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Abstract. We conducted a multichannel scismic reflection
survey offshore Cape Roberts, Antarctica, and combined our
findings with the results of the Cape Roberts International
Drilling Project (CRP). This allows us to interpret Cenozoic
tectonics in the southwest sector of the Ross Seca including
the history of uplift of the Transantarctic Mountains (TAM)
and subsidence of the Victoria Land Basin (VLB). Seismic
stratigraphic sequences mapped offshore Cape Roberts are
tilted castward and thicken into the VLB where they comprise
more than half the fill seen on seismic records. Normal faults a
few kilometers offshore cut these sequences and define a
north trending rift graben. Drilling results from the CRP show
that these strata are latest Eocene (?), Oligocene, and younger
in age; much younger than previously inferred. We interpret
this pattern to be due to an cpisode of E-W extension and
related subsidence that occurred across the major basins in
the western Ross Sca during the early Ccnozoic. The rift
graben oftshore and adjacent to Cape Roberts is bounded on
the west by a major north trending fault zone. At Cape Roberts
this fault system may have from 6 to 9 km of vertical
separation. This fault system is part of a larger zone along the
coastline in southern Victoria Land that accommodated uplift
of the TAM in Oligocene time. We name 1t here the McMurdo
Sound Fault Zone. A late Oligocenc angular unconformity
that is scen in seismic data and sampled by CRP drilling
marks the end of cast tilting of the stratigraphic sequences.
We interpret this as the end of the main uplift of the TAM
comciding with a change from E-W extension to NW-SE
oblique rifting at that time. Uphift of the TAM and subsidence
i the VLB may be linked with scatloor spreading on the
Adare Trough to the northwest of the Ross Sca between 43 and
26 Ma. This would 1mply a plate boundary between East and
West Antarctica crossing through the western Ross Sea in
Eocene and Oligocene time.

1. Introduction
A long-standing problem in Antarctic tectonic history is

whether the Antarctic plate was separated into two plates
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during the Cenozoic [Molnar et al. 1975; Stock and Molnar,
1982, 1987]. Related to this by implication are the details of
the uplift history of the Transantarctic Mountains (TAM) and
subsidence of the major basins in the Ross Sea, especially the
westernmost Victoria Land Basin (VLB), and how these events
may be explained within a plate tectonic setting. The uplift
history of the TAM was one focus of Capc Roberts
International Drilling Project (CRP) recently completed at the
margin of the Ross Sea adjacent to the TAM [Barrett and
Davey, 1992; [nternational Steering Committee, 1994]. We
conducted a marine geophysical survey there in February
1996 using the RVIB Nathaniel B. Palmer (NBP9601) as part
of the preparation for the CRP (Figure 1). We acquired
SeaBeam 2112 swath bathymetry, chirp sonar, gravity,
magnetic field, and over 250 km of single-channel (SCS; two
channel and single fold) and 22-fold multichannel (MCS)
scismic data.

Cape Roberts is found in the southwestern Ross Sea,
Antarctica, 125 km north of the United States McMurdo
Rescarch  Station on Ross Island  (Figure 1). The CRP
cmployed drilling from annual sea ice a few kilometers
offshore into a suspected sequence of Cenozoic and Mesozoic
strata. The CRP was aimed at recovering strata up to 100
million ycars in age adjacent to the range front of the TAM.
The project goals arc to answer questions concerning the
glacial history of Antarctica, the history of the Ross Sca rift,
and the uplift of the TAM. In our study we address specific
issues about this sector of the southwestern Ross Sea. We
emphasize results from the interpretation of our scismic
reflection data that place the drilling results of the CRP in a
stratigraphic and structural context. We also relate our
tectonic interpretations for the southwestern Ross Sca to
larger-scale plate tectonic cpisodes that formed and shaped
the major N-S trending basins in the Ross Sca.

1.1. Tectonic Evolution of the Western Ross Sea

The important cevents of the Ross Sca tectonic history are
believed to be of Mesozoic and Cenozoic age. The onsct of the
Gondwana breakup in the Jurassic left its imprint in the Ross
Sca and TAM region. This was marked by a major 1gncous
cvent at ~180 Ma that involved the cruption and intrusion of
the Jurassic tholeiitic  Kirkpatrick Basalts and the Ferrar
Dolerite that are widespread in the TAM [Kyvle et al., 1981,
Ellior, 1992]. Davey and Brancolini [1995] discussed four
tectonic events that were significant in the cvolution of the
Ross Sca in Early Cretaccous and later ime. These nclude (1)
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Figure 1. (a) Ross Sca region map showing the location of the study arca, outcrop onshore (dark shading), Decep Sea
Drilling sites, the Transantarctic Mountains, and Cape Roberts. AT, Adare Trough (dashed arrows indicate former
spreading directions [Cande et al., 2000]); NB, Northern Basin; VLB, Victoria Land Basin; CT, Central Trough; EB,
Eastern Basin; NVL, Northern Victoria Land; SVL, Southern Victoria Land. The West Antarctic Rift System 1s
outlined by the light shading [LeMasurier, 1990]. (b) Map of region including Cape Roberts and McMurdo Sound,
showing the survey track of N. B Palmer cruise 96-01, locations of Cape Roberts Project drill holes, and the
McMurdo Sound Fault Zone (dashed lmes; see text). Drill holes CIROS-1 and MSSTS-1 arc described by Barrett

[1986, 1989], respectively. The Dry Valley Drilling Project (DVDP) is described by McGinnis [1981].

a major cxtenston episode that Ma that 1s
correlated with the end of Phoenmix plate subduction under
Antarctica and Gondwana [Bradshaw, 1989, Luvendvk, 1995],
(2) scatloor spreading between West Antarctica and  New
Zealand/Campbell Platcau that began ~83 Ma [Stock and

began ~105

Cande, 1999, 20017, (3) the main uplift of the TAM starting at

S5 Ma [Fitzgerald, 1992] possibly in response to the end of
spreading in the Tasman Sca and acceleration of spreading
between Australia and Antarctica [Weissel et al., 1977, Cande
and  Mutter, 1982], and (4) volcanism and transtensional
faulting beginning in Oligocenc time. Item 4 may be related
to middle Cenozoic seafloor spreading in the Adare Trough
northwest of the Ross Sea (Figure 1) [Stock and Cande, 1999,
2001; Cande et al., 2000].

