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a b s t r a c t

Seafloor and buried reliefs occur along continental margin of the Ross Sea (Antarctica). These features are
several kilometres wide and tens of metres high, exhibiting cone or flat-top dome shapes. Previous stud-
ies have proposed a volcanic or glacial origin for these formations, but these hypotheses do not account
for all the available evidence.
In this study, we use morpho-bathymetric data, intermediate resolution multichannel seismic and high

resolution chirp profiles, as well as magnetic lines to investigate these clusters of mounds. By employing
targeted processing techniques to enhance the geophysical characterization of the seafloor and buried
reliefs, and to understand the underlying geological features, we propose that the reliefs are mud volca-
noes. Some of these formations appear to be associated with a plumbing system, as indicated by acoustic
anomalies linked to sediment containing gas. These formations are likely fed by clayey source rocks of
Miocene age. Additionally, other reliefs might be the result of mud mobilisation caused by gravity insta-
bility and fluid overpressure.
� 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Ross Sea continental shelf has been extensively studied
especially for paleoclimatic and tectonic purposes. Geophysical
surveys have been carried out since the 1980s by many countries,
and although the focus at the time was on regional studies, some
buried and outcropping isolated or fields of reliefs of unclear origin
have intrigued researchers ever since.

Cooper et al. (1987) and Brancolini et al. (1995) proposed a vol-
canic origin for several tens of metres high and up to several kilo-
metres wide conical and flat-topped highs located on the seafloor
in the western Ross Sea, south of the Drygalski Ice Tongue. This
interpretation is based on the location of these reliefs on the Lee
Arch, a N-S trending structural high that connects the huge and
active Melbourne and Erebus volcanoes (Fig. 1), and presents mag-
matic intrusions, submerged volcanoes and volcanic islands (e.g.,
the Franklin Islands). A magmatic origin for the same flat-topped
reliefs was also suggested by Lawver et al., (2007, 2012) based
on a multidisciplinary geophysical dataset including swath bathy-
metry, magnetic and gravimetric models. The authors interpreted
these reliefs as tuyas, a type of flat-topped and steep-sided sub-
glacial volcano.

A magmatic origin was also suggested for buried morphological
reliefs in the northwestern Ross Sea on the basis of targeted repro-
cessing of multichannel seismic data, seismic tomography, mag-
netic and gravity analyses (Boehm et al., 1993; Geletti et al.,
1993). These investigations revealed high velocities and magnetic
contrasts between the buried reliefs and the surrounding sedi-
ments, so they were interpreted as magmatic intrusions, although
this hypothesis was not univocal and not entirely satisfactory with
the observation of the data (Boehm et al., 1993).

A new perspective on the origin of the seafloor morphologies in
the western Ross Sea, was proposed by Geletti and Busetti (2011).
These authors interpreted two reliefs, named Tergeste and Iulia, as
mud volcanoes associated with the presence of gas chimneys. This
hypothesis was based on the discovery of a Bottom Simulating
Reflector (BSR) on the seismic profiles beneath the two cone-
shaped reliefs. The BSR is the geophysical evidence of the interface
between the gas hydrate-bearing sediments and the free gas-
bearing sediments, highlighted by an abrupt negative change in
acoustic impedance. Mud volcanoes are the result of the extrusion
of mud, rock fragments and fluids caused by the release of mud
trapped at depth and overpressure fluids that rise to the seafloor
g).
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Fig. 1. The IBCSOmorpho-bathymetry and topography of the Ross Sea (Dorschel et al., 2022) with the location of the study areas (red rectangles) and seismic lines (in brown).
The outlines of the tectonic basins and highs and their names are indicated in dark blue. The names of the morphological basins and highs are indicated in white. Black dots
indicate the locations of the boreholes and the red stars indicate the active volcanoes.
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along fractures and faults. The fluids enter in the water column
while the sediment deposition produces the mud volcanoes
(Mazzini and Etiope, 2017).

Buried reliefs were described in the Roosevelt sub-basin, a sed-
imentary depocenter of the Eastern Basin located in the southeast-
ernmost part of the Ross Sea (Fig. 1). They appear as flat-topped
ridges separated by narrow throughs and buried below ca. 200 m
of sediment. These reliefs were interpreted as a submerged glacial
moraine (Sorlien et al., 2007), although a mud volcano origin was
more recently suggested by Barro Savonuzzi et al. (2023).

The aim of this work, based on the interpretation of various geo-
physical data, such as reprocessed multichannel seismic profiles,
magnetic profiles, high resolution chirp profiles, and morpho-
bathymetric data, is to improve the understanding of the origin
of the widespread enigmatic seafloor and buried morphological
reliefs occurring in different areas of the whole Ross Sea (Fig. 1),
linking their origin to the presence and migration of free gas along
pipes, chimneys, and fault conduits.
2. Geological setting

The Ross Sea is a large embayment of the Antarctic continental
margin, about 1000 km � 750 km wide, southward delimited by
the Ross Ice Shelf. A Late Cretaceous and Cenozoic sedimentary
sequence is distributed in four major rifting depocenters: Victoria
2

Land Basin (VLB), Northern Basin (NB), Central Trough (CT), and
Eastern Basin (EB), (Brancolini et al., 1995) (Fig. 1).

The Victoria Land Basin is the westernmost and deepest basin of
the Ross Sea containing several kilometres of sediments, and
affected by oblique rifting and transtensional faulting since the late
Oligocene (Cooper et al., 1987; Brancolini et al., 1995; Salvini et al.,
1997). The Terror Rift (TR) developed within the VLB during the
last and most recent Neogene rifting phase and consists of the
down-faulted Discovery Graben and the adjacent magmatically
intruded and tectonically active Lee Arch (Cooper et al., 1987;
Sauli et al., 2021) which connects the two active volcanoes Erebus
and Melbourne and is part of the McMurdo Volcanic Group (Kyle
et al., 1992). Some seamounts north of Ross Island were directly
dredged (Rilling et al., 2009) supporting the presence of the Ceno-
zoic submarine and subaerial volcanism of the McMurdo Volcanic
Group (Kyle et al., 1992).

The Northern Basin lies on the northwestern continental shelf
and accommodates up to 6 km of Oligocene-Miocene sediments
(Brancolini et al., 1995) overlain by Late Pliocene and Quaternary
prograding glacio-marine sediments deposited and shaped by the
glacial and interglacial oscillations of the ice sheets, and also by
the North Victoria Land marine-terminating glaciers onto the
mid-outer shelf (Bart et al., 2000, 2011; Sauli et al., 2014; Pérez
et al., 2022). The magmatic rocks of the Cape Hallett Province
(Smellie et al., 2011), crop out along the margin of North Victoria
Land.
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The Central Trough consists of two depocenters, with the north-
ern one offset to NE respect the southern one, and filled with about
4–6 km of Cenozoic glacio-marine sediments (Brancolini et al.,
1995; Chow and Bart, 2003), as well as the largest Eastern Basin
(EB) to the east (Brancolini et al., 1995). The latter includes the
�3 km deep Roosevelt sub-basin, in the south-easternmost part
(Sorlien et al., 2007).

