive evolu‑

tion of the polygonal pattern caused by the synchronised
adjustment of polygon boundaries as the cracks travel
into the cooling body [32]. As the pattern evolves, little
columns with fewer than six sides tend to expand at the
expense of larger columns (n > 6). The geometry of the
column also helps us to understand the maturity of the
columns if the columns arenot affectedbyany secondary
strains [33]. Indeed, hexagons are the most common in
mature patterns. The maturation parameter indicated
in

XN =  
√

(f5 + f7) + 4 (f4 + f8) + 9 (f3 + f9) + 16f10 + 25f11 + . . . (1)

where XN is known as the hexagonality index of a polyg‑
onal pattern and can be used to describe the departure
of the distribution from the predicted value of 6 [34]. fn
is the fraction of n‑sided polygons in the set.

The maturation process of the polygonal pattern
can be quantiϐied by the hexagonality index. For the
ultimate stage of maturation XN , should tend toward
0 [32, 34]. The individual column parameter has been esti‑
mated using the column width shown in Figure 3 [35, 36].
The column parameter is given in Table 2.

Individual column height and striae are important
parameters to explain the formation mechanism con‑
sistency of convective cooling and describe columnar
basalt morphometry [36]. The striae height (The frac‑

tures that produce the sides of the columns progress
in distinct, sudden increments, which are indicated by
chisel‑like impressions known as striae) is proportional
to the column width of the colonnade [37]. It falls on the
contour of constant striae/length ratio (Figure 3). The
CFB from other known provinces are also plotted for
comparison. In a colonnade, the striae height of the in‑
dividual column is proportional to the width. However,
this relation does not always hold for entablature due to
the inconsistency in its column width and lack of mea‑
surable striae height. Column length and the top areas of
entablature are also smaller than those of the colonnade.
Measurement of striae height of Martian columnar joint‑
ing is beyond the scope of this study due to the coarser
HiRISE image resolution and the images acquired during
the previous Mars missions.

The hexagonality of the colonnade in this study is
1.34 (yields comparatively ahigher value) and suggests a
rapid cooling rate and relatively lessmature jointing pat‑
tern or heterogeneous distribution of stress during the
cooling of lava ϐlows [38]. Based on numerical simulation,
it is argued that maturity increases the regularity of the
polygon and the number of column faces [39]. Addition‑
ally, the size of the column often corresponds to the cool‑
ing rate; e.g., a smaller column generally indicates faster
cooling, while a larger columnaccounts for a slower cool‑
ing rate [40]. Given several constraints (lava properties,
emplacement conditions, cooling mechanism), it is difϐi‑
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cult to estimate the cooling rate of magma. However, we
adopted a simpliϐied model here to evaluate the cooling
rate of basaltic magma.

Figure3. Thewidthof the joint showsproportionalitywith col‑
umn width. The three contours represent the line of constant
striae/length. Other well‑recognised columnar basalts from
Columbia River basalt and Staffa are included for comparison.
Data sources: Goehring et al., 2008; Phillips et al., 2013 [35, 36].

Lore et al. (2001) proposed amodel to evaluate the
cooling time (t) from a colonnade by

t =  L
2/

α , (2)

where L is the side length of the column, andα is the ther‑
mal diffusivity [41].

Using the thermal diffusivity of basalt 10−6m2s−1,
the cooling time can be calculated.

Hence, using the cooling time, the cooling rate ∂T
∂t

can be calculated by

∂T

∂t
=

(
1− 1

e

)
× T0

t
, (3)

Where ∂T
∂t is the cooling rate, e is the natural constant

(represents the time for amaterial to fall to 1/e of the ini‑
tial temperature) and e is approximately equal to 2.718,
T0 is the eruption temperature [41]. For basalts, the tem‑
perature is 1200 °C. The cooling rate observed for our
columnar lavas ranges from 0.073 °C per hour to 0.29 °C
per hour (See Supplementary Table S1). The elevated
cooling rate aligns well with the entablature.

