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Rootless cones, also (erroneously) called pseudocraters, form due to explosions that ensue when
a lava flow enters a surface water body, ice, or wet ground. They do not represent primary vents
connected by vertical conduits to a subsurface magma source. Rootless cones in Iceland are well
studied. Cones on Mars, morphologically very similar to Icelandic rootless cones, have also been
suggested to be rootless cones formed by explosive interaction between surface lava flows and
ground ice. We report here a group of gentle cones containing nearly circular craters from Mount
Pavagadh, Deccan volcanic province, and suggest that they are rootless cones. They are very similar
morphologically to the rootless cones of the type locality of Myvatn in northeastern Iceland. A group
of three phreatomagmatic craters was reported in 1998 from near Jabalpur in the northeastern
Deccan, and these were suggested to be eroded cinder cones. A recent geophysical study of the
Jabalpur craters does not support the possibility that they are located over volcanic vents. They
could also be rootless cones. Many more probably exist in the Deccan, and volcanological studies

of the Deccan are clearly of value in understanding planetary basaltic volcanism.

1. Introduction: Mount Pavagadh,
Gujarat

The Deccan Traps of India constitute one of the
finest and best-exposed continental flood basalt
(CFB) provinces of the world, with a present-
day areal extent of 5 x 10°km® and an original
extent estimated to be at least thrice as much
(e.g., Wadia 1975). This CFB province is made
up largely of subalkalic, tholeiitic basalt lavas,
but strongly undersaturated-alkalic and felsic rock
types, and regional dyke swarms of mafic and other
compositions, are exposed in parts of the province
such as the western Indian rifted margin and the
Narmada-Satpura-Tapi rift zone (e.g., Mahoney
1988). Pahoehoe basalt flows constitute a large vol-
ume of the Deccan lavas (Keszthelyi et al 1999;
Bondre et al 2004). Very few feeder dykes or erup-
tive vents have however been identified in the Dec-
can province.

Mount Pavagadh (829m, figure 1), with one
of the holiest shrines of the Hindus at its sum-
mit, is an imposing mountain in Gujarat made
up of Deccan lavas and surrounded by Precam-
brian basement rocks. A modern-type geochem-
ical, petrogenetic and stratigraphic study of the
lava pile forming the mountain is lacking, but con-
siderable petrological diversity is known: a thick
sequence of mafic-intermediate lavas (mostly tra-
chyandesite, basalt and some picrite/ankaramite)
is capped by a thick rhyolitic flow (Chatterjee
1961). The mountain is surrounded by smaller
hills, some of which apparently represent individ-
ual satellite vents. Rhyolite outcrops, and volcanic
breccia deposits with clear quaquaversal dips, are
seen in these hills. Here we describe the shal-
low cones with craters that are found on the
uppermost mafic lava flow of Mount Pavagadh,
below the summit rhyolite. We assume a general
familiarity on the part of the reader with basic
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Figure 1. Topographic sketch-map of mount Pavagadh. Thick grey lines are near-vertical cliffs. The pilgrim route from

Machi to the summit is shown as a dashed line. The rootless cones shown are schematic only. Inset shows the main outcrop
of the Deccan flood basalt province in western and central India (shaded), and the locations of Pavagadh, Jabalpur, and

Bombay.

volcanic landforms and volcanological terminology,
and recommend an informative and nicely illus-
trated website managed by Vic Camp, located at
www. geology.sdsu.edu,/how_volcanoes_work.

The cones are found on the northwestern side
of the Pavagadh plateau and have craters nestled
within them (figures 1-3). The cones are nearly
circular and 50-80m wide, and very shallow in
relation to their diameters (saucer-shaped), with
raised rims that gently slope away from the craters.
Although this shape is reminiscent of maars, they
are undoubtedly somewhat eroded down since
eruption of the Deccan lavas 65—-60 million years
ago. The ratio of the crater diameter to cone diame-
ter is high (> 0.5), and the raised rims stand < 5m
above the crater floors. During our first field visit
in December 2003, after the monsoon season, the
largest crater contained a shallow lake, but the oth-
ers were dry (figure 2). However, during our second
field trip in June 2004, the lake in the large crater

had dried up (figure 3) and the crater floor exposed
soft reddish-brown soil. Indeed, without the crater
lake these gentle cones with very shallow craters
would most likely have been missed by us, as they
nearly resemble an ordinary erosional landscape.
This must be why, to the best of our knowledge,
they have gone unreported by previous workers.
We propose that they are a volcanic landform so
far unidentified in India, namely, rootless cones.