The stratigraphy of the Ross Sea basins, which has been exten-
sively studied by calibrating the seismic dataset with borehole data
(Fig. 2), is characterised, from bottom to top by Paleogene conti-
nental to marine deposits and proglacial/subglacial sediments
deposited at least since the Oligocene/Early Miocene, indicating
an increase of the glacial influence associated with the climate
cooling, i.e. the ice growth, advance and grounding on the mid-
outer continental shelf. The Antarctic Offshore Stratigraphy
(ANTOSTRAT) Atlas provides for the Ross Sea the recognition of 8
seismic units (RSS) bounded by six major (shelf-wide) erosional
unconformities (RSU) from 1 to 6, (Brancolini et al., 1995)
Fig. 2. Time-distribution of the well stratigraphy (see Fig. 1 for position) and regional sei
et al., 2021) with hydrocarbon occurrences (blue dots). Climate and ice sheet history fro
(Barrett and Staff, 1985), CRP-1, CRP2/2A and CRP-3 (Cape Roberts Science Team, 1998, 19
273 (Hayes et al., 1975; Savage and Ciesielsky, 1983; Kulhanek et al., 2019), and IODP
reflectors and unconformities. Victoria Land Basin: Ra to Rk unconformities from Fielding
from Sauli et al. (2021); reflectors 17, 21 and 29 Ma from Hamilton et al. (2001) and F
Brancolini et al. (1995), with further integration of RSU5B_vlb, RSU5C_vlb and RSU5D_v
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calibrated by the Deep Sea Drilling Project (DSDP) sites (Hayes
et al., 1975; Savage and Ciesielsky, 1983). This subdivision is still
in use but it has evolved by new dating, revision of age-depth mod-
els and the improvement of the seismic correlations through the
entire available boreholes and throughout the all basins. The
updates were allowed by the new acquired seismic data (see
Antarctic Seismic Data Library System; https://sdls.ogs.trieste.it),
the Cape Roberts Project (CRP) drilling on the western margin of
the VLB (Cape Roberts Science Team, 1998, 1999, 2000; Davey
et al., 2000; Hamilton et al., 2001), the Antarctic Geological Drilling
Project (ANDRILL) carried out in the southern part of the VLB on
the east and west sides of Ross Island (Horgan et al., 2005; Naish
et al., 2007, 2009; Fielding et al., 2008; Pekar et al., 2013), and
the most recent International Ocean Discovery Program (IODP)
with the Expedition 374 in the eastern outer shelf and rise of the
Ross Sea (McKay et al., 2019; Pérez et al., 2021, 2022).

Glacial processes have deeply shaped the physiography of the
Ross Sea: the loading of the ice caps on the continent and the
smic reflectors/unconformities for the Ross Sea (modified after Fielding, 2018; Sauli
m Fielding (2018). Stratigraphy of the wells CIROS-1 (Barrett, 1986, 1989), CIROS-2
99, 2000), AND-1B and AND2/2A (SMS Science Team, 2010), DSDP-270, -271, -272, -
U1521, U1522, U1523 (Mackay et al., 2019) are correlated with the main seismic
et al. (2008) and V1 to V5 from Cooper et al. (1987), reflectors from 4.6 Ma to 29 Ma
ielding (2018). Ross Sea: ANTOSTRAT Ross Sea Unconformities RSU1 to RSU6 from
lb from Sauli et al. (2021).

https://sdls.ogs.trieste.it
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glacial erosion overdeepened and foredeepened the continental
shelf (ten Brink, U.S. et al., 1995). Erosion by ice streams through
time resulted in the formation of valleys and banks that do not
always overlap with tectonic basins and structural highs. Excep-
tions are the Nordenskjöld and Drygalski basins, which coincide
with the tectonic Discovery Graben and the Northern Basin
(Fig. 1). The present-day seafloor of the Ross Sea preserves ero-
sional and depositional features reflecting the modes of advance
and retreat of grounded ice sheets and ice streams during and after
the Last Glacial Maximum (LGM; e.g., Ship et al., 1999; Prothro
et al., 2020 and ref. therein).

2.1. Free gas and gas hydrates in the Ross Sea

The presence of gas in Ross Sea sediments was detected at sev-
eral drill sites (Fig. 2). Low gas concentrations (mainly methane
and to a lesser extent ethane) were found in shallow sediments
sampled by gravity cores (Rapp et al., 1987), DSDP (McIver,
1975) and IODP drilling (McKay et al., 2019). At the DSPD-272
(Eastern Basin) and DSDP-273 (Central Trough) sites, a slight
increase of gas was found in Late to Middle Miocene mudstone
and diatom-bearing mudstone sediments, with maximum values
of 179,000 ppmv and 147,000 ppmv of total hydrocarbon gas
(mainly methane) content, respectively (McIver, 1975). The gas
isotopic analyses revealed very negative d13C values indicating a
probable shallow biogenic origin (Claypool and Kvenvolden, 1983).

In the IODP sites drilled in the eastern Ross Sea, the gas content
is generally low and below the detection limit in the upper part of
all sites, from 50 m to 140 m of Pleistocene sediment. The rela-
tively highest contents were found in Early Miocene to Pliocene
mudstone, diatom-bearing/rich mudstone and diamicton: (i) in
the U1521 site the gas concentrations are low and increase down-
hole reaching the maximum values of 67,000 ppmv methane and
264 ppmv ethane in Early Miocene sediment, with a mixed input
of terrestrial and marine-derived organic matter; (ii) in the
U1522 site maximum value of 65,000 ppmv of methane was found
in the Pliocene sediment and a lower concentration in the Late
Miocene sediment, and is likely formed by methanogenic bacteria;
(iii) in the U1524 site almost 60,000 ppmv of methane and 120
ppmv of ethane were found in the Late Miocene - Pliocene sedi-
ment, with the highest concentration in the diatom rich mudstone
(McKay et al., 2019).

In the western Ross Sea, in the CIROS-1 well, the total organic
carbon values (TOC) are all low, ranging from 0.21 % to 0.66 %, with
an average of 0.34 %, and increase slightly down in Oligocene to
Early Miocene rocks (Collen et al., 1989), whereas 0.66 % of TOC,
likely residue from migrated hydrocarbons, was identified in a
2 m thick late Eocene sandstone, derived from terrestrial and mar-
ine organic material (Cook and Woolhouse, 1989).

At the Cape Roberts CRP-2/2A site, although the measured gas
content is low, values of 0.66–0.70 % TOC were found in correspon-
dence of two levels of diatom rich mudstone of Early and Late Oli-
gocene age respectively (Cape Roberts Science Team, 1999).

Geophysical evidence for the presence of gas hydrates and free
gases feeding mud volcanoes, has been found in the western Ross
Sea (Geletti and Busetti, 2011, 2022). Gas hydrates are frozen gas
composed mainly of methane and water that form at low temper-
ature and high pressure. The presence of gas hydrate is inferred by
identifying a Bottom Simulating Reflector (BSR), a high amplitude
reflector that mimics the topography of the seafloor in marine seis-
mic reflection data. The BSR often crosscuts the local stratigraphy
as it follows the gas hydrate stability field that is controlled by
hydro-lithostatic pressure, seawater temperature and geothermal
gradient. Above the BSR, the hydrate gas is present, while below,
due to the increase of temperature from the geothermal gradient,
the gas is free, and can seep along fractures and faults up to the
4

seafloor, creating pockmarks and mud volcanoes. This dynamic is
observed in the Victoria Land Basin where the free gas is present
below the BSR and rises along fractures and faults, whereas in
the Lee Arch, the free gas appears to be more pervasive.

According to the equilibrium diagram for hydrates of different
composition, a predominant methane composition of the gas is
plausible (Geletti and Busetti, 2011).

The theoretical occurrence of the Gas Hydrate Stability Zone
(GHSZ) was modelled locally in the central Victoria Land Basin
by Geletti and Busetti (2011) and regionally for the Ross Sea by
Giustiniani et al. (2018). These authors provided evidence for the
possible occurrence of gas hydrate at the continental margin of
the Ross Sea.
3. Material and methods

This work is based on a geophysical dataset that includes: mul-
tichannel seismic profiles (MCS), morpho-bathymetry with multi-
beam echosounder (MBES), sub-bottom profiles (SBP), magnetic
lines. These data were collected by OGS using the R/V OGS Explora
in the framework of the Italian National Antarctic Program (PNRA),
by the Bundesanstalt für Geowissenschaften und Rohstoffe (BGR;
Germany) and by the United States Geological Survey (USGS).