5. Discussion

5.1. Formation of Columnar Jointing in Dec‑
can CFB

The formation mechanism of columnar basalt in‑
vokes several explanations: (a) contraction of the lava as

it cools after the emplacement [42], (b) convection due to
diffusion and heat removal from the interior of ϐlow [32],
(c) large‑scale supercooling due to water ϐlooding [43],
and (d) crystallisation‑induced melt migration and so‑
lidiϐication [44]. Several intrinsic and external factors
also play an important role in the formation of colum‑
nar lavas. The major controlling internal factors are the
magma components, such as temperature, viscosity, ef‑
fusion ϐlux, and volume. In contrast, the paleotopogra‑
phy and paleoclimate are the major external constraints
for basaltic columnar jointing [45]. Based on the ϐield
studies in the Deccan CFB area, the role of meteoric wa‑
ter inϐiltration has been discussed, and the higher wa‑
ter inϐlux induced the formation of entablature, faster
downward growth, and thickening of colonnades [9]. The
Deccan CFB exhibits characteristics similar to other CFB
regions worldwide, such as the Columbia River basalt,
and its key volcanic formations play a crucial in under‑
standing past climate conditions. These features sug‑
gest a signiϐicant interplay between meteoric waters
and the cooling lava ϐlows, suggesting a humid climate
characterised by substantial rainfall and effective sur‑
face drainage [46–48]. We propose that formations such
as entablature with irregular, chevron jointing necessi‑
tate convective cooling, which is only feasible with sub‑
stantial interaction with meteoric waters. This interac‑
tion would not only promote the solidiϐication of lava at
the surface but also aid in the solidiϐication of dykes at
deeper levels. The length and width of the column also
vary based on the chemical composition. The alkaline
basalt generally has slender columns as viscosity prob‑
ably inhibits the crack formation to induce the mature
columnar jointing, while the columns of the tholeiitic
basalts are relatively thicker, forming due to the slower
cooling rate [40].

The timing of the eruption of the Deccan Trap vol‑
canics in Kutch encompasses 68–61 Ma [49]. The time
interval further suggested that the onset of the termi‑
nal phase of Deccan volcanism is almost coeval with
the spreading regime at the western Indian Ocean. As
the plume head gradually deescalated, the extensional
regime in the form of a rifted basin became dominant
in the region. This process induced the development of
extensional stress, which was gradually transmitted in‑
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Table 2. Number of column sides and their respective frequencies among the 74 columns taken for the calculation.

Number of Polygon Sides
Total n̄ XN3 4 5 6 7 8 9

Sample size 1 23 17 21 11 1 ‑ 74 5.28 1.34
n̄ is the weighted average sides of the columns and XN is the calculated hexagonality index based on eq. (i). The plan view photograph of the column, which served
as the basis for these calculations, is shown in Supplementary Figure S1.

land and resulted in fracturing and jointing. The incisive
fracturing and jointing ultimately induced a favourable
condition for the formation of columnar jointing of the
Deccan lava. The stratigraphic deposition observed in
the Matanomadh Formation aligns with this model and
is characterised by the Deccan traps that erupted within
the Mesozoic rift ϐill basin in this area, as detailed by Mi‑
tra et al. in 2017 [50].

The apparent morphological resemblance of the
basaltic column of Deccan CFB in concert with the Mar‑
tian column thus indirectly infers the thermal history of
Mars. The uniform columnar jointing in the colonnade
suggests uniform conductive cooling. The entablature
in a relatively higher stratigraphic position suggests the
increased rate of cooling due to water ingress and ac‑
cess to water across the interior. Based on the jointing
pattern, we further infer that the entablature is likely to
form when multiple joints meet together. This causes a
complex distribution of stress and, hence, irregular and
curving columns [51]. The intersecting of multiple joint‑
ing with often chevron patterns in the Matanomadh For‑
mation further supported distorted isotherm or broadly
undulating in nature due to the increased meteoric wa‑
ter inϐlux. Additionally, the hexagonal jointing and the
fracture pattern are also attributed to the thermal con‑
traction [35]. This contraction is likely to be enhanced by
conductive cooling and water inϐiltration along the frac‑
ture. The higher water penetration along the fractures
largely contributes to the entablature formation on the
top [52, 53]. However, the ϐiner constraint on columnar
basalt formation on Mars is largely inhibited due to the
coarser resolution of images.