1.2. Stratigraphy of the Victoria Land Basin

It has been proposed that rifting and subsequent cxtension
of the Ross Sea in the middle and Late Cretaccous time led to

the initiation of the Northern Basin (NB), the Central Trough
(CT), and the VLB (Figure 1) [e.g., Davey, 1981]. These basins
were actively subsiding during Mesozoic time and during
later phascs of rifting in Cenozoic time. The more recent (Late
Cenozoic) locus of activity in the Ross Sea has been in the
Terror Rift of the VLB that is immediately cast of Cape
Roberts (Figure 1) [Davey and Brancolini, 1995].

The VLB was described by Cooper and Davey [1985] and
Cooper et al. [1987, 1991] as a rift depression over 150 km
wide that cxtends from Ross Island to Cape Washington
(Figure 1). Greater than average heat flow has been measured
in the VLB [Blackman et al. 1987] that can be explained by a
shallow mantle and igneous activity in an arca of extended
crust. An cstimated 14 km of strata fill the basin [Cooper et
al., 1987]. A thick scction of Oligocene sediments in the Cape
Roberts drill holes can be correlated to the VLB, suggesting
that much of this enormous thickness of sediment is of latest
Eocene and younger age[Cape Roberts Science Team, 2000
Davey et al., 2000].
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Figure 1. (continued)

Cooper et al. [1987] established a nomenclature for
seismic units in the VLB and western Ross Sea based on six
seismic stratigraphic units (V1-V5 sedimentary and Vo6
volcanic) above an acoustic basement (V7) (Figure 2). These V
sequences have been correlated to seismic sequences in the
Northern, Central, and Eastern Basins (Ross Sea Seismic (RSS)
units and U unconformities of Hinz and Block [1984]) by
Brancolini et al. [1995]. However, secismic units in the west
and castern Ross Sca do not carry across the highs bounding
the basins, so that seismic lines do not tic them together.
Bartek et al. [1996] later developed a more detailed letter
nomenclature for the V sequences based on interpretations of
coherent VLB seismic sequences seen on RV Polar Duke high-
resolution seismic data. The V sequences have been correlated
to Roberts Ridge offshore Cape Roberts by Davey et al.
[2001].

Age control on V seismic sequences has been uncertain and
has relied on data from a few drill sites prior to the CRP
[Davey et al., 2001]. Prior drill sites sampled mid-Cenozoic
sections and include the Deep Sea Drilling Project (DSDP) Leg
28, Site 270 in the central Ross Sea [Hayes and Frakes, 1975]
and the Cenozoic Investigation of the Ross Sea core at the
southern end of McMurdo Sound (CIROS-1 [e.g., Hannah,
1994; Wilson et al., 1998]) (Figure 1). The oldest sediments

in CIROS-1 are glacial and glacial-marine strata that arc early-
late Eocene in age [Barrett, 1989; Hannah, 1997; Hannah et
al., 1997, Wilson et al., 1998]. Unfortunately, faulting,
unconformities, and shallow water bottom multiples have
made the correlation of Eocenc and Oligocene strata sampled
at CIROS-1 to the VLB and to Cape Roberts uncertain [Bartek
et al., 1996, Henrys et al., 1998]. Despite the previous
drilling efforts, little is known about the time period between
160 and 45 Ma [Barrett et al., 1995; Bartek et al., 1996]. No
rocks or sediments of this age have been sampled in the TAM
or in other parts of East Antarctica [Davey, 1987; Barrett et
al., 1995].

The lack of stratigraphic control in the western Ross Sea
has recently been addressed by the drilling efforts of the CRP.
Over 1500 m of strata representing the period from 16 to ~34
million years ago have been recovered in three drill holes.
More than 750 m of core were obtained from CRP-1 (oldest
material Miocene) and CRP-2/2A (oldest material Oligocene)
drill sites, positioned on the thick sea ice offshore Cape
Roberts [Barrett et al., 1998, Fielding and Thomson, 1999]
(Figure 1) . The third site, CRP-3, drilled in November 1999,
penetrated rocks interpreted as Paleozoic Beacon sandstone
below Oligocene and latest Eocene (?) sedimentary rocks
[Cape Roberts Science Team, 2000).
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Figure 2. The stratigraphic units interpreted offshore Cape Roberts, Antarctica, based on our interpretation of Cape
Roberts drilling results and the NBPY60T reflection seismic data [modified from Hamilton et al., 1998}, A
comparison is made to the nomenclatures developed by Cooper er al. (19871, Barrett ot al [1995), and Bartek et al.
[1996] based on interpretations in southern Victoria Land and the western Ross Sea. Ages and geologic descriptions
for the V units are from Cooper et al. [1987] and the Cape Roberts reports (see text). V3, V4, and VS are sedimentary
units, VO 1s volcanic, and V7 is acoustic basement (undifferentiated).

1.3. Transantarctic Mountains and West Antarctic
Rift System

The TAM are a 4000 km long and 4 km high mountain
range that was created in a nonconverging plate tectonic
sctting during Cenozoic time (Figure 1) [c.g.. Davey and
Brancolini, 1995]. The TAM constitute the west shoulder of a
major continental rift system, the West Antarctic Rift System
(WARS). The WARS also includes the Ross Embayment (Ross
Sea rift [Tessensohn and Worner, 1991]) and western Maric
Byrd Land that comprise an extended region of crust and the
eastern rift shoulder, respectively (Figure 1) [e.¢., LeMasurier,
1990; Behrendt et al., 1991]. The WARS is onc of the largest
extensional regimes on Earth and is comparable in size to the
Basin and Range province of the western United  States
[LeMasurier, 1990]. Much of the WARS lies under an ice
sheet, making it difficult to determine the history and current
activity in the rift. The WARS is considered active today by
many rescarchers because extensive late Cenozoic volcanism
1s found here along with a rift shoulder with 4-7 km of relief
at its western border along the TAM [Behrendr et al, 1991
Behrendr and Cooper, 1991]. Evidence from apatite fission

track dating [Firzgerald, 1992, 1994, 1999] suggests that
signtficant exhumation of the TAM m southern Victoria Land
began at ~55 Ma. Fitzgerald er al. [2000] find cvidence for
exhumation of the western TAM in southern Victoria Land
begmning  m mid-Cretaccous  time.  fizgerald  [1992]
estimated the total amount of Cenozoie rock uplift in the
TAM to be 6 km allowing for 4.5-5.0 ki of crosion along the

cast side of the TAM.