MCS lines used in this paper are available from the Antarctic
Seismic Data Library System for Cooperative Research (SDLS;
https://sdls.ogs.trieste.it):

- MCS collected in 1988 (line IT88-06) and 1990 (lines IT90AR-63,
-64, -65) by the R/V OGS Explora as part of the PNRA and repro-
cessed by Geletti and Busetti (2011, 2022) and for this paper;

- MCS collected in 1980 (line BGR80-100) by the BGR using the
R/VOGSExploraandreprocessedbyBarroSavonuzzietal. (2023);

- MCS data collected as part of the USGS Antarctic Programme
(line USGS-414) in 1987 with the R/V S.P. Lee (Cooper et al.,
1987) and with the R/V Nathaniel B. Palmer in 2003 as part of
cruises NBP0301 (Sorlien et al., 2010). The profile NBP0301-
27B used in this paper was reprocessed by Barro Savonuzzi
et al. (2023). Most stack profiles are available through the
Antarctic SDLS, and field data are available through the Marine
Geoscience Data System (https://www.marine-geo.org).

The MBES dataset used in this work is as follows:
- multibeam echo sounder bathymetry data collected in 2006 by
OGS as part of the PNRA using the Reson 8111 hull-mounted
multibeam echo sounder and processed using Teledyne Reson
PDS2000 and Teledyne CARIS softwares;

- multibeam echo sounder bathymetry from 2004 (NBP0401
cruises of USGS) available through the Marine Geoscience Data
System (https://www.marine-geo.org) (Lawver and Davis,
2007, 2012);

- SBP profiles collected by OGS in 2006 as part of PNRA through a
hull-mounted Benthos CHIRP II with 16 transducers operating
at 2–7 kHz;

The magnetic profiles analysed within this work were acquired
by OGS along the MCS lines of the PNRA survey as described in
Gantar and Zanolla (1993).

The buried and seafloor morphologies were already highlighted
in the first elaborations of Boehm et al. (1993) and Geletti et al.
(1993), carried out with vintage algorithms, but resumed and
refined in this work with the new processing and analysis tools
currently available through the industrial software packages
Echos� and GeoDepth� from Aspen Technology Inc� at the SEISLAB

https://sdls.ogs.trieste.it
https://www.marine-geo.org
https://www.marine-geo.org
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laboratory of OGS. The main aims of the MCS reprocessing related
to buried and seafloor morphologies were the following: (i) charac-
terization of the velocity field; (ii) analysis of seismic attributes;
(iii) enhancement of seismic images; iv) depth migration.

The main acquisition parameters of the analysed seismic pro-
files are summarised in Table 1. In particular, the acquisition geom-
etry of the OGS MCS profiles was developed for crustal exploration
(PNRA OGS Cruise 1987/88) and seismic stratigraphic resolution
(PNRA OGS Cruise 1989/90). These parameters, such as cable
length, shot interval, and frequency content, in conjunction with
the type of source, can provide adequate information on the veloc-
ity field characterising the buried bodies and therefore a good
quality of the seismic image provided by the profiles migrated to
depth.

To highlight the presence of free gas, the amplitude-versus-
offset procedures (AVO) and some seismic attributes analysis were
applied to selected lines in addition to the profiles in Geletti and
Busetti (2011, 2022). In one profile located in the eastern sector
of the Discovery Graben, reflection strength and instantaneous fre-
quency (Taner et al., 1979), were computed (Fig. 10b, c). The reflec-
tion strength attribute is phase independent and consists of
positive values only. High values of the attribute can be used as
an effective discriminator because they represent important acous-
tic impedance contrasts and thus reflectivities correlated with
anomalous amplitudes could be associated with gas/fluid accumu-
lations (Taner et al., 1979). The instantaneous frequency attribute
is a valuable tool in seismic data analysis, and the analysis of
low-frequency anomalies, such as the low-frequency shadow zone
(Geletti and Busetti, 2011), can provide clues of potential hydrocar-
bon indicators, including free gas anomalies. However, compre-
hensive interpretation and integration with additional data are
necessary to make robust assessments and predictions in hydro-
carbon exploration.

The applied processing flow allowed us to improve the signal-
to-noise ratio, attenuate random noise and multiple reflections,
improve the temporal and spatial resolution, and define an accu-
rate velocity field. The flowchart of the processing of MCS profiles
NBP-0301-27B in the Roosevelt sub-basin and BGR-80–100 near
Cape Adare is described in Barro Savonuzzi et al. (2023). In general,
the procedure already tested by Brancatelli et al. (2022) to recover
vintage seismic data was applied to all examined profiles. Prestack
Table 1
Main acquisition parameters of the multichannel seismic profiles.

BGR USGS

Line name BGR80-100 USGS84-414

Vessel Explora S.P. Lee
Recording date 1980 1984
Recorder Texas Instrument DFS V/TI GUS-HDDR 4200
Data length (s) 10 12
Sample rate (ms) 4 2
Field filters Low 8 Hz 18 dB/oct

High 64 hz 72 dB/oct
10–110 Hz

Coverage 24 24
Energy source Tuned ‘‘U”

air-gun array
23.45 l
1431 cu.in.

Bolt air-gun
array
21.5 l
1311 cu in

Depth of source (m) 8 10.5
Streamer length (m) 2400 2400
Number of traces 48 24
Groups interval (m) 50 100
Shot interval (m) 50 50
Depth of streamer (m) 12 12–20
Near offset (m) 250 297
Far offset (m) 2600 2611
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depth migration (PSDM) was performed for the parts of the seismic
sections where the buried bodies occur.

To highlight a few seafloor features in the western Ross Sea
using high resolution seismic data (chirp profiles), we processed
these data by a simple amplitude-preserving compensation of
the geometrical spreading, i.e., just multiplying each time sample
by its traveltime (Claerbout, 1985; Denich et al., 2021). In this
way, the same scaling function applies to all traces, and the lateral
variations of amplitudes depend only on the propagation effects of
seismic waves. These effects include both the reflectivity of the
seafloor and underlying sediments and diffraction effects. To atten-
uate the latter ones, we applied a zero-offset time migration based
on the phase-shift method (Gazdag, 1978).
4. Results

In the Ross Sea, geophysical data show the presence of
kilometre-wide cone-shape and flat-topped reliefs, similar in size
and morphology, lying on the seafloor or covered by Late Cenozoic
sediments. Seafloor reliefs were identified in three areas in the
western Ross Sea, while buried mounds are located in two areas,
one in the western and the other in the eastern Ross Sea, where
they are underlain by several km thick sedimentary sequences
(see Fig. 1 for the location of the study areas). At all sites, there
is evidence of gas/fluid occurrence and migration, and the seismic
geometries and amplitude anomalies are identified according to
the nomenclature described in Løseth et al. (2009) and Andresen
(2012).
4.1. The seafloor reliefs in the western Ross Sea

The three areas identified in the western Ross Sea consist of
(Fig. 1): a field of several dozen of seafloor reliefs, referred to as
OGS Explora Mounds, occurs south of the Drygalski Ice Tongue
(area A); a single seafloor relief occurs to the north of the Drygalski
Ice Tongue (area B); several seafloor reliefs are located on the north-
ernmost continental margin offshore Adare Peninsula (area C).

The area A has a width of 30 km � 40 km and water depths
ranging between 400 m and 650 m b.s.l. where the Lee Arch dips
into the more than 1000 m deep Discovery Graben (Fig. 3). The
OGS OGS NBP0301

IT88A-06 IT90AR-63
IT90AR-64
IT90AR-65

NPB0301-27B

OGS Explora OGS Explora N.B. Palmer
1988 1990 2003
Sercel SN 358 DMX Sercel SN 358 DMX OYO DAS-1
12 6 5
2 2 1
Low 8 Hz, 18 dB/oct
High 154 Hz, 18 dB/oct

Low 8 Hz, 18 dB/oct
High 154 Hz, 70 dB/oct

24 60 23
2x16 air-gun
array
45,16 l
2756 cu. in.