5.2. Deccan Basalt‑A Potential Analogue to
Mars?

The Deccan trap CFB shows many resemblances

with the Martian basalt and is discussed in this section.
Mars is known as a basaltic planet, and the Mars Global
Surveyor (MGS) Thermal Emission Spectrometer (TES)
data of the Martian surface share a similar spectral char‑
acteristic (both the spectral shape and contrast) to the
Deccan CFB [54]. The Fe‑rich chemical composition of
Deccan CFB is consistent with the basaltic Martian me‑
teorite shergottite, making it a potential geochemical
analogue (Hagerty and Newsom, 2003). Additionally,
the role of a mantle plume (Reunion) feeding the CFB
eruption on Deccan and the possible long‑lived, mantle
plume‑induced ϐlood basalts on Mars comprehend the
Deccan CFB to be a potential terrestrial analogue to the
Martian ϐlood basalt [7, 11]. Milazzo et al. have identiϐied
columnar jointing features with ϐlow thicknesses up to
30–40 m on the walls of a large ( 16 km diameter), well‑
preserved, unnamed crater in Marte Vallis [55]. Addition‑
ally, they listed several other locations (adjacent to the
Isidis Planitia) that (may) have exposed columnar joint‑
ing features. There are occurrences of some radiating,
fanning structures associated with the colonnade. The
heights of the columns vary between as low as 20 m to
>30m (Columnheightswere calculated using a digital el‑
evation model based on a pair of HiRISE images; Figure
4a,b). The slopes of the columns are 60°–66° and the
column widths vary up to the order of 2 m. Some out‑
crops apparently show multiple tiers of columns, which
are in places separated by more massive layers. The ma‑
jority of the columns on Mars were exposed in the up‑
lifted walls of the impact craters. This further suggested
that the target of the impact had an earlier history of
ϐlood volcanism. Columnar jointing was developed as in‑
herent and genetically unrelated to the impact [55]. The
other occurrences of columnar basalt from Mars were
also recognised from the wall of the impact crater in the
eastern part of the Isidis Basin (Figure 4c,d).
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Figure 4. (a) HiRISE (High Resolution Imaging Science Ex‑
periment) image PSP_006774_2020 (Centered at Lat: 21.52°
Long: 184. 35°; cropped) showing columnar basalt exposer
at crater wall in the Marte Vallis region. (b) Close‑up of a sec‑
tion of (a) showing awell‑exposed column (markedby arrows).
(c) HiRISE image ESP_013871_1945 (Centered at Lat: 14.536°
Long: 98.513°; cropped) showing columnar basalt exposure at
an impact crater wall located at the rightmargin of Isidis Basin.
(d) Close‑up of a section of (c) showing well‑exposed columns
(this image is linearly stretched for better visibility).

