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Key Points:
Negative flower structures are found in the northern Terror Rift with accommodation zones.●

Two volcanic chains running through mud volcanoes in the Victoria Land basin connected three igneous provinces.●

Opposite polarities of magnetic anomalies indicate multi-phases of volcanic activities.●
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Abstract: The Neogene Terror Rift in the Antarctic Victoria Land Basin (VLB) of the Ross Sea, Antarctica, is composed of the Discovery
Graben and the Lee Arch. Many Neogene volcanoes are aligned in the north-south direction in the southern VLB, belonging to the
McMurdo Volcanic Group. However, due to multiple glaciations and limited seismic data, the volcanic processes are still unclear in the
northern VLB, especially in the Terror Rift. Multichannel seismic profiles were collected at the VLB from the 32nd Chinese National
Antarctic Research Expedition (CHINARE). We utilized four seismic profiles from the CHINARE and additional historical profiles, along with
gravity and magnetic anomalies, to analyze faults and stratigraphic characteristics in the northern Terror Rift and volcanism in the VLB.
Negative flower structures found in the northern Terror Rift suggest that the Terror Rift was affected by dextral strike-slip faults extending
from the northern Victoria Land (NVL). After the initial orthogonal tension, the rift transited into an oblique extension, forming a set of
downward concaving normal faults and accommodation zones in the Terror Rift. On the Lee Arch, several imbricated normal faults
formed and converged into a detachment fault. Under gravitational forces, the strata bent upward and formed a rollover anticline. Many
deep faults and thin strata subjected to erosion facilitated volcanic activity. A brittle volcanic region in the VLB was affected by dextral
strike-slip movements and east-west extension, resulting in two Neogene volcanic chains that connect three igneous provinces in the
VLB: the Hallett, Melbourne, and Erebus Provinces. These two chains contain mud volcanoes with magnetic nuclei, volcanic intrusions,
and late-stage volcanic eruptions. Volcanisms have brought about opposite polarities of magnetic anomalies in Antarctica, indicating the
occurrence of multiple volcanic activities.
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1.  Introduction
The West Antarctic Rift System (WARS) formed from 105 to 80 Ma

with the breakup of the Gondwana supercontinent (Fielding et al.,

2006; Rossetti  et  al.,  2006; Harry  and  Anoka,  2007).  The  WARS

passes through the entire Ross Sea Basin and extends beneath the

Ross Ice Shelf (Figure 1). The formation and evolution of the Ross

Sea  Basin  accompanied  basin  depression,  faulting,  and  volcanic

activities. The Coulman High and the Central High divide the Ross

Sea Basin into four main subbasins: Northern Basin, Victoria Land

Basin  (VLB),  Central  Trough,  and  Eastern  Basin  (Cooper  et  al.,

1987).

The Terror  Rift,  the central  part  of  the VLB,  marks  the latest  epis-

ode of WARS extension, characterized by an abnormally high heat

flow (Shapiro and Ritzwoller, 2004) and thin crust (Trey et al., 1999;

Pappa et  al.,  2019). Its  internal  multi-stages of  extension and rift-

ing  provide  channels  for  volcanic  intrusions  and  eruptions.  To

date, many studies have been conducted on the structural charac-

teristics of the southern Terror Rift (Hall  et al.,  2007; Henrys et al.,

2008; Blocher,  2017; Fielding,  2018; Sauli  et  al.,  2021),  but  the

northern Terror  Rift  has  been  severely  eroded  by  multiple  glaci-

ations  and  lacks  seismic  and  multibeam  data.  Faulting  in  the

northern  Terror  Rift  and  the  distribution  of  volcanoes  in  the  VLB
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can deepen the understanding of the dynamic mechanism of the

Terror  Rift  and  the  complicated  evolution  processes  of  WARS.  It

will also help to realize the relationship between the rupture stage

transition and the driving force transformation of  the Gondwana

continent.

The VLB has undergone two stages of rifting. The initial rifting was

associated with  the  rupture  of  the  Gondwana  continent,  at  ap-

proximately  100  Ma,  and  the  main  rifting  stage  began  at  34  Ma

(Davey and Santis,  2006). During the main rifting and subsidence

of the Terror Rift, volcanism resumed in the southern VLB (Cooper

et al., 1987; Fielding et al., 2008; Henrys et al., 2008). The Terror Rift

is  bounded by Mt.  Melbourne to the north and by Mt.  Erebus on

the  Ross  Island  to  the  south.  The  rift  consists  of  the  Discovery

Graben, with sediments up to 14 km in thickness, and an anticline,

the  Lee  Arch  (Cooper  et  al.,  1987; Salvini  et  al.,  1997).  The  Terror

Rift is stretched east to west,  forming a conical rift  ~350 km long

and  ~75  km  wide  in  the  middle  that  narrows  to  40  km  to  the

south and possibly extends to the interior of the northern Victoria

Land (NVL) in the north (Figure 1; Hall et al., 2007). High-angle nor-

mal faults developed on both sides of the Terror Rift with oppos-

ite  dips,  striking  nearly  north-south  or  northwest-southeast

(Blocher, 2017).