1x16 air-gun
array
22,5 l
1373 cu. in.

Sercel GI
105/105
18.44 l
1125 cu.in.

4 4 3
2400 3000 1125
96 120 45
25 25 25
50 25 25
5 5 7.5
170 150 25
2570 3100 1150



Fig. 3. Morpho-bathymetric map of study area A (see Fig. 1 for location), named OGS Explora Mounds in 2007 (SCAR Composite Gazetteer of Antarctica https://data.aad.gov.
au/aadc/gaz/scar), showing the morphologies and distribution of mud volcanoes (Mv) on the structural high of Lee Arch described in the text. The morpho-bathymetric map
was produced by merging the low resolution data from the IBCSO (Dorschel et al., 2022) with the high resolution data acquired by OGS in 2006 and USGS data ((http://
www.marine-geo.org; Lawver et al., 2007, 2012). The black and white lines indicate the multichannel seismic and chirp profiles used in this study, respectively.

M. Busetti, R. Geletti, D. Civile et al. Geoscience Frontiers 15 (2024) 101727
area was named OGS Explora Mounds after the research vessel OGS
Explora (SCAR Composite Gazetteer of Antarctica https://data.aad.-
gov.au/aadc/gaz/scar), which collected the data used in this study
in 1990 and 2006. Unfortunately, during the 2006 campaign, the
acquisition of morpho-bathymetric data was limited by the pres-
ence of sea ice, which prevented optimal coverage of the entire
study area and provided information only on some of the mounds
identified on the seismic profiles.

The OGS Explora Mounds show two main morphologies: flat-
top mounds and cone-shaped reliefs (Figs. 3–10).

The flat-topped mounds occur on the Lee Arch, where the sea-
floor is a clear erosive surface exposing sediments from the Late
Miocene to Plio-Quaternary (Sauli et al., 2021). The mounds show
a variable size, with width varying from 700 m to 4000 m and
height about 100 m. They may be so close to each other that some
of them merge together, along an approximate N–S direction
(Fig. 3).

The seismic facies associated with the flat-topped mounds
(Mv2, Mv3, Mv4, Mv5 in Figs. 4 and 9, Mv6 and Mv7 in Figs. 5
and 9) consists of subparallel horizons interrupted by fault strands
that towards the top assume a more complex geometry, seeped
from pipes. Locally, for example below the mounds Mv2 and
Mv3 (Fig. 4) a chaotic seismic facies is observed, with faint and dis-
continuous oblique reflectors downlapping on a high amplitude
Downdipping Reflector (DR). The DR deepens towards the west,
forming a depression at 200–250 ms buried below sea floor, some
tens of milliseconds deep and about 500–1000 m wide (Figs. 4c
and 9).

Detailed velocity analysis shows that below the flat-topped
mounds there is an average interval velocity of nearly 2000 m/s,
6

with more than one velocity reversal in the underlying sediments
(Vp1 in Figs. 4c and 5b). Inside the Mv2, the first velocity inversion
occurs at about 50 m b.s.f. from 1800 m/s to 1650 m/s, and the sec-
ond corresponds to the Downdipping Reflector (DR) at the base of
the Mv2 and Mv3, that represents an abrupt change of the interval
velocities from 2250 m/s above to 1870 m/s below (Vp1 in Fig. 4c).
Outside the mounds, the seismic sequence shows an increase of
velocity with depth (Vp2 in Figs. 4c and 5b).

Below the mounds, the seismic facies is characterized by ampli-
tude anomalies such as pipes with blanking vertical anomalies
crossing the stratified seismic sequence over several hundred of
ms. In some cases, the upper part of the seismic section shows
deformation in the form of blowout pipes and extrusions (Figs. 4
and 5).

The seismic section in the Discovery Graben contains several
types of seismic anomalies (see the blow-ups of Figs. 4, 5, and 6):
(i) discontinuous BSR; (ii) phase reversal and lateral variation of
amplitude and frequency along horizons; (iii) low frequency zones
and brightening consisting of continuous high amplitude horizons;
(iv) wipe-out zones consisting of discontinuous horizons in a
mainly faint seismic facies; (v) fault conduits characterized by
blanking along the plane usually associated with high amplitude
anomalies; (vi) chimneys consisting of about 1 km large and sev-
eral hundred ms deep vertical features characterized by discontin-
uous and chaotic bright horizons inside; (vii) several hundred
metres to 3 km wide forced-folding with low amplitude and chao-
tic reflectors laterally surrounded by stratified, not folded reflec-
tors (Figs. 4, 5 and 6).

The seismic profiles show several pockmarks (Figs. 4, 6 and 8)
and a diatreme, a volcanic chimney associated with gaseous
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Fig. 4. Multichannel seismic line IT90AR-65 (see Figs. 1 and 3 for location), showing the occurrence of mud volcanoes (Mv) up to 1.5 km wide, lying on the Late Miocene
erosive sea floor surface of Lee Arch. The seismic profile evidenced features related to fluid occurrence and migration: the Bottom Simulating Reflector (BSR) as the interface
between gas hydrate above and free gas below (Fig. 4a, b, g); the Downdipping Reflector (DR) at the base of the Mv2 and Mv3, that represents an abrupt change of the interval
velocities from 2250 m/s above to 1870 m/s below in Vp1, suggesting gas occurrence feeding the mud volcanoes, unlike the Vp2 with a normal velocity increment outside
(Fig. 4c); fluid migration along fault conduits (Fig. 4d, g), high amplitude pipe (Fig. 4e) and blowout pipe feeding the mud volcano Mv2 (Fig. 4h); forced-folding due to fluid
and mud intrusion (Fig. 4b, g); stacked pockmarks related fluids expulsion (Fig. 4g); low frequency zone, brightening (Fig. 4b) and phase reversal (Fig. 4f) related to gas
bearing sediment. The magnetic profile by Gantar and Zanolla (1993) at the top of the figure does not show any significant anomalies at the mud volcanoes.

M. Busetti, R. Geletti, D. Civile et al. Geoscience Frontiers 15 (2024) 101727
explosion (Cartwright and Santamarina, 2015). Seafloor pockmarks
about 200 m large and buried and stacked pockmarks occur above
fault conduits (Figs. 4 and 6). The crater of the diatreme is 2 km
wide and 100 ms deep (nearly 75 m), is bounded on the west by
the eject ring almost 1 km wide and about 30 m high, and to the
east by the Mv10, Mv11, almost 200 m wide and 10–15 m high
(Fig. 6). Underneath the diatreme there is a V-shape feature over
200 ms deep, that cuts subparallel reflectors, and contains chaotic
and faint seismic facies (Fig. 6). The magnetic profile, collected
along the seismic profile, by Gantar and Zanolla (1993) does not
show significant anomalies in correspondence of the mud volca-
noes (Fig. 6).

The morpho-bathymetric data show that the larger flat-topped
mounds have a diameter of about 4000 m and a height of about
80 m with an asymmetrical NW-SE profile, with a south-
eastward steep side with a slope between 21� and 24�, and a stair-
case morphology along the north-east side, which has a steep
upper part (Fig. 7).

The top of the mounds shows a concentric pattern morphology,
with rings few metres high made up of tens or even hundred
metres wide cones (Figs. 7 and 9). The mounds are characterised
by a transparent acoustic facies on the high resolution chirp data
(Fig. 9c). The rings at the steep south-eastern external side have
the highest relief and rimmed the mound (Figs. 3, 7 and 9).
7

On the Mv14 there are three pockmarks, two of them coales-
cent, are 40 m deep and about 50 m wide (Fig. 8).