1.4. Cape Roberts

Cape Roberts is located in southern Victoria Land at the
foot of the TAM Front, described by Barrerr er al. [1995] as a
30 km wide zonce of faults bordering the cdge of the uplifted
crustal block of the TAM. The bathymetry offshore Cape
Roberts consists of the V-shaped (in map view) trough that we
interpret as a graben, the Cape Roberts Rift Basin (CRRB;
Figurc 3). This 400-500 m deep trough is bounded by thc
foothills of the TAM to the west and by Roberts Ridge, a 100
m deep bathymetric high ~15 km offshore [Barrett et al.,
1995 Bartek et al., 1996]. The three drill holes of the Cape
Roberts Project, CRP-1, CPR-2/2A, and CRP-3, are located on
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Figure 3. A high-resolution, shaded relief bathymetric map from SeaBeam 2112 data showing the N. B. Palmer ship
track during the NBP9601 Ross Sea expedition. Roberts Ridge, a bathymetric high on the eastern margin of the
survey area, the MacKay Sea Valley, a deep glacially scoured trough to the north, and the Cape Roberts Rift Basin, a
V-shaped bathymetric low, are prominent features of the study area offshore Cape Roberts. The CRP-1, CRP-2/2A,
and CRP-3 drilling sites are shown along with locations of seismic lines 87, 89, and 97. (The color versions of this
and the seismic reflection figures are available on the web at the UCSB Cape Roberts research website,

http://www.crustal.ucsb.edu/caperoberts.)
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Roberts Ridge (Figures 2 and 3). The Pleistocene age MacKay
Sea Valley truncates the CRRB to the north in Granite
Harbour. Bathymetric depths range from 100 m along the
eastern and western margins of the CRRB to depths of over
1000 m in the MacKay Sea Valley.

Along the coast at Cape Roberts, Late Precambrian foliated
and nonfoliated gneissic granites form the basement rocks of
TAM. These were deformed during the early Paleozoic Ross
orogeny [see Stump, 1992]. The basement is separated from
overlying Devonian to Triassic terrestrial sedimentary rocks
of the Beacon Supergroup [see Woolfe and Barrett, 1995] by
the Kukri Peneplain, a regional erosion surface found in the
TAM except for northern Victoria Land [Barrett et al., 1972,
Gunn and Warren, 1962]. Basement rocks are intruded by
Ordovician Granite Harbour Intrusives (granites). The Beacon
Supergroup is intruded by distinctive tholeiitic Jurassic
Ferrar Dolerite sills and overlain by the equivalent
Kirkpatrick Basalt [Guan and Warren, 1962; Fitzgerald,
1992; Barrett et al., 1995]. The sills and basalts mark a major
igneous event at ~177x2 Ma [Heimann et al., 1994],
corresponding to the initial stages of Gondwana
supercontinent breakup in Jurassic time. The (late) Cenozoic
McMurdo alkali volcanics [Ky/le, 1990] are found 80-150 km
to the east and south of Cape Roberts at the south end of the
Terror Rift. Igneous intrusions are interpreted along the west
side of the CRRB that may be part of this series [Hamilton et
al., 1998; Bozzo et al., 1997a, 1997b].

The NBP9601 geophysical data, combined with the results
from the CRP holes, allow interpretations of the stratigraphic
and structural relationships offshore of the TAM at Cape
Roberts. We propose that a scrics of tectonic events,
commencing with increased uplift in the TAM and E-W
extension in the western Ross Sea, influenced the evolution
of the CRRB and Roberts Ridge.

2. Scismic Reflection Data

Two hundred-fifty kilometers of MCS and SCS data were
recorded simultaneously by firing alternating sources every S
s. The MCS source consisted of five 3.44 L generator/injector
(Gl)yair guns. Data were recorded on 44 live channels (out of
48), with hydrophone group spacing at 25 m and a maximum
shot group range of 1420 m. Shots were equally spaced at 25
m to result in 22-fold stacks. One 3.44 L Gl air gun was used
as the source for the SCS data. GPS was used for navigation
throughout the survey.

The suppression of strong water bottom multiples was the
main goal in processing the seismic data. Velocity analyses
were done every kilometer. A frequency-wave number (F-K)
filter was applied after a partial normal move out (NMO)
correction using velocities intermediate between the primary
and multiple arrivals. After predictive and spiking
deconvolution, both ordinary and median amplitude stacks
were created. The median amplitude stacks were effective at
removing multiple energy but degraded the data above 0.5 s
two-way travel time (TWTT). In some cases an F-K migration
at 1460 m/s was performed post-stack, and a split-step
migration [Stoffa et al., 1990] was performed (done on line
97). Both of these migrations were used to aid in interpreting
the data on a line by line basis. However, the F-K migration
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could not handle reflections from the complex structures
within the CRRB. Typically, the split-step migration resulted
in the overmigration of reflections. Because higher
frequencies are spatially aliased during F-K filtering, a 6-50
Hz or 6-40 Hz band-pass filter was applied to all of the final
displays.

In general, there are significant problems with the data,
especially reflection data from shallow water depths. This is
due in part to a noisy near trace and dead third trace or to a
problem in synchronizing gun firing. The fact that only near
traces can be used at small travel time due to NMO stretch also
made the removal of multiples in shallow water very difficult.
Because stacking velocities increase for a particular interval
velocity structure by 1/cosine of the dip angle [Yilmaz, 1987],
it is difficult to choose accurate velocities for local moderate
or steep dips within the CRRB.

3. Interpretations of Stratigraphy for
Offshore Cape Roberts

All available MCS and SCS data (NBP9601, RV Polar Duke
(1990), Osservatorio Geofisico Sperimentale (OGS) (1990)
and U.S. Geological Survey (USGS) (1984)) were used to
correlate the secismic V sequences from the VLB to the CRP
drill sites on Roberts Ridge [Davey et al., 2001]. This effort
resolved the ambiguities in seismic stratigraphy on Roberts
Ridge pointed out earlier by Henrys et al. [1998]. The seismic
reflections  were correlated to the drilling results by
computing synthetic seismograms using velocity data from
hole CRP-2 [Henrys et al., 2001] and vertical seismic profiles
in CRP-3 [Cape Roberts Science Team, 2000].