2. What are rootless cones, and
how do they form?

Many volcanic terrains all over the globe contain
deposits and landforms that indicate interaction
of lava, or magma, with surface or near-surface
water. Phreatic is the term used for steam explo-
sions resulting from conversion of water to steam
due to magmatic heat, but if juvenile magma is



Pavagadh cones and craters

Figure 2. View of the cliffs and the plateau NW of the rhy-
olite (see figure 1) showing a nearly circular, shallow crater
lake at left, a large rootless cone (dry) at right, and a much
smaller one between these two. Note how the low rim of the
large, dry rootless cone gently slopes away from it. Bushes
and small trees on the rim provide a scale. The cliff face
clearly exposes two distinct basalt flows. December 2003.

e

Figure 3. View (looking west) of the large crater with the
dried-up shallow lake. The maximum depth of the water
would have been about a metre only. People at left for scale.
June 2004.

also thrown out of a volcanic vent besides steam
and fragments of the country rock, the explosions
are described as phreatomagmatic. Sheridan and
Wohletz (1983) suggest hydrovolcanism as a gen-
eral term for eruptive phenomena generated by the
interaction of magma or magmatic heat with an
external source of water, such as a surface water
body or an aquifer, and hydrovolcanic processes
occur at volcanoes of all sizes ranging from small
phreatic craters to huge calderas, and even within
hydrothermal zones related to plutons a few kilo-
metres deep (Sheridan and Wohletz 1983).
Rootless cones are hydrovolcanic cones, made
up of spatter, scoria, and ash, that form in and
rest directly on tube-fed, inflated pahoehoe lava
flows (for a model of formation of inflated pahoe-
hoe flows, see Self et al 1997, 1998). Rootless
cones form when lava flows interact with surface
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or near-surface water and the resulting mild explo-
sions produce scoria and spatter that accumulate
to form small cones around the explosion spots
(Thorarinsson 1953). Typical locations where this
happens are stream or river beds, lakes, or water-
saturated sediments. The typical feature of rootless
cones is internal stratification with reverse grading
(coarser material toward the top), and the cones
are capped with welded spatter, which sequence
indicates decreasing explosivity during the course
of their formation, arguably due to volatile deple-
tion. A single cone is usually the result of sev-
eral explosions attendant upon rapid groundwater
recharge (Thordarson et al 1992; Thordarson and
Hoskuldsson 2002).

A rootless cone may form when lava flowing
through an internal pathway through a lava flow
(a lava tube) presses down into the underly-
ing, lower-density, water-saturated sediment (fig-
ure 4a). Cracks develop in the lower lava crust and
bring about contact of and explosive interaction
between the lava and the water-saturated sedi-
ment. When an explosion occurs (figure 4b), fur-
ther lava flow movement (and further rootless cone
formation in the downflow direction) is halted, but
more rootless cones can form upflow, and along the
new lava tube network that progressively develops
(Thordarson 2000; Thordarson and Héskuldsson
2002; Bruno et al 2004). Rootless cones, thus, are
not primary magmatic vents directly connected to
a subsurface magma source, and for this reason
have also been termed “pseudocraters”. The term
is however, erroneous, as there is nothing “pseudo”
about these craters which themselves are quite real
(Th. Thordarson, pers. comm., 2004).

Thorarinsson (1953) was the first to show
unequivocally that rootless cones in Iceland were
formed by explosive interaction between lava and
surface water, though the cones were described
by several workers before him. The mechanism
proposed by him for rootless cone formation was
essentially a “static” one, in that it envisaged lava
advance over a waterlogged substrate and vapour-
ization of the water by purely conductive means.
When the vapour pressure exceeded the overbur-
den pressure, an explosion would result. The model
was also based on simple cooling of an instanta-
neously emplaced flow unit and did not consider
continued recharge of lava to the explosion site via
preferred pathways (such as lava tubes) in the flow,
and repeated explosions. In contrast to the static
model, Thordarson (2000) proposed a “dynamic”
heat transfer model which envisaged physical mix-
ing of lava and substrate sediments, and resulted
in highly efficient heat transfer and vapourization
of the water and thereby thorough fragmentation
of the lava and ejection of the fragments out of the
explosion site. For this model to work, lava must