The cone-shaped reliefs located along the eastern flank of the
Discovery Graben in correspondence of fault strands (Figs. 3, 5
and 10) have been named Iulia and Tergeste mud volcanoes (SCAR
Composite Gazetteer of Antarctica https://data.aad.gov.au/aadc/
gaz/scar) by Geletti and Busetti (2011, 2022). The size of these fea-
tures varies from the largest kilometre-scale Iulia Mud Volcano
with a width of about 2500 m � 1500 m and a height of 40 m, to
the Tergeste Mud Volcano with a width of about
750 m � 2000 m and a height of 35 m. Tergeste and Iulia are
two elongated mud volcanoes (Figs. 5 and 10): morphological data
show that they consist of a stack of conical mud volcanoes oriented
roughly N–S. Details of the morpho-bathymetric data between the
Iulia and Tergeste mud volcanoes show morphologies such as mud
cones and gryphons (small mud outlets), pockmarks at their base
and mud flows along their flanks (Figs. 8 and 10). They overlie
reflectors characterized by the presence of the BSR. Target repro-
cessing provides detailed velocity profiles showing an average
velocity of nearly 2000 m/s for these reliefs, and a velocity inver-
sion for the underlying sediment of 1765 m/s, as well as a promi-
nent velocity inversion from 2130 m/s to 1360 m/s in
correspondence with a zone characterized by low frequency and
high amplitude discontinuos horizons bounded by faults that cut
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Fig. 5. Multichannel seismic line IT90AR-64 (see Figs. 1 and 3 for location), showing the occurrence of mud volcanoes (Mv) up to 2 km wide, lying on the Late Miocene
erosional sea floor surface of Lee Arch. Iulia and Tergeste mud volcanoes (SCAR Composite Gazetteer of Antarctica, https://data.aad.gov.au/aadc/gaz/scar) were identified by
Geletti and Busetti (2011; 2022). The seismic profile shows evidence of features related to gas/fluid occurrence and migration: the Bottom Simulating Reflector (BSR) as the
interface between gas hydrate above and free gas below interrupted by a wide bright zone chimney (about 500 m) (Fig. 5a, d); wipe out zone with disrupted reflectors
(Fig. 5a); pipes and blowout pipes associated with upward migration of gas/fluid and feeding the mud volcanoes (Fig. 5b, f); fault conduits with brightening horizons due to
gas occurrence (Fig. 5e); forced-folding associated with fluid/mud intrusion with onlap of the above horizons (Fig. 5c). Velocity profile Vp1 through the Mv8 shows velocity
inversion below the base of the Mv from 1990 m/s to 1590 m/s indicating gas bearing sediment below; the velocity profile Vp2 through the sedimentary sequence shows no
abrupt inversion (Fig. 5b). The magnetic profile by Gantar and Zanolla (1993) in the upper part of the figure, shows no significant anomalies in correspondence of the mud
volcanoes.
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through the BSR. The free gas-bearing sediments below the BSR are
the primary source of the gas, and zones of low amplitude reflec-
tions such as the blowout pipes and conduits along faults are the
fluid pathways from the sediment below the BSR to the Mvs. Intru-
sion of possible mud and fluids gives rise to deformation of the
intruded sediment into arc geometries. Indications of gas occur-
rences in the sediment are provided in the migrated MCS by the
low frequency zone with bright horizons, and by the high ampli-
tude and low frequency zones below the MVs in the instantaneous
amplitude or magnitude section (often referred to as ‘‘trace envel-
ope” or ‘‘reflection strength”) and the instantaneous frequency sec-
tion, respectively (Fig. 10).

In area B, a single cone-shaped relief (Mv19) nearly
4000 m � 4000 m wide and 100 m high occurs on the western side
8

of the Lee Arch towards the Discovery Graben, at a depth of about
750 m (area B in Fig. 1; Fig. 11). The chirp profile shows transpar-
ent lenses, probably a debris flow and the associated scar above,
and a depression on the flank, probably a crater. Similarly, the mor-
phological data show the same features.

The Mv19 overlies sediment post RSU4, which is of Middle Mio-
cene age. RSU4 is displaced by faults with several hundred metres
of offset. These faults bound forced folds: the central one is con-
nected to the Mv19 surface by conduits, while the two forced folds
north and south of the Mv19 respectively, produce positive sea-
floor morphologies, and they are all associated with the occurrence
of chimneys, conduits, pipe and blowout pipes (Fig. 11).

In area C, located offshore the Adare Peninsula in the northern-
most continental margin of the Ross Sea (Fig. 1 for location), IBSCO
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Fig. 6. Multichannel seismic line IT90AR-63 (see Figs. 1 and 3 for location), shows evidence of features related to gas/fluid occurrence and migration: small mud volcanoes
(Mv10, 11 and 12) lying at the border of a 2 km wide diatreme crater with the ejecta ring and the underlying V-shape conduit (Fig. 6a, c); the Bottom Simulating Reflector
(BSR) as the interface between gas hydrate above and free gas below (Fig. 6a, b) interrupted by a nearly 1 km wide chimney marked by a bright zone associated with gas
occurrence, and feeding the Mv13 (Fig. 6b); fault conduits below a pockmark (Fig. 6d); buried pockmarks near the giant pockmark (Fig. 6c); wipe out zone and low frequency
zone associated with the gas presence (Fig. 6a, c). The magnetic profile by Gantar and Zanolla (1993) show no significant anomalies.
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morpho-bathymetric data (Dorschel et al., 2022) show several
cone-shaped reliefs (Fig. 12a) on the continental shelf at about
600 m of water depth, some of which are crossed by the seismic
profile BGR80-100 (Barro Savonuzzi et al., 2023), (Fig. 12b, c).
The largest relief Mv22 is about 5000 m in diameter and 300 m
high, and Mv21 is about 2.5 km wide and 100 m high. The seismic
profile BGR80-100 shows that the reliefs are characterised by
internal low amplitude, discontinuous reflectors downlapping on
a high-amplitude horizon with upward convexity. The velocity
field calculated on the seismic profile BGR80-100 (Barro
Savonuzzi et al., 2023), shows that the reliefs have a velocity of
2100 m/s, and Mv22 lies on a body with velocity of about
2700 m/s (Fig. 12c). A NE dipping high-amplitude reflector from
1.75 s to 2.00 s, disappears below the mounds due to kilometre
wide chimneys with low amplitude and chaotic reflections inside
causing a forced tilting of the lateral sedimentary sequences. Pipes
connect the chimneys to the mud volcanoes, and Mv21 shows a V-
shaped top, probably a crater (Fig. 12b, c).

4.2. The buried reliefs in the Northern Basin and Roosevelt sub-basin

The buried reliefs are located on the western flank of the North-
ern Basin (northwestern Ross Sea), (area D in Fig. 1), and in the
Roosevelt sub-basin (southeastern Ross Sea) (area E in Fig. 1).
9

Some of the buried reliefs in the northwestern Ross Sea are
crossed by the MCS profile IT88A-06 (Fig. 13). The buried reliefs
are located where the seafloor is between 450 m and 600 m deep.
They overlie the RSU4, dated at Middle Miocene in age
(14.6–15.8 Ma), while their top has been correlated to the Early
Quaternary RSU2 by Brancolini et al. (1995). These morphologies
are sealed by about 250–450 m (velocities from 1900 m/s to
2400 m/s) of Quaternary glaciomarine sediments. The largest
reliefs have a symmetrical dome-shape with a flat top, while the
smaller ones have a conical shape (Fig. 13). The height of the
reliefs varies considerably from about 60 ms to over 280 ms,
which corresponds to about 90–400 m (considering an internal
velocity of about 3000 m/s), and the width varies from a few
hundred metres to about 9 km. The reliefs are close to each other
(generally the distance is a few kilometres) and some of them
merge together.