In our study we identified the V3-VS and V7 sequence
boundaries of Cooper et al. [1987] according to new
interpretations of scismic data on Roberts Ridge [Davey ef al.,
2001]. We defined a series of subsequences (V4a, V4b, V5a,
V5b, V5c, V7a, and V7b) on the basis of high-amplitude
reflections that show distinct characteristics and/or bound
seismic sequence stratigraphic units (Figure 2).

3.1. V3/V4a Boundary

Our V3/V4a boundary was sampled by CRP-2/2A and dated
at ~21 Ma [Fielding and Thomson, 1999]. In the northern part
of the study, V3 onlaps V4a, and both units show evidence for
glacial erosion.

3.2. V4a/V4b Boundary

We interpret the V4a/V4b boundary as an angular
unconformity that coincides with an abrupt change in "clast
and grain parameters” at 307 m below seafloor (mbsf) in the
CRP-2/2A core hole [Fielding and Thomson, 1999; Smellie et
al, 1999]. Henrys et al. [2001] present a synthetic
seismogram where top V4b is interpreted at 270 mbsf in CRP-
2/2A. This conflict is explained if their seismic correlation is
one cycle too shallow. Drilling results date the oldest
sediments above the 307 mbsf unconformity separating Véa
and V4b in CRP-2/2A as 24.1 Ma [Cape Roberts Science
Team, 2000]. The youngest dated sediments below the
V4a/V4b boundary are in VSa and are ~29 Ma (Figure 2)
[Cape Roberts Science Team, 2000]. On Roberts Ridge the
V4a/V4b unconformity reflection onlaps the V4b/V5a
boundary to the west (Figure 4).
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3.3. V4b/V5a Boundary

Unit V4b thickens toward the ecast into the VLB. It is
separated from V5a by a sequence boundary that is an onlap
surface corresponding to 443 mbsf in CRP-2/2A and to the
" late-early Oligocene boundary [Fielding and Thomson, 1999].
Davey et al. {2001] interpret the V4b/VSa boundary as RSU6,
a regional sequence boundary defined in the Eastern Basin by
Hinz and Block [1984]. RSUG is older than 26 Ma, where it
was first defined in the Eastern Basin near DSDP 270 [Hayes
and Frakes, 1975]. Unit V5a crops out at the seafloor on the
western side of Roberts Ridge and gradually thickens
eastward, similar to V4b. The oldest strata sampled by CRP-
2/2A were within the VSa unit and werc dated at > 29 Ma
(early Oligocene [Cape Roberts Science Team, 2000]). Hole
CRP-2/2A recached 624 m below seafloor.

3.4. Subdivisions of V5

We subdivide VS mto subunits  V5S5a, VSb, and VSc,
separated by strong reflections. Unit V5 is several kilometers
thick in the VLB, and these subdivisions allow us to discuss
the timing of initial erosion in the TAM and deposition in the
VLB. The velocity and two-way travel times derived by the
Cape Roberts Science Team [2000] indicate that the reflection
at the top of V5b may be an increase in velocity at a
conglomerate bed near 100 mbsf in CRP-3 (their reflector
"p"). It is difficult to trace the top VSc reflection to CRP-3,
but it may be the top of high seismic velocity conglomerates
near 770 mbsft in CRP-3 (Cape Roberts Science Team [2000]
their reflector "w"). The V5b and VSc strata (Figure 5) thicken
cast toward the western VLB, wherc deformation of V5Sb is
limited to gentle tilting and minor (300 m or less) separations
across high-angle faults [c.g., Cooper et al., 1987].

3.5. Correlation to Cape Roberts Rift Basin

The numerous unconformities, faults, and igneous
intrusions offshore Cape Roberts made it difficult to corrclate
seismic reflections continuously across the CRRB. We
interpret the reflective sequences in the upper 150 ms TWTT
in the southern part of the CRRB to be a veneer of Quaternary
(7) glacial sediments. A thin remnant of more reflective V4b
strata is bounded above and below by unconformities in the
CRRB. We correlate high-amplitude reflections seen below
these sequences to be the eroded top of the V5a unit (Figure
5). The V5b unit can be traced into the basin across the west
dipping faults on Roberts Ridge; however, this unit is poorly
imaged. Cooper et al. [1987] have also interpreted VS5
(undifferentiated) in the CRRB. We are unsure where top V5c
is in CRRB, so we do not attempt to differentiate it there.
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3.6. Acoustic Basement, V7a and V7b

Reflections from acoustic basement are seen under Roberts
Ridge and in the CRRB (Figures 4 and 5). Cooper et al.
[1987] interpreted an acoustic basement reflection (V7) as the
Beacon Supergroup offshore Cape Roberts. They interpret V7
between 2.5 and 2.8 s TWTT beneath CRRB and beneath the
crest of Roberts Ridge at 1.4 s TWTT. This V7 reflection,
which is seen at the intersection of seismic lines USGS-401
and 403, is on strike with the location of CRP-3 (location in
Figure 6). V7 picked on the USGS lines ties to a reflection just
above 1.5 TWTT on NBP9601! line 97 at shot point 2320. We
label this reflection as V7a. CRP-3 bottomed in sandstone
interpreted as Devonian Arena Sandstone of the Beacon
Supergroup [Cape Roberts Science Team, 2000]; this is V7a.
The contact of the Beacon (V7a) with overlying Oligocene (?)
conglomerate units at 823 mbsf is an erosional unconformity
[Cape Roberts Science Team, 2000]. We identify another
basement reflection, V7b, under the east flank of Roberts
Ridge at 2.4-2.5 s TWTT (Figure 4). The reflection character of
V7a and V7b are distinctly different. Although both are
acoustic basement reflections, they are not necessarily the
same geologic unit. V7b on line 97 ties to a reflection on
cross line NBP9601-94 (Figurc 6) that in turn ties to a
reflection interpreted as acoustic basement on IT-69 by Davey
el al. [2001]. Therefore we believe our interpretation of this
reflection is robust. A reflection at 1.8 s TWTT in CRRB may
be Beacon (V7a, Figure 4), but this is much shallower than the
interpretation of V7 by Cooper et al. [1987]. This reflection
could be from volcanic units (V6) instead.