Fully developed faults are mostly appearing near the Drygalski Ice

Tongue, but not clear in the Terror Rift because of glacial erosion

in the Drygalski Basin and volcanism at the ends of the rift. These

north-south trending  faults  are  discontinuous  and  form  an  east-

ward offset  of  ~25 km,  appearing as  accommodation zones (Hall

et  al.,  2007),  which may induce dextral  strike-slip faults  (Figure 1;

Salvini  and  Storti,  1999).  Dextral  northwest-southeast  trending

strike-slip  faults  extend  from  the  continental  margin  to  NVL  and

limit  the  Neogene  east-west  extension  of  the  Ross  Sea  Basin,

forming pull-apart basins and negative flower structures. Deform-

ation associated with the dextral strike-slip faults can be related to

the crustal rheology in a brittle volcanic region (Salvini et al. 1997).

The  western  VLB  is  part  of  the  brittle  volcanic  region,  where

massive Neogene volcanoes developed at the intersection of the
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Figure 1.   Bathymetric map of the Ross Sea Basin. The West Antarctic Rift System (WARS) encompasses the Ross Sea Basin and is bounded by the

Transantarctic Mountains (TAM). The black box in the inset shows the location of the map. The gray dash-dotted lines mark the main structural

highs and basins (Salvini et al., 1997). VLB, Victoria Land Basin; CT, Central Trough; NB, Northern Basin; EB, Eastern Basin; CMH, Coulman High; CTH,

Central High; DB, Drygalski Basin; CB, Crary Bank (DB and CB are based on the definition of bathymetric terrain); DIT, Drygalski Ice Tongue; FI,

Franklin Island; BI, Beaufort Island; CI, Coulman Island; MM, Mt. Melbourne; ME, Mt. Erebus; RIS, Ross Ice Shelf. The solid black line represents the

coastline, and the yellow rectangle shows the study area of the Terror Rift. The single red triangle represents the location of the volcanic island

while the triple triangles represent the igneous provinces belonging to the McMurdo Volcanic Group—Erebus Volcanic Provinces (EVP),

Melbourne Volcanic Provinces (MVP), and Hallett Volcanic Provinces (HVP). The green star represents the borehole at site DSDP273. The thick

black lines represent the main dextral strike-slip faults from Northern Victoria Land (NVL): (1) Cape Adare Fault, (2) Tucker Fault, (3−4) Leap Year

Fault, (5−6) Lanterman Fault, (7−8) Aviator Fault, (9) Campbell Fault, (10) Priestley Fault, and (11) David Fault. Mt. Melbourne is located along the

Campbell Fault. Four seismic profiles from the 32nd CHINARE are shown in the northern VLB. Bathymetric data are from the high-resolution

digital model of the Ross Sea depth, with an interval of 250 m (Xu et al., 2018).
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northwest-southeast  trending  faults  and  north-south  trending
faults (Cooper et al., 1987; Salvini and Storti, 1999).

Since 8 Ma, the western Ross Sea Basin has experienced a period
of extensive volcanic activity.  In the southern VLB,  and especially
in the Terror Rift,  the McMurdo Volcanic Group is  exposed at the
foot of  the Transantarctic  Mountains (TAM) (Ji  et  al.,  2017)  and is
still active (Kyle, 1990). Volcanoes of the McMurdo Volcanic Group
occurred in  four  volcanic  provinces,  the  Balleny,  Hallett,  Mel-
bourne, and  Erebus  Provinces,  and  Neogene  volcanoes  are  con-
centrated  in  the  coastal  area  of  the  VLB,  showing  a  north-south
trend  (Kyle  and  Cole,  1974).  Volcanic  activities  in  the  Terror  Rift
mainly formed intrusions, which trend nearly north-south and in-
crease  in  intensity  toward  the  south.  The  ages  of  volcanoes  are
nonuniform but fall mostly in the Pleistocene (Rilling et al., 2009).
The  VLB  was  intruded  by  north-south  trending  volcanoes  and
turned into partially uplifted and tilted blocks (Salvini et al., 1997).
The  VLB  can  be  divided  into  four  structural  belts  oriented  in  the
north-south  direction.  The  second  structural  belt  (i.e.,  the  Terror
Rift) and the fourth structural belt (i.e.,  the Coulman High) are in-
trusive structural  belts related to late rifting (Cooper et al.,  1987).
Many volcanoes are found in the brittle volcanic region, but their
distribution is not well  delineated because of inadequate seismic
data and serious denudation of glaciers in the northern VLB.