The seismic facies of the buried reliefs is characterised by an
alternation of parallel convex reflectors with low to high-
amplitude. In the time profile the seismic sequence beneath the
reliefs appears generally well-stratified (Fig. 13a). The reflectors
inside the reliefs show downlap terminations on subhorizontal
horizons with pull-up effect in the time domain, indicating a strong
acoustic impedance contrast between the reliefs succession and
that of the surrounding sediments, while the depth migrated



Fig. 7. NW-SE morpho-bathymetric profiles showing the shape along the maximum axis of the Mv16 and Mv17 (see Fig. 3 for location). They present a maximum extent of
about 4000 m, a steep south-east side with slope between 21� and 24�, and a staircase morphology along the north-east side that shows a main steep upper part. The
subcircular top is characterized by an undulated morphology, with a rimmed south-east border.

M. Busetti, R. Geletti, D. Civile et al. Geoscience Frontiers 15 (2024) 101727
profile shows that the horizons at the base of the reliefs are sub-
horizontal (Fig. 13).

The seismic velocity analysis shows a velocity range from
2700 m/s to 3140 m/s for the reliefs, and from 1900 m/s to
2400 m/s for the Quaternary sediment sealing the reliefs. Below
the reliefs the velocity is about 3200 m/s.

The blanking seismic facies below the relief and the occurrence
of chimneys, pipes and bright zones indicate the presence of a fluid
system feeding the mud volcanoes.

The buried reliefs in the Roosevelt sub-basin are imaged by the
NBP-0301-27B multichannel seismic line. They appear as seven
buried reliefs in an area between 700 m and 900 m water depth
(Barro Savonuzzi et al., 2023) (Fig. 14). They are of similar size
and shape, up to 150 m high and up to 5000 m wide, and their tops
lie between a few metres and 150 m below seafloor. The mounds
lie on a laterally discontinuous, irregular high-amplitude reflector
overlying the Middle Miocene RSU4, and some of them are trun-
cated at the top by an erosional unconformity. The internal seismic
facies of the mounds is characterised by faint, downlapping to
chaotic reflectors. The reliefs are onlapped and draped by sub-
horizontal reflectors with low amplitude and medium lateral con-
tinuity. Locally, these reflectors are dipping or pinching toward the
mounds (Fig. 14). The reliefs are characterised by relatively high
velocity anomalies, ranging from 2600 m/s to 3000 m/s, higher
than the velocity of the seismic section below them, being about
2000–2400 m/s. A local amplitude reduction produces acoustic
blanking beneath the mounds, interrupting the lateral reflectors
continuity, including regional unconformities RSU4 and RSU5
10
(Fig. 14b), probably related to the presence of gas chimneys, with
horizons characterised by a pull-up effect on the lateral reflectors.
The areas with low amplitude, interpreted as chimneys, are about
500 m wide and extend vertically for several hundred metres.

5. Discussion

Seafloor and buried morphologies detected on the Ross Sea con-
tinental margin can occur both in clusters and as isolated reliefs.
The analyzed reliefs are found to have similar sizes, being few kilo-
metres wide and up to tens of metres high. Their internal seismic
facies may present as either oblique and faint reflectors or chaotic
reflectors. The mounds generally lie on a well-stratified sedimen-
tary succession.

The seafloor reliefs of the study area A have previously been
considered as magmatic volcanoes by Cooper et al. (1987) and
Brancolini et al. (1995), and more specifically as tuyas, subglacial
flat-topped volcanoes by Lawver et al. (2012), while Greenwood
et al. (2018) defined their morphology as sedimentary wedges
pinned on seamounts, recording a retreat of the ice grounding line.

For the buried reliefs (area C) the most plausible origin was
attributed to volcanism by Boehm et al. (1993), and for those of
the Roosevelt sub-basin (area D) to a morainic origin (Sorlien
et al., 2007).

In this work, further analysis of the seismic data compared to
the original profiles from the early 1990 s (e.g. Boehm et al.,
1993; Geletti et al., 1993) has provided a more detailed picture
of the acoustic facies associated with the mounds through



Fig. 8. Details of the morpho-bathymetric data of the OGS Explora Mounds (see Fig. 3 for location): (a) field consisting of mud cones, gryphons up to 4 m high, and pockmarks
between the Tergeste and Iulia mud volcanoes (see BP1) indicating recent activity; (b) three pockmarks about 50 m wide, two of themmerging together, located on the top of
Mv2 (see BP2).
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Fig. 9. Association between seismic and OGS multibeam data (see Fig. 3 for location): (a,b) the OGS Explora Mounds imaged by the multichannel seismic profiles (reported in
Figs. 4 and 5) present the same acoustic facies (low amplitude, chaotic and downlapping seismic horizons, with occurrence of pipes and blowout pipe) and morpho-
bathymetric features indicating their mud volcanic origin; (c) the chirp profile C-08 and the morpho-bathymetric data show the complex top morphology of the Mv16
associated with the presence of mud cones and gryphons.
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Fig. 10. Iulia and Tergeste mud volcanoes and related gas plumbing system located in the eastern sector of the Discovery Graben (see Fig. 3 for location): (a) morpho-
bathymetric data evidence the roughly north–south elongated shape of the mud volcanoes associated with faults: the Tergeste is composed by three main cones, while the
Iulia consists of a ridge with a main central body with a crater on the top, both the MVs with mud flows draping the flanks. Part of the multichannel seismic profile IT90AR-64
(see Fig. 5), modified after Geletti and Busetti (2011, 2022), showing acoustic evidences of gas occurrence and migration such as the Bottom Simulating Reflector (BSR), the
Base of the Free Gas Zone (BFGZ), the low frequency zone and brightening disrupted horizons close to fault conduits and blowout pipes indicating fluid migration feeding the
mud volcanoes; (b) reflection strength section evidence the high amplitude zone below the mud volcanoes related to gas occurrence as shown also in (c) by the instantaneous
frequency section with low frequency zones.
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reprocessing. The results show that the seismic facies differ from
that of a volcano, with no signs of magmatic intrusions. Addition-
ally, the sedimentary succession in the area surrounding the
mounds is well-preserved. Volcanic features in the western Ross
13
Sea are clearly evident on the seismic data (Cooper et al., 1987),
as for the seafloor lava cones as well as for the unstratified acoustic
facies beneath the cones due to magmatic conduits and thermal
metamorphism.



Fig. 11. The mud volcano (Mv19) identified in the study area B (see Fig. 1 for location): (a) morpho-bathymetric map produced by merging low resolution IBCSO data
(Dorschel et al., 2022) with high resolution OGS multibeam data, showing the Mv19 that is about 100 m high and 4000 m � 4000 m large; (b) the migrated chirp profile
evidences the cone shape morphology of the MV19 characterised by a crater and a possible mud cone on the flanks; (c) the multichannel seismic profile USGS84-414 shows
the Mv19 feeded by a gas plumbing system characterised by conduits and chimney underneath a forced fold; (d) zoom of chirp profile with evidence of Mv with crater, debris
flow and scar. Other chimneys, and forced folds producing positive seafloor morphologies, are present.
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The McMurdo Volcanic Group is located in Victoria Land and
the western Ross Sea and was first documented by LeMasurier
et al. (1990). The volcanic activity of the McMurdo Group has a
history ranging from the Miocene to the present, and includes
14
active volcanic centres such as Erebus and Melbourne, as well as
volcanic islands such as Ross and Franklin Islands and several
seamounts (Fig. 1). It belongs to the Cenozoic alkaline volcanic pro-
vince related to the West Antarctic Rift System (Behrendt et al.,