834 Hetu C Sheth et al
upper
crust
lava tube
basal crust
T water-logged
——————————————————————————————————————————————— sediment
- [ ]
A
(b) i . "
. /2 . [‘ 5 "
-
& .
- D . £ . ] :
- L
@ L - s " tephra
. and
, L . . spatter
w0y e . [
» - - ¥
» b - ¥ r oy
. o s v "‘r
o [ 3 L
- L]
lateral - "
feeder l -
(lava tube) . stagnant
» lava tube
[ ]
B s
A p water-logged
TSI T sediment
explosive "~ T T T T T T T il
interaction
Figure 4. Proposed mechanism for rootless cone formation. (a) Lateral lava feeder (lava tube) supplies lava to the flow

front, and the lava presses into the waterlogged sediment and

cracks develop in the basal crust of the tube. (b) Physical

mixing of the lava and waterlogged sediment causes a rootless eruption. (Simplified from Fagents and Thordarson (2004)

and Bruno et al (2004))

continuously mix with the substrate, and for this,
lava must be able to move continuously through the
flow field and feed into the explosion site. This can
be the case for a tube-fed, inflating pahoehoe lava
flow (figure 5; see Fagents and Thordarson 2004).

3. Rootless cones in Iceland

Iceland is a large and entirely volcanic island,
and the only emergent part of the global mid-
ocean ridge system (figure 6). Icelandic rootless
cones typically exhibit a well-bedded basal unit of
glassy ash to lapilli scoria, grading upward into a
crudely-bedded sequence of spatter-rich material.

Icelandic rootless cones also do not show any post-
formational shearing, indicating that they were
formed on a stationary upper crust of the lava. This
means that lava was fed through internal path-
ways or lava tubes to the site of explosive interac-
tion (Thordarson 2000). Rootless cones from the
type locality around lake Myvatn in northeastern
Iceland (figure 6) look very similar to the Pava-
gadh cones (see figures 1 and 5 of Greeley and
Fagents 2001, and p. 176 of Scarth and Tanguy
2001). The Myvatn rootless cones are raised-rim
depressions ranging in diameter from a few metres
to > 100m and are as deep as 15m (measured
from the rim crest). They are circular or ellip-
tical in plan, and the craters are either centred
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(a) A tube-fed lava flow partly covers a lake basin and thickens by inflation, and lava-water-sediment interaction

at the flow front and along cracks in the tube floors produce several rootless eruptions. (b) A fully developed rootless cone
group eventually results. Simplified from Thordarson and Hoskuldsson (2002) and Fagents and Thordarson (2004).

[ 2400

— 66°N

“Awz o
Thjocsa’i'”dalur

— 64°N

100 km

(j._bMyvatnE

NVZ .

NORTH
ATLANTIC
OCEAN

Figure 6.

Sketch map of Iceland showing the locations of rootless cone fields (open circles), after Greeley and Fagents

(2001) and Fagents and Thordarson (2004). Dotted lines mark the neovolcanic rift zones: NVZ (Northern Volcanic Zone),
WVZ (Western Volcanic Zone), EVZ (Eastern Volcanic Zone). White areas are ice caps.

within the cones or offset. Many of the cones and
craters stand “shoulder-to-shoulder” with overlap-
ping ejecta deposits, which is also what we see at
Pavagadh.

One of us (HCS) has field-tripped in Iceland and
seen a major rootless cone field (several hundred
individuals) near Thjérsardalur, south-central Ice-
land (figure 6). These cones are quite different in
form from the Myvatn and Pavagadh cones, but are

similar to those from the Alftaver district of south-
eastern Iceland described by Greeley and Fagents
(2001) (see their figure 8). The Thjérsardalur and

Alftaver rootless cones are smaller cones (generally
< 50m in diameter) that are steeper and more con-
ical, and have either very small craters at the top
or no craters at all. Different rootless cone fields
can have a great variety of size and shape of indi-
vidual cones: the ratio of crater diameter to cone
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diameter is variable, flanks of the cones can be
concave upward or convex upward, and a great
range of cone spacing exists. These characteristics,
according to Greeley and Fagents (2001), can be
related to the environment of their formation: the
Myvatn rootless cones, with close spacing, formed
in a lake basin with a presumably abundant sup-
ply of water, whereas the much more widely spaced
cones of the Alftaver district formed along val-
leys and braided river systems where the supply of
water was more limited.

4. Rootless cones on Mars

The planet Mars is very similar to Earth in many
respects, and the Martian surface is rich in vol-
canic landforms. Olympus Mons on Mars, with a
height of 25km over the surrounding plains and
a basal diameter of 600km, is the largest vol-
cano in the Solar System (e.g., Head and Coffin
1997).