4. Interpretations of Structurc Offshore
Capce Roberts

Our interpretations from the NBP9601 seismic reflection
data suggest the presence of three distinct fault trends: north
to NNW striking and NNE striking normal-separation faults
bordering the CRRB, and ENE striking faults, crosscutting the
graben and Roberts Ridge. A fault map on the top of V4b is
shown in Figure 6. Some of the faults shown in Figures 4 and
5 are not mapped in Figure 6 because these faults do not
offset V4b.

4.1. North to NNW Striking Faults

The major north and NNW striking (labeled A, B, and C)
and NNE striking (D and E) normal faults dip toward the
CRRB and define its V shape in map view (Figure 3). These
faults were not mapped in the glacially eroded trough of the
MacKay Sea Valley due to the lack of E-W seismic profiles

Figure 5. Parallel E-W seismic profiles across the escarpment separating Roberts Ridge (RR) and the Cape Roberts
rift basin. Line 87 is the northernmost, and line 89 is the southernmost (Figure 6). NNE striking, west dipping
normal-separation faults including "D" and "E," and NNW striking flower structures presumed to be right-lateral
faults (e.g., "G") are shown. Beneath Roberts Ridge the V3/V4a boundary is locally scoured, and there is a local
angular unconformity within V4a; V4a/V4b is an angular unconformity, and V4b/V5a is a subtle onlap surface on
these profiles. For line 97, "TB" points to a tilted block, and "FPR" points to a non migrated, west dipping fault
plane reflection. Projected location of drill holes CRP-1 and CRP-2/2A and CRP-3 are shown on line 89 (bottom).
The west dipping fault F is from Hamilton et al., [1998]. This fault is not mapped in Figure 6 because it does not cut
the top of V4b, and its vertical separation deeper in the section is uncertain.
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Figure 6. Fault map on top of seismic unit V4b. Shot points are shown for seismic sections displayed in Figures 4
and 5. Two fault systems striking N-NNW (A, B, and C) and NNE (D and E) outline the V shape of the Cape Roberts
Rift Basin (CRRB). A set of ENE striking faults (J and K) crosses the basin and aligns with right offsets in the NNW
striking faults on the west side of the CRRB, where magnetic anomalies are also present. A complex zone of faults
that cannot be mapped with this line spacing is indicated by the hatched region between faults C and D. Also shown
are seismic lines 1T90-69, PD90-10, PD90-11, and USGS-401 and USGS-403 that are mentioned in the text. The
location of Cape Roberts Drilling Project holes 1, 2/2A, and 3 are shown. Shaded lines are faults proposed by Bozzo

et al. [1997a, 1997b] from aeromagnetic interpretations.

there. However, aeromagnetic data can be interpreted to extend
the N-NNW faults across this valley [Bozzo et al., 1997a,
1997b]. Closely spaced east and west dipping faults (Figures
4 and 5) break the crustal block between faults C and D in the
CRRB. Our line spacing is not close enough to trace these
faults along their strike. We mapped two NNW striking high-
angle fault systems on Roberts Ridge (G and H, Figures 5 and
6). Fault G is mapped between CRP-2/2A and CRP-3 and is

steeply east dipping. It offsets V4a on line 83 [Hamilton et
al., 1998, their Figure 3]. Unit V3 is not present at fault G, so
it is not known if it has displaced younger units. However, V3
shows a minor separation across fault H (Figure 4).

Although both the east and west margins of the CRRB are
bounded by normal faults, the structural styles vary across
the graben. The west side of the basin is bound by steeply
dipping, NNW striking, normal-separation faults that
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juxtapose acoustic basement on the west against stratified
units in the CRRB (for example, fault "B", lines 87 and 97,
Figure 4).

4.2. NNE Striking Faults

NNE striking faults separate Roberts Ridge from the
deepest part of the CRRB (Figures 6 and 7). The vertical
separation of the top of V5Sb across these faults is over 800 m
on line 97 using an average sediment velocity of 3 km/s.
Post-V4b strata are eroded from the lower flank of the west
margin of Roberts Ridge. This precludes identifying the
timing of later activity on these faults. A series of NNE
striking, west dipping faults are interpreted between the
locations of CRP-2/2A and CRP-3. These faults are interpreted
to be truncated at the top of V4b and to have only 10-50 m
vertical separation of reflectors within V5a [Davey er al.,
2001]. One of these faults is shown by Hamilion et al. [1998],
with an uncertain interpretation of its importance (fault F,
Figures 4 and 5). We retain this ambiguity; these faults do not
significantly offset V5a (Oligocenc) and younger units, but
we cannot interpret the amount of scparation of older strata
across them. Fault F may have been drilled by CRP-3, where
~34 Ma conglomerate was recovered both above and below it
[Cape Roberts Science Team, 2000]. 1f V5c is  this
conglomerate, then fault F has limited vertical scparation on
it (Figure 5, line 89).

4.3. ENE Striking Faults

We interpret a third set of faults striking ENE across the
CRRB and Roberts Ridge. Within the CRRB, these faults have
up to 0.2 s TWTT down to the south separation of V5b. Across
Roberts Ridge, any separation of the top V4b and of
reflections within early Miocene V4a cannot be resolved. The
larger of these faults (K in Figure 6) projects southwest to
align with right offsets in the NNW striking escarpment on
the west wall of the CRRB. An ENE striking fault at the north
end of the CRRB coincides with a steep bathymetric slope
associated with the south rim of the MacKay Sea Valley (J in
Figure 6). Our seismic interpretations suggest that the ENE
striking faults offshore Cape Roberts align to both the ENE
striking New Glacier Fault [Gunn and Warren, 1962] and the
ENE trending MacKay Glacier Fault onshore (Figure 1).

Two intrusive bodies are interpreted on the western margin
of the CRRB where right steps are present in the NNW striking
faults (Figure 6). These interpretations are based on magnetic
field data from the NBP9601 cruise that show anomalies here
that are >100 nT. A similar pattern of right-stepping NNW to
NW striking faults and ENE striking faults was interpreted by
Bozzo et al. [1997a, 1997b] on the basis of aeromagnetic data
(Figure 6).