High-resolution multibeam data show pockmarks and mounds in
the southern VLB, with diameters of ~400−4,000 m and heights of
~50−250 m (Magee, 2011). The existence of bottom-simulating re-
flectors (BSRs) confirms that some pockmarks and mounds in the
southern Terror  Rift  developed  along  with  submarine  gas  hy-
drates  (Geletti  and Busetti,  2011). According to  gravity  and mag-
netic  modeling,  most  submarine  mounds  between  the  Lee  Arch
(east  of  the  Terror  Rift)  and  Franklin  Island  are  volcanogenic  and
erupted under the ice sheet (Lawver et al., 2012).

In  this  study,  we  used  new  geophysical  data  collected  in  the
northern  Terror  Rift  during  the  32nd  Chinese  National  Antarctic
Research  Expedition  (CHINARE),  historical  multichannel  seismic
(MCS) data (Brancolini et al., 1995; Fielding et al., 2008), and bore-
hole  data  from  Deep  Sea  Drilling  Project  Site  273  (Hayes  et  al.,
1975) to better investigate structural  characteristics of  the north-
ern Terror Rift and volcanic distributions in the VLB. 

2.  Dataset and Methods
The  MCS  data  profiles  ANT32-L01,  ANT32-L03,  ANT32-L09,  and
ANT32-L10  are  from  the  32nd  CHINARE,  and  NBP0401-148,
L284AN-407,  IT90AR-63S,  and  IT90AR-65S  are  from  the  Antarctic
Seismic Data Library System (SDLS). NBP9407-51 is not included in
SDLS  and  is  from Henrys  et  al.  (2008). The  32nd  CHINARE  de-
ployed  a  210  cubic  inch  airgun  source  and  a  24-channel  cable
with a receiver spacing of 12.5 m and a shot interval of 13 s, in an
average  ship  speed  of  5  knots.  The  MCS  data  used  has  a  total
length of 701 km.

Profiles  ANT32-L01  and  ANT32-L03  are  located  in  the  northern
VLB and partially pass through the Terror Rift, the Drygalski Basin,
and the Crary Bank. Profile ANT32-L09 partially passes through the
VLB  and  the  Coulman  High  (Figure  2).  Profile  ANT32-L10  passes
through  site  DSDP273  in  the  Central  Trough  (Figures  1 and 3;
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Figure 2.   Gravity and magnetic anomaly maps in the western Ross

Sea. (a) Free-air gravity anomaly map; (b) Bouguer gravity anomaly

map; (c) Magnetic anomaly map. TR, Terror Rift; TAM, Transantarctic

Mountains. Seismic profiles are from the 32nd CHINARE and SDLS. The

yellow boxes represent the locations of mud volcanoes on profiles

IT90AR-63S, IT90AR-65S, and L284AN-407. The red boxes represent a

region of igneous volcanoes in the southern Terror Rift on profiles

NBP9407-51 and L284AN-407. Polar-3 represents a large-scale

igneous intrusion at 48–34 Ma.
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Hayes et al., 1975). Site DSDP273 calibrates seismic interpretation
of the northern VLB, whereas the interpretation in southern VLB is
based on data from the Antarctic Drilling Program (ANDRILL) near
Mt.  Erebus  (Talarico  and  Sandroni,  2011).  Profile  NBP0401-148
crosses  over  the  whole  structure  of  the  Terror  Rift,  and  profiles
NBP9407-51,  L284AN-407,  IT90AR-63S,  and  IT90AR-65S  pass
through  the  mud  volcanoes  and  volcanic  regions  in  the  VLB
(Figure 2).

The  gravity  anomaly  data  in  the  study  area  were  compiled  from
CRYOSAT,  ENVISAT,  and  JASON-1  satellite  altimetry  data,  with
a  grid  interval  of  1'×1'  and  an  accuracy  better  than  1.5  mGal
(Sandwell  et  al.,  2014).  The  integrated  magnetic  anomaly  grid,
ADMAP,  has  a  grid  interval  of  5  km×5 km (Golynsky et  al.,  2006).
The ice  elevation  and  under-ice  topographic  data  with  a  grid  in-
terval  of  1'×1'  were  from  the  National  Oceanic  and  Atmospheric
Administration, USA. The bathymetry map of the Southern Ocean
can be up to a grid interval of 500 m×500 m. According to the ba-
thymetric map in the northern VLB,  the Drygalski  Basin has been
affected  by  multi-stages  of  glaciations  and  has  developed  a
trough with a  nearly  northeast  trend and a  water  depth of  more
than 1,000 m. The high-terrain Crary Bank is located partly in the
VLB  and  partly  in  Coulman  High,  where  the  shallowest  water

depth reaches 250 m (Kooyman et al., 2020). 