Lanagan et al (2001), based on high-resolution
Mars Orbiter Camera (MOC) images, have
reported the presence of clusters of small cones in
several areas (the Cerberus plains, Marte Valles,
and the Amazonis Planitia) near the Martian
Equator. These cones are similar in size, morphol-
ogy, and geological setting to the larger of the Ice-
landic rootless cones, and therefore Lanagan et al
(2001) have suggested that the Martian cones are
rootless cones. They were able to rule out alter-
native explanations such as impact craters or sed-
imentary mud volcanoes for the Martian cones
based on several lines of evidence. For example,
these cones clearly sit on the tops of lava surfaces,
do not appear to have lavas issuing from them,
and are grouped in clusters with no obvious align-
ments. The cones range in size from 20 m to 300 m
in basal diameter. They have large summit craters
with diameters about half as wide as the bases. The
dimensions are thus similar to those of the larger
and more explosive of the Icelandic rootless cones
(less explosive cones have smaller and narrower
summit craters). The Pavagadh cones are closely
similar, with crater diameters more than half as
wide as the cone diameters, suggesting consider-
able explosive power. The Martian cones form clus-
ters and each cluster includes a few to hundreds of
cones, and there are no strong cone alignments sug-
gestive of an underlying fissure vent. The Icelandic
rootless cones also do not show preferred align-
ments, and there is no evidence at Pavagadh either
of any. The surface on which the Martian cones rest
is formed of platy-ridged lava, and this has been
interpreted as rubbly pahoehoe which forms when
the upper crust of inflated flow gets broken up and
remobilized (Keszthelyi and Thordarson 2000).
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Based on impact crater size-frequency relation-
ships (Hartmann 1999), it is known that the sur-
faces upon which the Martian cones rest are no
older than 10 million years. The profound impli-
cations of this for planetary science are that equa-
torial ground ice or ground water must have been
present near the Martian surface in its recent geo-
logical history, and it may exist in the uppermost
layers of the Martian ground even today.

5. The Pavagadh cones: Why
rootless cones?

Two other types of volcanic cones or craters,
besides rootless cones, are not eruptive vents. Lit-
toral cones, one of these types, form when lava
flows enter the sea. They are well known from
Hawaii (e.g., Macdonald et al 1983; Mattox and
Mangan 1997). The other type is pit craters which
are nearly circular or elliptical craters that form
by subsidence. Pit craters are common on the Big
Island of Hawaii and are particularly well seen
along the Chain of Craters Road on the active vol-
cano Kilauea. Up to about a kilometre in diame-
ter, these form in the roofs of large lava tubes as
the magma flowing underneath dislodges the roof
rocks. Usually no lava or pyroclastic material is
emitted from the pit craters during their forma-
tion, though surface lava flows have been seen to
flow into already existing pit craters and make lava
ponds (Macdonald et al 1983). The Pavagadh cones
are obviously not littoral cones, and do not look
like pit craters either.

We believe that the Pavagadh cones are rootless
cones because:

e they are similar in size to rootless cones known
from Iceland and elsewhere;

e they have a strong morphological resemblance
to the rootless cones from the type locality of
Myvatn, northeastern Iceland;

e the various cones are overlapping, and stand
“shoulder-to-shoulder” (figure 2);

e they have not produced lava flows themselves
(volcanic cones that are eruptive vents, e.g., cin-
der cones, often have lava flows issuing from
them);

e they occur on a basalt flow, are surrounded by
the lava flow and are not deformed by motions
of the lava, i.e., they formed subsequent to the
host lava flow after its surface crust had frozen
— obviously the lava that formed scoria by mix-
ing with water was fed to the lava flow inter-
nally, consistent with observations elsewhere in
the world;

e though the area left today after erosion through
65-60 million years is relatively small, the
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Pavagadh cones have an apparently random dis-
tribution, similar to that known for Icelandic and
Martian rootless cones (Bruno et al 2004; Lana-
gan et al 2001).

There is no evidence for a sedimentary sub-
strate of the topmost basalt lava flow (in which
the cones occur) at Pavagadh; however, we envis-
age that shallow lakes had formed on the imme-
diately underlying flow. Subaqueous eruptions are
well known from the Deccan (e.g., pillow lava and
hyaloclastite in Bombay, see Sukheswala and Pold-
ervaart 1958; Sethna 1981). If we are correct in our
identification of the Pavagadh cones and craters as
rootless cones, then this is the first time they are
being identified in Deccan geology and, as far as
we know, in Indian geology.