5. Discussion: Structure and Tectonics
Offshore Cape Roberts

5.1. McMurdo Sound Fault Zone

The prominent NW and NNW striking faults mapped along
the western side of the CRRB parallel the Transantarctic
mountain range. We believe that the NW and NNW striking
faults on the west side of the CRRB played the major role in
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TAM uplift in this arca (Figure 6, faults A, B, and C).
Crystalline basement is exposed at the coast at Cape Roberts.
Acoustic basement on the CRRB flank at the west end of the
NBP9601 seismic profiles is assumed also to be crystalline
(Figure 4). Acoustic basement in the CRRB, or top V7, which
was interpreted by Cooper et al. [1987] to be Paleozoic
sedimentary rocks of the Beacon formation, is identified by
them at between 2.5 and 2.8 s TWTT on line USGS-403 (Figure
6). The range in reflection depths to V7 (our V7a) in the
southern CRRB is 1.8 s TWTT (see section 3.6) to 2.8 s TWTT
[Cooper et al., 1987]. Average interval velocities for V5a in
CRP-2/2A range from 2.4 to 3.7 km/s [Henrys et al., 2001} and
are similar for V5b in CRP-3 [Cape Roberts Science Team,
2000]. Using the interpretation of Cooper et al. [1987] and
these velocities and allowing for travel time in the water layer,
the depth of basement beneath CRRB ranges between 1.9 and
4.5 km. Assuming that V7 of Cooper et al. [1987] is the top of
Beacon sedimentary rocks and adding 4.5 km of denudation
in the TAM calculated from fission track data by Fitzgerald
[1992] nearby at Cape Roberts gives a vertical offset for these
rocks in the CRRB of between 6.4 and 9.0 km, or greater if the
interval velocity of overlying unit V5 is greater.

Considering that few if any NNW striking normal faults
have been mapped onshore in the TAM Front here [Wilson,
1995; Turnbull et al., 1999], we infer that this vertical
separation occurred across the NNW striking faults A, B, and
C in the CRRB alone. Whether similar fault systems exist
elsewhere along the entire TAM Front is not fully known.
Barrett et al. {1995, Figure 3] show a map that indicates
similar faults on trend with the NW and NNW faults we
mapped both north and south of Cape Roberts, encompassing
150 km length. The fault system extends south of the Ferrar
Glacier near CIROS-1 (Figure 1). We recognize this fault set as
a major feature controlling the uplift of the TAM and here
name it the McMurdo Sound Fault Zone. We interpret that
activity on the McMurdo Fault Zone likely began no earlier
than latest Eocene time (see section 5.3).

This structure could be similar to an unnamed fault zone
mapped along the TAM Front near 85°30'S by Barrett [1965].
He estimated 3-5 km of vertical separation on this fault.
Salvini et al. [1997, Figure 3] show a major normal fault that
follows the coast from the south end of McMurdo Sound
north to where it buts into the Priestly Fault in Terra Nova
Bay in northern Victoria Land (~270 km north near 74°30'S).
They show seismic line IT9OAR-64 crossing this fault near
75°S [Salvini et al., 1997, Figure 5] where it displays offset of
late Cenozoic strata. They point out that north trending faults
like this one in the western Ross Sea faults are older than late
Cenozoic and have been reactivated in places. Without further
study it is not clear if this fault and those mapped by others
are the same as the McMurdo Fault Zone we show here.

Besides the McMurdo Sound Fault Zone, there is evidence
for a possible detachment fault zone under Roberts Ridge in
the form of a subhorizontal reflection (V7b) beneath 2.4 s
TWTT on line 97 (Figure 4). This reflection can be tied to line
94 and IT-69 as we mentioned above. The thermal model for
uplift of the TAM, proposed by Stern and Ten Brink [1989],
requires the presence of a master set of NNW striking TAM-
parallel normal faults, while the model of Fitzgerald et al.
[1986] allows for a family of normal faults along the TAM
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front above a west dipping detachment. Our observations
alone cannot distinguish between these proposals. However
our seismic data support the existence of both fault systems.
We interpret the reflections from the top of V7a (Beacon
sandstone) to dip to the east-northeast and to intersect the top
of the acoustic basement reflection V7b beneath Roberts
Ridge (Figure 4). We suggest that reflection V7b represents a
low-angle upper crust detachment fault that extends to the
west and controls movement on the west dipping NNE
striking faults along Roberts Ridge. What is not seen is the
relation  between this interpreted detachment and the
McMurdo Sound Fault Zone, which cuts which, or if the
McMurdo Sound Fault Zone includes the breakaway fault for
the detachment. There may be other detachments at deeper
structural levels beyond the resolution of the seismic data.

5.2. Oblique Rifting in Western Ross Sea

We propose that there is structural evidence at Cape
Roberts and in the CRRB for Cenozoic oblique rifting along
the western Ross Sea margin. Striated  fault surfaces in
southern Victorta Land and onshore Cape Roberts [Wilson,
1995] indicate NW-SE extension, requiring oblique rifting
along the NNW striking TAM Front. Evidence for Cenozoic
oblique rifting in the Ross Sca is shown by dextral offsets of
prominent N-S trending basins across NW-SE striking faults
fe.g., Salvini et al., 1997]. Further, the NNW and NNE striking
fault patterns offshore Cape Roberts resemble fauits in
analogue models and field examples of faulting in highly
oblique rift systems [Withjack and Jamison, 1986; Tron and
Brun, 1991; Chorowicz and Sorlien, 1992; Clifton et al,
2000; Withjack et al., 1999]. There is a similarity between the
orientation of the NNE and ENE striking faults offshore to
thosc mapped onshore [Wilson, 1995]. The fact that our
mapped NNE striking faults offset Oligocene strata (V4b and
V5, Figure 4) supports Wilson's [1995] interpretation that the
striations along similarly oriented fault trends in the TAM
Front are Cenozoic in age.