3.  Seismic Interpretation in the Northern VLB 

3.1  Stratigraphic Sequence
The seismic faces in the VLB are explicated from the stratigraphic

sequence and from boreholes in the Ross Sea Basin on the basis of

previous studies (Brancolini et al., 1995; Fielding et al., 2008). Bore-

hole DSDP273  has  a  total  penetration  of  346.5  m,  with  a  low  re-

covery  (Figure  3).  The  stratigraphic  sequence  of  borehole

DSDP273 contains four main unconformities: at 0.8 m in the Late

Pleistocene (2.8−0.65 Ma), at 42.5 m in the Miocene (14.7−4.6 Ma),

at  272.5  m  in  the  early  Miocene  (18.2−16.2  Ma),  and  at  346.5  m

(18.34  Ma; Hayes  et  al.,  1975).  The  bottom  of  the  borehole  may

correspond  to  the  Ross  Sea  unconformity  (RSU4a)  (Brancolini  et

al.,  1995), and  the  strata  below  the  RSU4a  are  described  accord-

ing to the boreholes  from ANDRILL (Fielding et  al.,  2008; Sauli  et

al.,  2021).  The  oldest  unconformity  in  the  study  area,  RSU6  (~29

Ma), crops out only in the Drygalski Basin (Figure 3), presumed to

be  the  basement  of  the  Coulman  High,  and  marks  the  thermal

subsidence stage of the VLB (Davey and Santis,  2006).  The upper

Oligocene  to  lower  Miocene  section  between  RSU6  and  RSU5
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Figure 3.   A new geologic time scale of stratigraphic unconformities in the VLB. TWT, two-way travel time; RSS, Ross Sea strata; RSU, Ross Sea

unconformity. Profile ANT32-L10 passes through site DSDP273. This table aims to calibrate the stratigraphic age of the 32nd CHINARE seismic

profile on the basis of previous studies (Brancolini et al., 1995; Fielding et al., 2008; Henrys et al., 2008).
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(29−24 Ma) is thicker in the Drygalski Basin than in the Crary Bank.

Spatially,  from  ANT32-L01  through  ANT32-L03  to  ANT32-L09

(Figure 4), the strata gradually thicken and become sub-horizont-

al. The sedimentation rate increases toward the center of the Ter-

ror Rift, whereas glacial erosion is weakened in the northeast.

The  sequence  between  RSU5  and  RSU4a  (24−18  Ma)  developed

with  thermal  subsidence  of  the  VLB  is  undeformed,  subparallel,

and  well  layered.  This  section  has  more  obvious  chaotic  wedges

and thicker sediments deposited rapidly by glacial drift in the Dry-

galski  Basin.  RSU4  (~16  Ma)  is  a  regional  unconformity,  and  the

sediment thickness  between  RSU5  and  RSU4  varies  greatly.  Pro-

file  ANT32-L01  in  the  Lee  Arch  shows  a  series  of  normal  faults

forming an uplift structure, eroded at unconformity RSU2 (~4.6 Ma)

(Figure  5).  The  local  uplift  of  the  western  side  of  the  Crary  Bank,

composed of  the  Terror  Rift  shoulder  and  excluding  volcanic  in-

trusion, indicates tectonic events related to rollover anticlines. 

3.2  Faulting
The Terror  Rift  seems to be orthogonal  and unaffected by strike-

slip faults, given that strike-slip movement has not yet been found

in seismic profiles (Hall et al.,  2007; Blocher, 2017). Profile ANT32-

L01 (Figure 5) shows that faults with negative flower structures in

the  Terror  Rift  may  be  related  to  the  dextral  slip.  In  such  a  case,

convergent and  discrete  strike-slips  often  appear  at  bends.  Dis-

continuous and imbricated secondary  faults  are  formed with the

dislocation  of  the  strata  and  are  limited  by  the  main  strike-slip

faults, appearing as a flower structure on the seismic profiles (Bay-

asgalan et al., 1999). As long as strike-slip faults cause a weakened

caprock  folding  and  slipping,  a  negative  flower  structure  can  be

formed  (Bayasgalan  et  al.,  1999; Massironi  and  Kim,  2014).  The

flower structures  discovered  are  asymmetric  and  not  fully  de-

veloped in the Terror Rift. A series of torsional faults occur toward

one side of the backbone faults to form asymmetric inclined fault

blocks. The derived torsional faults have small dips and converge

downward to the backbone faults of the strike-slip structure. The

negative flower structures have experienced denudation, and the

superposition  of  the  west-east  extension  has  made  the  residual

part  difficult  to  observe  in  seismic  profiles.  Flower  structures  on

profile  ANT32-L01  may  have  been  developed  before  RSU5

(~24 Ma) and may have terminated at RSU4a (~18.38 Ma). The Ter-

ror Rift is perhaps not a pure orthogonal rift but may have experi-
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Figure 4.   The magnetic and gravity anomalies of CHINARE seismic profiles. (a) Profile ANT32-L01 passes through the Terror Rift. (b) ANT32-L03