6. The Jabalpur craters, northeastern
Deccan Traps: Rootless cones?

Srinivasan et al (1998) discovered a group of three
nearly circular phreatomagmatic craters, close to
the village Barela 15 km SE of Jabalpur (figure 1).
These craters have diameters of 60-80m and very
low relief (only 1-2m above the ground surface)
and are covered by ~ 1 m thick soil. The vents are
surrounded by compact basalt. The large crater on
Pavagadh (figure 3) entirely matches this descrip-
tion (see their figure 2). The Jabalpur vents them-
selves are filled with volcanic tuff (lapilli set in
coarse to fine ash) below the soil, and the tuff is
at least 2m thick (base not reached during pit-
ting). The lapilli are mainly basaltic glass, but fel-
sic lava fragments are also found. The tephra show
poor sorting and bedding. We could not carry out
trenching or pitting on Pavagadh and hence do not
have a depth control, but the rim of one of the
craters is made up of spatter-like material.

Srinivasan et al (1998) considered these features
as phreatomagmatic eruptive vents — either cin-
der cones, tuff rings or maars. They stated that
these centres could not be tuff rings because tuff
rings are much larger, and the features could not
be maars because they do not contain accidental
xenoliths (of the basement rocks). They interpreted
these vents as cinder cones instead, and argued
that the subdued relief may be the result of fluid-
rich basaltic volcanism and post-eruption erosion.
Their description of these features matches our
own observations at Pavagadh, i.e., we consider it
highly probable that the Jabalpur craters are root-
less cones. This means, of course, that although
phreatomagmatic, they are not eruptive vents as
Srinivasan et al (1998) imagined them to be. The
absence of xenoliths of crustal (or mantle) rocks in
the ejecta is therefore hardly surprising.
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A new study of these Jabalpur craters has just
become available: Srivastava et al (2004) have
carried out a gravity and magnetic survey of
them and found a Bouguer anomaly variation of
1.2 to 2mGal in a 1.5-km-long profile and total
field magnetic anomaly of the order of —900 to
1400 nT. Srivastava et al (2004) find no evidence
for deep-seated high-density material underlying
these craters, and no isolated or elliptical mag-
netic anomalies. By using the Werner deconvolu-
tion technique they obtain depths to the granitic
basement under the three craters as 51.7, 57.6 and
75m, and conclude that their gravity and magnetic
study does not support the view that these craters
are vents. We think that the rootless cone explana-
tion for the Jabalpur craters satisfies all data and
observations.

7. Discussion and conclusions

What alternative interpretations of the Pavagadh
craters are possible? Earlier we considered the
Pavagadh cones to be not rootless cones but maars,
because of their very low relief and saucer-like
shape, and because of the experience of one of
us (HCS) with the Thjérsardalur rootless cones
in southern Iceland that are morphologically very
different. However, maars imply primary magma-
feeding vents, and are rarely < 1km wide (S. Self,
pers. comm., 2004), and as noted, rootless cones
have a great variety of shapes and sizes. Some of the
largest rootless cones in Iceland, 500 m in diameter,
have tuff cone morphology and are entirely made
up of ash to fine-grained lapilli deposits indicating
a high degree of magma fragmentation (i.e., effi-
cient magma-water interaction) (Thordarson et al
1992; Thordarson 2000; Thordarson, pers. comm.,
2004).

S. Self (pers. comm.) also pointed out to us
the possibility that the Pavagadh craters may be
related to subsidence along circular-annular joint
fractures in the basalt. Such structures are seen in
the Columbia River Basalt province of the north-
western U.S.A. and are not well understood. How-
ever, the Pavagadh craters are themselves parts of
shallow cones, and these cones match the charac-
teristics of rootless cones so well that we cannot
conceive of a better explanation.

As a final statement, we think that rootless cone
groups should be abundant in the Deccan, given
its abundance of tube-fed, inflated pahoehoe lava
flows. Rootless cones are known from other flood
basalt provinces of the world, such as the Columbia
River province (Thordarson and Self 1998). Given
the fundamental role of basaltic volcanism in the
chemical and thermal evolution of the terrestrial
planets (Basaltic Volcanism Study Project 1981),
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volcanological studies of the Deccan should provide
valuable insights into planetary development.
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