The ENE striking faults on Roberts Ridge (north of line 86,
Figures 6 and 7) cut the early Miocene unit V4a with minor
separation and therefore continued to be active later than the
minor NNE striking faults located between CRP-2/2A and
CRP-3 (e.g., fault F in Figure 5). However, these younger strata
are eroded from above the major NNE striking faults D and E,
so there are no firm constraints on the timing of activity on
these faults that have larger separation. Although we know
that there was only minor tilting of V4a in the footwall of
these faults, we cannot rule out (minor) Miocene activity on
them. Hamilton et al. [1998] interpret the ENE striking faults
as left-oblique transfer faults linking NNW striking faults
that parallel the TAM Front (A, B, and C) to faults east of
Roberts Ridge that are presently unmapped. Fitzgerald
[1992] proposed that transfer faults might set up major
outlets for glaciers that cut the TAM. ‘

Salvini et al. [1997] made the observation that Cenozoic
volcanoes developed at steps in the trends of NW-SE right-
lateral faults along the western Ross Sea margin. At Cape
Roberts, magnetic anomalies occur on the western margin of
the CRRB associated with right steps in the major NNW
striking faults (Figure 6) [Bozzo et al, 1997a, 1997b]. We
interpret that these right steps occur at intersections of ENE-
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striking faults. The right steps in the NNW striking right-
lateral faults are interpreted as releasing bends or pull-aparts
where crustal extension has been localized [Crowell. 1974].
Magma has ascended where a pull-apart motion occurred
during late Oligocene to early Miocene oblique rifting. The
CRP-2/2A drill site encountered volcanic ash layers dated at
21.44 + 0.005 and 24.22 + 0.06 Ma by the 40Ar/3%Ar method
[Fielding and Thomson, 1999]. We suggest that the late
Oligocene and carly Miocene volcanic detritus sampled in
CRP-2/2A reflects volcanism during oblique rifting in the
western Ross Sea.

Our model for the formation of Roberts Ridge and the
CRRB (Figure 8) suggests that the NNW striking faults on the
western side of the basin represent a breakaway zone of the
TAM Front. The NNE striking faults delimit individual east
tilted fault blocks within an extended rift. NNE striking faults
may have accommodated a minor clockwise wvertical axis
block rotation typical to dextral oblique rifts [Luyendyk,
1991; A. Clifton and M. Withjack, oral communication,
1999]. This structural model is consistent with a NW-SE
oriented dextral transtensional shear regime involving NNW-
SSE oblique right-lateral faults, NNE striking normal faults,
and ENE striking left lateral faults [e.g. Wilson, 1995].

5.3. Age and Stratigraphic Control for Victoria Land Basin

The correlation of seismic reflections from the VLB to the
drill sites CRP-1 and CRP-2/2A on Roberts Ridge by Davey et
al. [2001] shows that the V3-V5 sequences are much younger
in age than originally interpreted by Cooper et al. [1987].
This indicates that much of the fill of the VLB is also younger
than thought. The uplift and denudation of the TAM near
Cape Roberts began at 55 Ma [Fitzgerald, 1992], so late
Eocene sedimentation rates may be as high as Oligocene rates
documented at CRP-2/2A. Correlation of the V units from
Cape Roberts into the VLB suggests that more than one half
of its 14 km of basin fill [Davey and Cooper, 1987; Cooper et
al., 1987] may be latest Eocene and younger in age [Davey et
al., 2001]. The start of major Cenozoic subsidence in the VLB
probably coincides with increased uplift of the TAM in the
Eocene and is an isostatic response to the load of
accumulating sediments in the basin supplied from the TAM
[Stern and Ten Brink, 1989; Ten Brink et al, 1997].

The Cape Roberts Science Team [2000] found ~34 Ma
breccia and conglomerate in CRP-3 in contact at 823 mbsf
with sandstone presumed to be from the lower part of the
Devonian Beacon Supergroup known from the TAM. They
interpret USGS-403 of Cooper et al. [1987] to show that CRP-
3 drilled the oldest strata in VLB. They hypothesize that
subsidence in this part of VLB did not begin until the end of
Eocene time and continued until Miocene time (17-16 Ma),
when it stopped. Our interpretation of the beginning of
subsidence is different. We interpret much of V5c to onlap the
progressively east tilting western flanks of VLB, so that only
the youngest part of V5c¢ is present at CRP-3, with the older
sediments not being present. Firzgerald [1992] indicates
denudation of the adjacent part of the TAM starting at 55 Ma.
Material croded from the TAM and the future site of CRP-3
nceds to have been deposited somewhere, and we suggest that
this was the VLB. We suggest that Eocene strata are present in
V5c¢ within the VLB. We further speculate that initial uplift of
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the TAM was broad and associated subsidence was displaced
east of the future location of the CRP holes on Roberts Ridge
(Figure 8a). Perhaps this tectonism was related to slip on a
low-angle (detachment) fault sytem originating at the east
side of the VLB and extending westward under the TAM. Only
later, at the end of Eocene time, did the McMurdo Sound Fault
Zone become important, leading to subsidence of the CRP-3
site. Otherwise, if the McMurdo Sound Fault Zone was active
earlier, Eocene sediments would have accumulated offshore
Cape Roberts.

5.4. Cape Roberts Rift Basin and Uplift
of the Transantarctic Mountains

Our seismic interpretations suggest continuous tilting of
both latest Eocene and Oligocene strata on Roberts Ridge,
inferring uplift of the TAM during this period (Figures 4 and
8). During Eocene-late Oligocene phases of E-W extension in
the western Ross Sea the future location of the CRRB was on
the west flank of the VLB (Figure 8). Movement on the NNW
striking McMurdo Sound Fault Zone could have begun as
carly as latest Eocene time. We propose that the NNE striking
(west dipping) faults were most active in Oligocene time and
ceased activity around 24 Ma.

The CRRB became a separate basin during Oligocene time
(Figure 8). A thick and laterally extensive occurrence of V4a
and V4b units is not seen within the CRRB. This suggests
that these stratigraphic units were eroded off during uplift of
the TAM or that deposition of these units did not occur in the
CRRB. However, it is more likely that these units were
deposited in the CRRB and removed from the basin by later
glacial erosion (Figure 8).

A detachment fault extending to the west under the TAM
Front, possibly related to uplift in the TAM and subsidence in
the VLB, may have directly controlled movement of NNE
striking faults (Figure 8). We suggest that the increase in
tilting of V sequences with increased depth on Roberts Ridge
and the presence of strata that thin to the west onlapping onto
sequence boundaries represent continued uplift in the TAM
into the late Oligocene. The overlying V3 and V4a units
above the angular unconformity between V4a and V4b
display much less tilting, inferring a decrease in uplift rate in
the TAM at the time when they were deposited.