passes through the Terror Rift and cuts part of the Crary Bank. The strata above RSU6 appear only in the Terror Rift, and above RSU4, they are
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enced  strike-slip  motion  between  18  and  24  Ma  to  form  oblique

tension, resulting in accommodation zones. North-south trending

faults  turn  to  be  northwest-southeast  trending,  forming  dextral

offsets  of  ~25  km  (Salvini  et  al.,  1997). Profile  ANT32-L01  inter-

sects  with  the  Campbell  Fault  and  the  Priestley  Fault,  indicating

that  the  negative  flower  structure  here  could  have  been  directly

affected  by  the  dextral  strike-slip  fault.  Therefore,  the  negative

flower structures  found  in  profile  ANT32-L01  support  the  inter-

pretation of an accommodation zone.

A rollover anticline forms an uplift in profile ANT32-L01. The strata

of ANT32-L01 between RSU4 and RSU2 are staggered by domino-

style  faults  with  similar  strikes  and  dips.  These  faults  may  have

been formed in the same period and may be shallow parts of a de-

tachment  fault,  representing  the  eastern  boundary  of  the  Terror

Rift. Faults, however, were truncated above RSU2 (~4.6 Ma) in the

Lee  Arch,  and  the  sedimentary  thicknesses  between  RSU6  and

RSU4 are  uniform.  Strata  have been uplifted in  the northern Ter-

ror Rift and are eroded at RSU2 (~4.6 Ma), indicating that the up-

lift  occurred  earlier  than  4.6  Ma  and  that  a  part  of  the  Lee  Arch

was formed by a rollover anticline (Figure 5; McClay, 1995; Hall et

al., 2007). When in a tensional setting, the hanging wall of a fault is

pulled apart  from  the  footwall,  forming  a  potential  accommoda-

tion space. Under gravitational forces, the collapsed hanging wall

bends and  deforms,  and  a  rollover  anticline  is  formed.  The  pre-

conditions  for  a  rollover  anticline  are  as  follows:  the  existence of
an anticline, slope syncline, and top collapse; no large strip of vol-
canic  intrusion  perpendicular  to  the  structural  direction  (con-
firmed by gravity  and magnetic  anomaly data);  an existing initial
detachment  fault  (McClay,  1995).  All  these  conditions  are  met  in
profile ANT32-L01. Therefore, the domino-style faults form a large
detachment surface,  resulting in the strata tilt  and the formation
of the rollover anticline in the northern Terror Rift.

Profile  ANT32-L09  (Figure  4)  passes  through  the  VLB  and  Crary
Bank  but  is  located  outside  the  Terror  Rift.  A  chaotic  reflection
zone of approximately 16 km wide is located on the western side
of the Crary Bank, where secondary faults rose to the seabed and
may  be  related  to  dextral  strike-slip  faults  from  NVL.  Besides  the
rollover  anticline,  it  is  unknown  whether  the  structural  uplifts  in
ANT32-L01 and ANT32-L03 came from the Terror Rift shoulder up-
lift.  It  is unclear whether the chaotic reflections of ANT32-L09 are
similar to those from the previous two seismic profiles or whether
they belong to volcanic structures. 

4.  Joint Interpretation of Gravity, Magnetic, and
Seismic Data

The Discovery Graben in the Terror Rift has thick strata necessary
for  developing  mud  volcanoes.  Mud  volcanoes  are  mostly  in  the
shape of mounds and are formed by the accumulation of intermit-
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tently  erupting  mud  and  gas.  Seismic  profiles  IT90AR-63S  and

IT90AR-65S pass through mud volcanoes in the Terror Rift (Figure 2;

Geletti  and  Busetti,  2011).  The  tops  of  the  mud  volcanoes  are

roughly  circular  mounds  with  an  average  diameter  of  about

200–500 m and a depth of 30 m (Lawver et al.,  2007).  The region

of  mud  volcanoes  shows  roughly  negative  free-air  gravity  and

negative magnetic  anomalies.  The  BSRs  correspond  to  low  mag-

netic anomalies and the mounds correspond to high magnetic an-

omalies (Figure 6). Mud volcanoes in the Terror Rift may have ori-

ginated from volcanoes that erupted under an ice sheet during a

reversal  of  the  geomagnetic  field,  forming  a  hyaloclastite  edifice

(Lawver et al., 2012).

Along seismic  profile  NBP0401-148 (Figure 7a), the Lee Arch cor-

responds  to  a  low  magnetic  anomaly,  and  high  free-air  and

Bouguer gravity anomaly. These data imply that the Lee Arch may

be a fold formed by a rollover anticline rather than by volcanism

(Salvini et al., 1997; Hall et al., 2007).

Profile NBP9407-51 (Figure 7b) in the southern Terror Rift shows a

volcanic intrusion that pierced through unit Rv (corresponding to

RSU2,  ~4.6  Ma; Henrys  et  al.,  2008)  and  caused  secondary  faults.