Fig. 12. Mud volcanoes in the study area C, offshore Adare Peninsula, (see Fig. 1 for location): (a) morpho-bathymetric map from IBCSO (Dorschel et al., 2022) showing the
presence of a field composed of cone shape reliefs on the continental shelf (see blowup); (b) multichannel seismic profile BGR80-100 (modified after Barro Savonuzzi et al.,
2023), evidences Mv22 about 5000 m wide and 300 m high, Mv21 about 2000 m wide and 100 m high with a depression on the top, possibly a crater, both with internal
discontinuous reflectors downlapping on a very high amplitude reflector. Moreover, two areas with chaotic, discontinuous, low amplitude reflections, interpreted as
chimneys, about 1 and 3 km wide respectively, with bright zones inside, feed the mud volcanoes through pipes. Forced tilted bright horizons are visible at the side of the
chimney below Mv22; c) the velocity field shows that the Mv22 has a medium–low velocity of 2100 m/s with a high velocity core of approximately 2700 m/s.
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Fig. 13. Buried mud volcanoes (Mvb) identified in the study Area D in the Northern Basin (see Fig. 1 for location): (a) multichannel seismic profile IT88A-06 showing possible
buried mud volcanoes up to 6000 m wide and 300 m high, with faint oblique horizons, overlying the Middle Miocene RSU4 and covered by Quaternary sediment onlapping
above RSU2; (b) the depth migrated profiles across Mvb1 and Mvb2 show the real geometries of the horizons with flattening the velocity pullup effect, and the velocity
function Vp1 shows high velocities of 3140 m/s overlying a velocity inversion of 2790 m/s which interface coincide with the bright zone in the core of Mvb1. The presence of
the acoustic blanking facies, from which chimneys and pipes rise, indicates the presence of a plumbing system feeding the mud volcanoes.
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1991). The McMurdo Volcanic Group in the Northern Victoria Land
presents the highest amplitude aeromagnetic anomalies, up to –
500 nT (Ferraccioli et al., 2009), and the volcanic cones near Frank-
lin Island are also associated with high magnetic anomalies of up
to 300 nT (Rilling et al., 2009). Conversely, the reliefs in the west-
ern Ross Sea do not have such a high magnetic anomaly, and four of
them have a small normal magnetic anomaly of about 50–100 nT
(Lawver et al., 2012).

Therefore, a potential magmatic origin for the western Ross Sea
reliefs would not be supported by the available aeromagnetic data.

Based on the seismic evidence from the target processing of the
MCS and Chirp profiles, the morpho-bathymetric data, and the
presence of the already known Iulia and Tergeste mud volcanoes
(Geletti and Busetti, 2011, 2022), we propose that the other stud-
ied reliefs are also mud volcanoes.

In this section, the origin of the reliefs as mud volcanoes is dis-
cussed, considering them as the expression of a cold seep system
composed by source rocks, plumbing system and seafloor mor-
phologies, or due to mud mobilisation by gravitative instability
of the clayey sediment and fluid overpressure.

5.1. The source rock

In the whole Ross Sea, the sedimentary units feeding the Mvs
are Miocene or older. In the western Ross Sea, in area A, the sedi-
mentary units feeding the Mvs are at least older than the Late Mio-
cene Rh unconformity, and possibly older than the Middle Miocene
Rg unconformity. In all other study areas, the Mvs are fed by sed-
imentary units older than the Middle Miocene RSU4 or even older
than the Early Miocene RSU5 in the Roosevelt sub-basin.

The sedimentary units in the Ross Sea document the Cenozoic
rift phase with the transition from Early Cenozoic continental to
Middle–Late Cenozoic marine environment and influenced by the
establishment of an ice sheet with expansion and decay of ice
16
streams in the Antarctic continent since Late Eocene (Fig. 2). Con-
sequently, since the Middle Cenozoic, sedimentary sequences have
consisted of an alternation of marine sediments mainly composed
by lithified or semi-lithified silty clay and mudstone, and glacial-
marine sediment composed mainly by diatom-bearing/rich mud-
stone with the presence of ice rafted debris. All of these lithologies
may contain organic matter, although the hydrocarbon content of
these sequences from the drill sites (as described in section 2.1)
generally indicates low content for Pliocene sediments and a slight
increase in content in the Miocene–Eocene sediment (Fig. 2). Even
small amounts of gas are known to produce seismic amplitude
anomalies (Taner et al., 1979), and in the Ross Sea the geophysical
data indicate frequent acoustic anomalies related to the presence
and migration of gas.

5.2. The plumbing system

The geophysical evidence for the presence of gas hydrate and
free gas has already been recognized by Geletti and Busetti
(2011) in area A (OGS Explora Mounds), and consists of different
types of high amplitude reflectors such as the Bottom Simulating
Reflectors (BSRs), the Cross Cutting Reflectors (CCRs) and the
Enhanced Amplitude Reflectors (EARs). Modelling of the gas
hydrate equilibrium according to the curve of Sloan (1990) is con-
sistent with a gas composition consisting mainly of methane
(Geletti and Busetti, 2011).

Acoustic anomalies, such as low frequency zone and bright
horizons, phase reversal, wipeout zone, as well as seismic velocity
inversions, clearly indicate the occurrence of gas bearing sediment.
The gas migrated through pathways as chimneys, pipes and fault
conduits that feed the mud volcanoes. The above mentioned differ-
ent types of acoustic anomalies are more common in the areas A, B
and C where the Mvs lie on the seafloor, respect in the area D and E
with the buried Mvs.



Fig. 14. Buried mud volcanoes (Mvb) identified in the study area E in the Roosevelt sub-basin (see Fig. 1 for location): (a) multichannel seismic profile showing possible
buried mud volcanoes up to 3000 m wide and about 200 m high, overlying the Middle Miocene RSU4 (modified after Barro Savonuzzi et al., 2023); (b) velocity field showing
the high velocity zones coincident with the Mvbs, and the vertical low velocity zones below corresponding to the chimneys (Fig. 14c, d), which together with the acoustic
blanking facies and the pipes indicate the presence of a plumbing system feeding the mud volcanoes.
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In area A, the gas mainly derives from the free gas-bearing sed-
iments below the gas hydrate layer, and migrates upward through
seepage pathways that cut through the stratigraphic succession
down to the BSR. Tectonic control seems crucial in driving fluid
migration. In fact on the N–S Lee Arch, some kmwide anticline dis-
sected by N–S trending sub-vertical faults locally affecting the sea-
floor (Cooper et al., 1987; Sauli et al., 2021), tectonic control on the
nucleation of the mud volcanoes seems to be significant as they are
aligned along the faults bounding the eroded structural highs.

Forced folding of the sedimentary sequence formed near or
between faults, as occurs in areas A and B, may be due to upward
migration of fluids and mud mobilisation processes due to gravity
17
instability and fluid overpressure (Figs. 4, 5 and 6). Some forced
folds are connected to the Mv through chimneys.

In fact, gas migration is not the only element responsible for
mud mobilisation, and the mud diapirism and mud volcanism
may be the result of a combination of gravitational instability of
the clayey sediment and fluid overpressure (Kopf, 2002; Revil,
2002). Gravitational instability is caused by clayey sediments that
have a density lower than that of the surrounding units, and rise by
buoyancy, supported by the fluid overpressure and hydrofracturing
(Mazzini and Etiope, 2017). Clayey components in the sediment
are common in marine and in glacio-marine sequences of the Ross
Sea. The overpressure condition could result from rapid deposition
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of glacial sediment and glacial loading (Wangen 2022). In the
Amundsen Sea (Antarctica), columnar acoustic features with poor
reflection/blanking between 50 m and 500 m wide, have been
interpreted as mud diapirs from water-rich sediment, without evi-
dence of gas occurrence (Weigelt et al., 2012). During periods of ice
sheet advance and grounding over the continental shelf, subglacial
sediments are deposited above glacial marine sediments. Glacial
marine sediments generally have a high water content, while sub-
glacial sediments are generally highly compacted and have low
porosity. If glacial marine sediments are rapidly covered by sub-
glacial sediment, they could be pressed out (Weigelt et al., 2012).
The presence of glacial marine sediments alternated with sub-
glacial sediments in the Ross Sea, may be therefore a precondition-
ing factor for buried clay-rich layer overpressure, which could feed
mud volcano systems.