5.5. Rifting and Plate Tectonics

The Cenozoic tectonic history of the CRRB, Roberts Ridge,
and the TAM and can be tied to plate tectonic events in the
southwest Pacific. At Cape Roberts we believe the significant
events are uplift of the TAM during Eocene through late
Oligocene time, followed immediately by a change in
extension direction from E-W to NW-SE and the formation of
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the CRKB. The initiation of an Eocene E-W rifting phase has
been linked to uplift of the TAM starting at 55 Ma and to
changes in the Australian-Antarctic spreading patterns in the
northern Ross Sea between 55 and 45 Ma [Fitzgerald, 1992;
Davey and Brancolini, 1995]. Seafloor spreading across the
Adare Trough (Figure 1) [Cande et al., 2000; Stock and
Cande, 1999, 2001] must have affected rifting across the
western Ross Sea. Magnetic lineations in the Adare Trough
suggest that 180 km of E-W seafloor spreading occurred
between 43 and 26 Ma [Cande et al., 2000; Stock and Cande,
1999, 2001]. Cande et al. [2000] discuss a possible
additional 25 km of extension between 53 and 43 Ma using
an alternate anomaly interpretation. Adare Trough spreading
may have been preceded in the western Ross Sea by extension
in early Eocene time that marked the beginning of uplift of
the TAM. It seems likely that Adare Trough spreading can
account for the events offshorc Cape Roberts and the
extension implied for the VLB and the large thickness of
Oligocene (and older) sediments in it.

An early-middle Cenozoic extension phase has been
interpreted in other areas in the Ross Sea [Marks and Stock,
1997] that predates unconformity RSU6 [Hinz and Block,
1984]. This unconformity is defined as being older than 28-
26 Ma in the Eastern Basin [Busetti and Cooper, 1994]. Davey
et al. [2001] interpret the V4b/V5a boundary on Roberts
Ridge as RSUG; it is also possible that the V4a/V4b
unconformity is RSU6. Nevertheless, the end of Adare Trough
spreading corresponds in time with unconformities on
Roberts Ridge and, in the case of the V4a/V4b angular
unconformity, the end of tilting here and possibly the end of
uplift of the TAM (Figure 8). Behrendt and Cooper [1991]
proposed that uplift of the TAM continued into Recent time,
but stratigraphic relations on Roberts Ridge suggest that
uplift of the TAM here ended long before present day.

As spreading in the Adare Trough and western Ross Sea
decreased and ended at ~26 Ma [Cande et al., 2000], a change
from E-W oriented rifting to NW-SE rifting occurred [Salvini
et al., 1997; 1998]. The E-W rifting was oriented orthogonal
to the TAM trend, but the NW-SE oriented extension was
highly oblique to its trend. This change in extension
direction also ended the main phase of uplift of the TAM.
Oligocene time is also marked by another major plate
reorganization in the southwest Pacific when the Pacific-
Australia boundary moved into New Zealand to initiate the
Alpine fault {e.g., Kamp and Fitzgerald, 1987].

6. Conclusions

The NNW striking fault system bounding the CRRB on the
west that we have named the McMurdo Sound Fault Zone is a
master fault zone for the uplift of the TAM. This system may:

Figure 7. View to northwest of interpretation of the top 2 s TWTT of NBP9601 profiles across Roberts Ridge, Cape
Roberts Rift basin, and the McMurdo Fault Zone along the front of the Transantarctic Mountains. Faults are labeled
with the same letters as in Figures 4-6. The stratigraphic interpretation has been extended to CRRB and to additional
profiles on Roberts Ridge from that of Davey et al. [2001]. (A version of this figure with color interpretation and the
uninterpreted color graphics files of the reflection profiles that make up this figure are available on the web at the
UCSB Cape Roberts website, http://www.crustal.ucsb.edu/caperoberts as supplemental data.) Not all faults shown are
on the fault map (Figure 6) because some do not offset the mapped top V4b horizon and others cannot be mapped

because the seismic profiles are not spaced closely enough.
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Figure 8. A model of the Cenozoic evolution of the Cape Roberts Rift Basin (CRRB) in relation to the
Transantarctic Mountains (TAM), Roberts Ridge (RR), and the Victoria Land Basin (VLB). MCMFZ is McMurdo
Sound Fault Zone. E-W orthogonal extension commences in the western Ross Sea, and crustal extension occurs in a
low angle detachment system; increased uplift in the TAM is accompanied by subsidence of the VLB starting at 55
Ma (Figure 8a). The CRRB begins to develop at 34-29 Ma, and MCMFZ is most active (Figure 8b). End of tilting on
RR, subsidence of CRRB, and uplift of TAM and start of a period of oblique extension occur (Figure 8c). An angular
unconformity developed at 24 Ma. Uplift decreased in the TAM, and pull-apart structures accommodated magmatic
intrusions on the western margin of the CRRB (Figure 8d). Glacial activity eroded sequences in the CRRB and on
Roberts Ridge.
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have from 6 to 9 km of vertical separation on faults A, B, and
C in the CRRB (Figures 6 and 7). Thercfore the relief in the
TAM here is duc to movement on faults that arc now offshore.
During Eocene and later time, strata were shed off the
denuding TAM and filled the decper and larger VLB to the
east of Cape Roberts. The McMurdo Sound Fault Zone and
NNE and ENE striking faults became active during Oligocene
timc and dcfined the CRRB and Roberts Ridge. The
unconformity between V4a and V4b is interpreted by us to
indicate the end of a phase of uplift of the TAM and tilting on
Roberts Ridge in late Oligocene time. We also interpret a
change from E-W to NW-SE rifting in the western Ross Sea
across this unconformity. This unconformity coincides with
the end of spreading in the Adare Trough, indicating an
approximatc corrclation between spreading north of the Ross
Sca and faulting in the VLB. The ENE striking faults that cut
Roberts Ridge and the CRRB have continued motion into
Miocene time. Dextral oblique movement on the NNW
striking faults resulted in a releasing or pull-apart geometry
across right steps in the faults that allowed volcanism along
the western margin of the CRRB in Late Oligocene and
Miocene time.

The fault sets offshorc of Cape Roberts define a pattern
consistent with transtensional dextral shear oriented NW-SE.
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