The volcanic  intrusion  may  extend  northward  from  Beaufort  Is-

land in the Lee Arch. The ages of dredged samples from Beaufort

Island (Figure 8)  range from 6.8  to  90 ± 5  ka (Rilling et  al.,  2009),

younger than the Melbourne and Erebus Volcanic Provinces at the

geographic endpoints  of  the  Terror  Rift.  The  independent  intru-

sion  in  NBP9407-51,  located  on  the  west  side  of  Franklin  Island

and north of Beaufort Island, may belong to the McMurdo Volcan-

ic Group.  Along  the  NBP9407-51,  the  volcanic  intrusion  corres-

ponds to both high magnetic and high free-air gravity anomalies,

different from the mud volcanoes analyzed above (Figure 6).

Profile L284AN-407 passes through the mud volcano area. Numer-

ous  mounds  formed  a  rugged  surface  with  short-wavelength,

high-amplitude magnetic anomalies, indicating that the mud vol-

canoes have magnetic nuclei related to volcanic origin (Lawver et

al., 2012). The eruptive volcanoes of L284AN-407 are on the Frank-

lin  Island,  same  as  the  intrusive  volcano  on  profile  NBP9407-51,

with high magnetic and free-air gravity anomalies.

Profiles ANT32-L01 and ANT32-L03 show the uplift  at the margin
of the Terror Rift (Figure 4). The stratigraphic sequence has a high
continuity, and faults reach the seafloor, indicating that the Terror
Rift  is  still  active.  The gravity  and magnetic  anomalies  are  similar
to those of profile NBP0401-148 and are in good agreement with
the  topography.  The  Bouguer  gravity  anomaly  tends  to  be  flat,
suggesting that the uplifts in the two seismic profiles did not be-
long to the rift shoulder but were formed by the rollover anticline
(Figure 5),  because the rift  is  too young to have achieved gravity
equilibrium for a shoulder uplift.

The  chaotic  reflection  zone  of  ANT32-L09  (Figure  4), approxim-
ately 16 km in width, is located inside the VLB. The seismic profile
is  near  a  magnetic  body  that  is  linked  to  the  southern  McMurdo
Volcanic  Group,  the  Erebus  Province,  but  is  unrelated  to  a  large-
scale igneous intrusion at 48–34 Ma between the Northern Basin
and  the  VLB  (Polar-3; Figure  2c).  Firstly,  the  axial  direction  of  the
high magnetic body is not parallel to that of Polar-3. However, the
axial direction is perpendicular to the east-west extension caused
by dextral  strike-slip faults from NVL, indicating that a high mag-
netic anomaly was generated along the weak zone. Secondly, pro-
file  ANT32-L09  passes  through  the  high  magnetic  body  and
shows a chaotic reflection. The chaotic reflection is younger than
RSU2 (~4.6  Ma)  and may correspond to  the strong Neogene vol-
canism  of  the  McMurdo  Volcanic  Group  in  the  southern  VLB.
Thirdly, the gravity and magnetic anomalies of the chaotic reflec-
tion  are  consistent  with  the  features  of  some  volcanoes,  such  as
those on the Beaufort Island.

The  free-air  gravity  anomaly  above  the  chaotic  reflection  area  is
higher than that in Coulman High (Figure 4). The magnetic anom-
aly curve of ANT32-L09 (Figure 4) has two peaks corresponding to
one high  free-air  gravity  anomaly,  suggesting  that  the  under-
ground structure with a negative magnetization may belong to a
unit with a different tectonic activity.  Coincidentally,  some volca-
noes  in  the  southern  Terror  Rift  have  undergone  two  eruptions
with opposite  magnetization,  such  as  those  on  the  Beaufort  Is-
land  (6.77–6.80  Ma; Rilling  et  al.,  2009).  Through  an  analysis  of
dredged  samples,  we  found  that  the  magnetic  anomalies  in  the
west wing are negative, whereas those in the east wing are posit-
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ive  (Figure  9).  The  opposite  magnetic  anomalies  are  similar  to

those of the chaotic reflection area on ANT32-L09. The intrusion of

NBP9407-51 shows a strong positive magnetic anomaly. The ages

of these two features are consistent with the formation under op-

posite geomagnetic polarities.

Between 6.57 and 6.94 Ma, the geomagnetic field may have been

in negative polarity (Cande and Kent, 1995), so the strong negat-

ive magnetic characteristics would have been preserved rapidly in

the VLB during this period. If a large amount of volcanic eruptions

had occurred prior to 6.94 Ma or younger than 6.57 Ma, the over-

all  magnetic  anomaly  of  this  feature  would  be  positive.  The

dredged sample  of  Beaufort  Island is  between 6.77  and 6.80  Ma,

recording  a  rapid  emplacement  of  the  igneous  rocks  during  the

negative  polarity.  A  positive  magnetic  anomaly  observed  on  the

southwest  side  of  the  island  represents  a  younger  intrusion  that

may have cooled after 6.57 Ma (Rilling et al., 2009), indicating that

Beaufort Island had at least two eruptions with opposite geomag-

netism.