The tectonic setting can favour the migration of fluid and sedi-
ment along the fault systems, as in the Lee Arch (areas A and B). In
other areas where there is no clear active faulting and the acoustic
anomalies related to gas bearing sediment are less evident, such as
the Roosevelt sub-basin (area E) and in the areas C and D in the
western Ross Sea, the development of mud volcanoes is likely
due mainly to the buoyancy effect of clayey sediment. In area D
and E the lack of mud volcanoes on the present sea floor may sug-
gest that the conditions for gas accumulation, upward migration
and mud expulsion ceased before the burial of the reliefs.

5.3. Seafloor morphologies related to gas/fluids and mud expulsion

Mud volcanoes have different morphologies that reflect the
mechanism of eruption and erosion, and have been classified into
twelve types by Mazzini and Etiope (2017). Different types can
occur in the same province, for example in Azerbaijan, one of the
largest mud volcano provinces in the world (Mazzini and Etiope
2017; Odonne et al., 2021).

Tergeste and Iulia are both N–S elongated mud volcanoes com-
posed by the merge of several volcanic centres, oriented in a N–S
direction that coincides with the Lee Arch fault system, indicating
that the tectonic control is crucial in driving the fluid migration.

Morphologies such as mud cones with craters and gryphons,
and mud flows are present (Figs. 8 and 9), suggesting that at least
some mud volcanoes are still active (e.g., Iulia and Tergeste Mv,
and Mv8). In area B, the mud volcano on the seafloor and the pos-
itive morphologies of the seafloor above the forced folds, indicate
that up-ward fluid migration has been active in recent times.

The flat-topped mound can be considered as the plateau-like
mud volcano of Mazzini and Etiope (2017), with relatively low ele-
vation, steep and narrow flanks and the crater lying in a large pla-
teau. Their ring-like structure is considered typical of the wide
craters in which viscous mud breccia erupts intermittently, with
the gradual collapse of the crater preventing growth at significant
altitudes (Mazzini and Etiope 2017). The OGS Explora Mounds
have ring geometries, with a plateau characterised by an outer ring
that bounds the crater depression where a morphological high,
probably constituted by mud breccia, may be locally present. Gry-
phons are disseminated within the mounds, especially along the
outer rim, where mudflows occur, with evidence of overspilling
(Fig. 9).

The occurrence of conical/elongated Mvs along the flank of the
Discovery Graben and of subcircular flat-topped Mvs on the Lee
Arch, could indicate different feeding processes. Indeed, Odonne
et al. (2021) studied flat-topped and conical Mvs in Azerbaijan
and suggest that the flat-topped are regularly fed and constantly
deforming, while the conical have episodic but more violent
eruptions.

The flat-topped Mvs are located where the seafloor is about
500 m deep and at the top of the eroded anticline of the Lee Arch
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and thus with shallow source rocks. The cone-shaped Mvs are
located on the flank of the Lee Arch at about 700 m depth and with
deep source rocks. Therefore, the fluid overpressure required for
gas and mud migration could be lower for flat-topped Mvs, which
can be fed continuously, and higher for the cone-shapes Mvs,
where it would take some time to reach the required overpressure
with a consequently violent explosion. The morphological evidence
of scarp and debris flow of Mv19 in area B, also indicate in this area
an episodic violent eruption.

Features associated with a violent explosion include the dia-
treme located on the flank of Lee Arch, (Fig. 6). Pockmarks, negative
morphologies formed as a result of concentrated fluid flows
(Hovland, 2008), are also present in the area A (Fig. 3) and were
also documented by Lawver and Davis (2007, 2012). Downward
deflected reflections forming apparent depressions beneath the
mud volcanoes and pockmarks (Fig. 6) may be considered collapse
features due to volume depletion, as suggested by Andresen et al.
(2010).
5.4. The new perspective of a possible biological activity related to fluid
seepages in extreme environments

Ocean research in recent decades has provided evidence of a
variety of deep-sea ecosystems, which in some cases are associated
to seepages of fluids, mud volcanoes and gas hydrate/free gas-
bearing sea floor sediment.

In the marine environment, the fluid seeps often provide
methane and sulfide fluxes that feed consortia of methanotrophic
archea and sulfate-reducing bacteria that release bicarbonate and
hydrogen sulfide into the pore water. This triggers additional bio-
geochemical processes providing precipitation of methane-derived
authigenic carbonates and precipitation of solid iron sulphide, both
of which provide a substrate on which other species can live
(Freiwald and Roberts, 2006 and ref. therein).

Hence, deep-sea fluid seepage sites may be hotspots of biodi-
versity and provide a nursery, refuge or preferred substrate for a
wide variety of associated cold-water communities (Roberts
et al., 2006), as foraminifera, gastropods, brachiopods, bivalves,
echinoids bryozoa, sponges and gorgonias, crustaceans, cnidarians,
polychaetes, crinoids, hydroids and fish (e.g. Jensen and
Frederiksen 1992; Mortensen et al., 1995; Rogers 1999; Dorschel
et al., 2007; Freiwald et al., 2021).

In Antarctica, evidence of chemotrophic ecosystems were found
beneath the former Larsen B Ice Shelf (Antarctic Peninsula) in a
850 m deep glacial through, constituted by an association of micro-
bial mats with gas bubbles emission (presumably methane with
hydrogen sulphide), cold seep clam communities, and small
mounds (1.5–2 m across and 0.75 m high) with mudflows and
large bivalves encircled around the central orifice (Domack et al.,
2005). The findings clearly indicate that polar environments are
not a limit to the occurrence of these unique communities. Simi-
larly, also the mud volcanoes in the Ross Sea may host chemically
based ecosystems. The extreme polar environment of the Ross Sea
does not prevent the life of carbonate organisms, as corals, bry-
ozoans, and other carbonate species have been recovered from
the sea floor (Remia et al., 2003).

The occurrences of gryphons, between the Iulia and Tergeste
MV, and on the mounds, could be the preferred sites for the devel-
opment of chemio-synthetic ecosystems.
6. Conclusions

An in-depth analysis, following a targeted reprocessing of geo-
physical data in the Ross Sea area, has identified five provinces
characterized by the presence of mud volcanoes. The mud volca-
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noes are located on the seafloor or buried under sediment. In one of
these provinces, the OGS Explora Mounds, there are several dozen
of mud conical/elongated and flat-toppedmud volcanoes occurring
at seafloor in an area of about 30 km � 40 km. They can vary in
size, reaching more than 5 km in diameter and tens of metres in
height.

The mud volcanoes may be due to a cold seep system consisting
of Miocene (or older) source rocks, a plumbing system with pipes,
chimneys, fault conduits, forced folds and seafloor seeps that have
formed mud volcanoes, pockmarks and diatreme, or due to the
combination of gravitational instability of clayey sediment and
fluid overpressure.

The provinces are related to different geological settings, such
as the transpressional structure of the Lee Arch where tectonics
control the plumbing system, and in sedimentary basins, where
the mud volcanism is probably caused mainly by gravitative insta-
bility of the sediment that rises by buoyancy.

This study provides evidence that these features are quite com-
mon in the Ross Sea, and may represent unique biodiversity hot-
spots for extreme environments such as the seafloor of the
Antarctic continental shelf.

Mud volcanoes release large amounts of methane into the water
column, and potentially into the atmosphere, and the identification
of the active provinces can provide information for the endogenous
contribution to the global greenhouse gas budget.
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