5.3. Columnar Jointing and Past Hydrology

Columnar jointing is one of the enigmatic struc‑
tures in CFB and can also provide clues to the solidi‑
ϐication histories under a particular paleoclimate con‑
dition [9]. Based on paleosol and redboles from Decan
CFB terrain, the prevailed scenario of emplacement of
Deccan ϐlood basalt is favoured for an intermittent in‑
tensive and higher tropical rainfall during the Deccan
CFB eruption [56, 57]. The higher chemical index of al‑
teration and maϐic index of alteration of the intermit‑
tent redboles is also consistent with a warm and hu‑
mid tropical condition [56]. Based on a recent study,
the low ẟ18OVSMOW value (mean ∼−12 ± 2‰) of mete‑
oric water compared to the modern mean monsoon
rainwater (∼−5‰) in Indian subcontinent further im‑
plies a substantially higher rainfall (at least 560–660
mm/year higher) as compared to present day during the
Cretaceous‑Paleogene boundary in India [57]. The pres‑
ence of entablature is suggested for a wet spell scenario
during the timing of lava emplacement at Deccan CFB.
The quench texture in the entablature also further con‑
solidated the view that the meteoric water affected not
only the surface but also, to some extent, the subsurface
as well [9]. Similar to Earth, the evidence of prolonged
ϐluvial activity is also largely known on early Mars [58];
however, the role of liquid water producing the Martian

column is still unconstrained. The existence of drainage
channels in several locations, e.g., Elysium Planitia, ar‑
gues in favour of multiple episodes of aqueous ϐlooding
during volcanic activity on Mars [59–61]. Therefore, the
role of ϐluid to induce additional cooling along the frac‑
tures and joints of the Martian lavas cannot be fully ig‑
nored. Even though the ϐlood basalts onMars seem to be
similar to theCFBonEarth, theduration and the geologic
extent of activity are several magnitudes higher, and the
volcanic and aqueous ϐlooding cycles are assumed to last
for several years on Mars [62].

Although there are interpreted similarities in vol‑
canic styles on Mars, the distinct characteristics of the
Martian environment will inϐluence eruption dynamics
and the crystallisation of erupted materials [63]. A sig‑
niϐicant aspect to consider is the impact of Mars’ lower
atmospheric pressure, averaging 6 mbar at the surface,
in contrast to Earth’s 1 bar at sea level. Furthermore,
the heat loss from the base of lava ϐlows into the under‑
lying surface is governed by the thermal diffusivity of
the substrate, which remains consistent across all sili‑
cate planets [64]. However, the cooling of the upper sur‑
face is affected by atmospheric properties, if present.
This reduced atmospheric pressure also causes a 1.5‑
fold increase in gas velocity and enhances magma frag‑
mentation, resulting in more extensive dispersal of ϐiner
volcanic materials during explosive eruptions on Mars
compared to Earth [63]. Nevertheless, the Martian lavas
are related to higher and longer ϐlow rates with greater
preservation potential of volcanic landforms as com‑
pared toEarth and the existenceof columns indicates the
likely sustained presence of liquid water over a span of
several decades.

6. Conclusions
The columnar jointing in the basalt ofMatanomadh

Formation, India, shows morphological resemblance
(both the entablature and colonnade) to the columnar
jointing of Mars. Based on Deccan trap basaltic column,
the occurrences of entablature at relatively higher topo‑
graphic elevation are consistent with substantial mete‑
oric water ingress. With gradual progress downwards,
the colonnade started to form. The hexagonality in‑
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dex (XN :1.34) further corroborates the uniform cooling
during the lava emplacement. The ϐine‑grained petro‑
graphic characters also support rapid chilling of lava due
to water ingress. The apparent similarity of morpholog‑
ical jointing pattern of Deccan trap and those found on
Mars may suggest a comparable formation mechanism,
albeit, the Martian columns are considerably larger in
scale. Nonetheless, based on studies of columnar basalts
morphology from Earth, the columnar basalts on Mars
suggest the water is likely present during the lava em‑
placement. It appears that watermay have been present
in a ϐlooded or ponded state during the lava emplace‑
ment; however, the source and duration of ϐluid remain
uncertain.

Additionally, the Deccan basaltic provinces in
Matanomadh Formation, India, hold signiϐicant promise
for diverse scientiϐic inquiries in the future of its di‑
verse geology and, to some extent, resemble the early
Mars [51, 64–67]. Furthermore, being a probable Martian
analogue, this area can serve as an excellent site for test‑
ing rovers and other scientiϐic payloads for potential sur‑
face exploration and remote sensing techniques.
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