Similarly,  the  Franklin  Island  on  profile  L284AN-407  is  younger

than 3.7 Ma (~3.2−3.7 Ma) and shows a positive magnetic anom-

aly in the normal  polarity  between 3.33 and 3.58 Ma (Cande and

Kent,  1995).  Therefore,  the  intrusion  identified  on  ANT32-L09  is

younger than 4.6 Ma and may have been formed in two or more

different periods  of  volcanism.  Profile  ANT32-L09  did  not  penet-

rate deeply  enough  to  define  the  depth  and  scope  of  the  intru-

sion, but it shows a trend of eastward extension. A longer period

of  negative polarity  between 3.58 and 4.18 Ma (Cande and Kent,

1995) could help date the intrusion, which shows a negative mag-

netic anomaly. 

5.  Discussion
The  east-west  extension  of  the  VLB  is  affected  by  the  dextral

strike-slip faults in the NVL, and the latest extension forms the Ter-

ror  Rift,  which  is  spatially  limited  by  the  Neogene  igneous

provinces.  Under  these  influences,  volcanism  occurs  frequently.

To  study  the  distribution  of  volcanism  in  the  VLB,  MCS  profiles

from  south  to  north  were  selected.  Mud  volcanoes  on  profiles

IT90AR-63S,  L284AN-407,  and  IT90AR-65S  were  concentrated  in

the middle of the Terror Rift (Figure 2).  The gravity and magnetic

anomaly  anomalies  showed  that  mud  volcanoes  with  short-

wavelength positive  or  negative  magnetic  anomalies  may  be  re-
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Figure 7.   Characteristics of gravity and magnetic anomalies along with the studied seismic profiles. (a) NBP0401-148 is after Hall et al. (2007).
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Earth and Planetary Physics       doi: 10.26464/epp2022023 255

 

 
Yue M and Gao JY et al.: Faulting and volcanism in the VLB

 



lated  to  magmatic  volcanism.  Most  magmatic  volcanoes  have

magnetic anomalies of opposite polarization in the VLB, which in-

dicates  multi-stages  of  volcanism  since  the  Neogene.  Profiles

ANT32-L01  and  ANT32-L03  in  the  northern  Terror  Rift  show  a

rollover  anticline,  leading  to  the  uplift  of  the  Lee  Arch.  The  thick

sediments  on the western Terror  Rift  favor  oil  and gas resources,

and the high-angle normal faults developed on the Lee Arch can

provide channels for oil and gas migration or volcanic activities.

The volcanic intrusions on profile ANT32-L09,  showing high free-

air  gravity  and  strong  magnetic  anomalies,  underwent  multi-

stages of volcanism. In addition, magmatic volcanoes on Franklin

Island in L284AN-407 and Beaufort Island in NBP9407-51 showed

high  free-air  gravity  and  magnetic  anomalies,  respectively.  The

ages  and  geophysical  characteristics  attest  to  the  fact  that  the

magmatic  intrusions  and  the  volcanoes  belong  to  the  McMurdo

Volcanic Group.  From the gravity and magnetic  anomalies in the

Ross Sea Basin, the volcanoes on the east side of the VLB seem to

be  parallel  to  the  north-south  trend  of  the  Terror  Rift.  Therefore,

volcanoes  inside  the  Terror  Rift  occur  along the  trend of  the  Lee

Arch, and those outside the Terror Rift are approximately parallel

to  each  other,  forming  two  volcanic  chains  from  north  to  south.

We suggest that the two volcanic chains connect the three large

igneous provinces, because the geophysical characteristics of the

western  Ross  Sea  are  consistent  with  the  distribution  of  the  two
chains, and geochemical evidence suggests that they are of simil-
ar ages. Along with multiple extensions in the VLB, sometimes vol-
canism surged up in the weak zone to have formed a brittle  vol-
canic region with high free-air and Bouguer gravity anomalies and
strong magnetic anomalies.

The two volcanic chains may be related to a change in the crustal
rheology in the VLB. The Moho becomes shallow from 35 to 40 km
under the TAM to 18–20 km in the Ross Sea Basin (Cooper, 1989),
and the brittle volcanic region in the VLB likely formed through in-
tense  volcanic  activities.  The  deformation  of  the  brittle  volcanic
region provided  favorable  permeability  conditions  for  the  mag-
matic  intrusion.  Dextral  strike-slip  faults  with  different  rheology
patterns and crust thicknesses pass through the VLB. The VLB ex-
tension  and  the  strike-slip  faulting  together  form  a  northwest-
southeast  fracture  zone—the  brittle  volcanic  region  in  the  VLB
(Salvini  et  al.,  1997). The  western  side  of  the  brittle  volcanic  re-
gion seems to be limited by the Lee Arch, and the eastern side ex-
tends roughly to the VLB (Figure 8). Bathymetric, topographic, and
seismic  data  show  that  the  magmatic  volcanoes  in  the  Lee  Arch
are nearly north-south in orientation and that they connect to Mt.
Erebus and Mt. Melbourne.

On  the  eastern  flank  of  the  VLB,  a  series  of  magmatic  volcanoes
and volcanic intrusions are exposed near the Franklin Island with
narrow and long clusters. Farther north, the volcanic intrusion on
profile  ANT32-L09  is  16  km  wide,  with  a  newborn  volcanic  edify
protruded from the strongly eroded seabed and the boundary of
the Coulman High. Simultaneously, according to the age and geo-
physical  characteristics,  the  volcanic  intrusion  found  on  ANT32-
L09  is  Neogene  in  age,  consistent  with  the  McMurdo  Volcanic
Group in the south.  The western boundary of the brittle volcanic
region  runs  along  the  Lee  Arch,  but  whether  it  connects  to  Mt.
Melbourne  has  not  been  determined,  due  to  severe  erosion  by
multiple  glaciations  and sparse  seismic  data.  Glacial  erosion may
have weakened  the  fault  activities  in  the  northern  VLB  and  re-
moved  the  volcanic  record.  The  uplift  of  the  sedimentary  unit  in
the  Lee  Arch  makes  it  possible  for  younger  magmatic  volcanism
to emplace along the bottom fault. The Neogene magmatic volca-
noes  are  exposed  on  Beaufort  Island.  Near  the  island,  magmatic
volcanic clusters include mud volcanoes with magnetic nuclei.

The samples dredged in the VLB show that the volcanic eruption
is  younger than 8 Ma,  and that the volcanic intrusions located in
NBP9407-51  and  ANT32-L09  are  younger  than  4.6  Ma  (piercing
the  RSU2  unconformity).  Although  the  age  distributions  are
nonuniform (Figure 8), magmatic volcanism began after the form-
ation  of  the  Terror  Rift.  On  the  gravity  and  magnetic  anomaly
maps of  the Ross  Sea Basin  (Figure 2),  relatively  continuous high
magnetic  anomalies  were  observed  in  the  VLB,  connecting  the
high  anomalies  at  the  north  and  south  ends.  The  high  Bouguer
anomalies  also  showed  a  nearly  north-south  trend  in  the  VLB,
which is consistent with the range of the brittle volcanic region. 

6.  Conclusions
This  study helps explain the dynamic behaviors  of  the Terror  Rift
and the temporal and spatial distributions of tectonic activities in
the  VLB.  The  high-resolution  seismic  stratigraphic  sequences  of
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the CHINARE  profiles  were  calibrated  by  the  DSDP  273  to  inter-
pret  the  sedimentary  structure  in  the  northern  Terror  Rift.  The
negative flower structures and rollover anticlines indicate that the
northern  Terror  Rift  was  affected  by  northwest-southeast  strike-
slip faults  and  north-south  detachment  faults.  The  flower  struc-
tures  are  not  fully  developed  in  the  Discovery  Graben  formed
between  24  and  18.38  Ma.  In  addition  to  the  accommodation
zone of  the  Terror  Rift,  we can infer  that  the  Terror  Rift  transited
from orthogonal to oblique tension from 24 to 18.38 Ma. The Lee
Arch may  be  related  to  the  rollover  anticline  formed  by  the  de-
tachment fault  and  may  provide  channels  for  magmatic  volcan-
ism.

Under the impact of the northwest-southeast trending right-later-
al  strike-slip  fault  and  the  extension  of  the  north-south  trending
basin, the VLB may have been deformed and become part of the
brittle volcanic region. Magma flowed easily at the intersection of
faults,  forming  two  north-south  trending  volcanic  chains,  which
limited  the  boundary  of  the  brittle  volcanic  region.  The  eastern
chain  of  volcanoes  connects  the  Erebus  Province  on  Ross  Island,
the  intrusion  feature  on  ANT32-L09,  and  the  Hallett  Volcanic
Province on northern Coulman Island. The western chain of volca-
noes connects  the Erebus Volcanic  Province on Ross  Island,  mud
volcanoes, and the Melbourne Volcanic Province around Mt. Mel-
bourne.  The  magmatic  volcanoes  belong  to  the  Neogene
McMurdo Volcanic  Group  and  have  undergone  multiple  erup-
tions. We  speculate  that  the  chains  will  help  study  the  three  ig-
neous provinces in the future. In this work, we questioned the tra-
ditional extension  mechanism  of  the  Terror  Rift  and  systematic-
ally summarized the distribution of volcanism in the VLB.
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