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GEOLOGY OF THE MARGIN OF THE VICTORIA LAND BASIN

OFF CAPE ROBERTS, SOUTHWEST ROSS SEA

P.J. Barrett,! S.A. Henrys,” L.R. Bartek,® G. Brancolini,* M. Busetti,*
F.J. Davey,2 M.J. Hannah,! A.R. Pyne,’

This paper reviews current geological knowledge of the southwest margin of the Ross Sea. Here,
strata of the Victoria Land basin are faulted along the flanks of the Transantarctic Mountains,
which themselves are underlain by 180 my and older pre-rift rocks. ?Late Cretaceous to Paleogene
rocks of basin-wide seismic sequences V3 to V5 rise to the sea floor close to the mountains and
dip gently east beneath younger strata in the basin center. About 400 square km off Cape Roberts
have been mapped, and a geological history inferred from ages and lithologies from correlation
with the nearby CIROS 1 drill hole as well as comparison with sequences in the New Zealand
region. On this basis, we believe that sediment first accumulated on the margin of the Victoria
Land basin as breccia filling local half grabens at some time between 105 and 55 Ma. Coastal coal
measures, shallow marine sandstone and deep-water mudstone of ?Late Cretaceous to early
Oligocene age followed. The earliest history is represented by V5, as yet unsampled, but with its
potential for revealing early rift tectonism, climate and sea level change. The overlying V4
comprises in its upper part at least over 300 m of deep water mudstone from mid-Eocene to early
Oligocene age with ice-rafted debris throughout. The substantial shallowing at the base of V3 at
30 Ma may be of both tectonic and eustatic origin. V3 is a late Oligocene-early Miocene shallow
water sequence of diamictite, sandstone and mudstone, providing the best record thus far of the

first extensive ice sheet development in the Ross Sea sector of Antarctica.

INTRODUCTION

Cape Roberts lies on the western boundary of the
West Antarctic Rift System [Tessensohn and Wérner
1991; Behrendt et al., 1991]. West of the cape, the
Transantarctic Mountains rise to elevations of around
2500 m 50 km inland, beyond which the land surface
sinks beneath the East Antarctic ice sheet (Figure 1).
Offshore, the sea floor falls away to form a broad
trough whose axis lies parallel to the coast 100 km
away and at depths of 900 to 1000 m.
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The bathymetric trough off the Victoria Land coast
can be seen from seismic profiles (Figure 2) to follow
the trend of a much older feature now filled with
sediment 10 to 14 km thick, the Victoria Land basin.
This basin is the westernmost of four north-south
trending basins formed by extension of the Ross Sea
region (Figure 1). The younger strata in these basins
have been drilled on Deep Sea Drilling Project (DSDP)
Leg 28 [Hayes et al., 1975] in the eastern and central
basins and the MSSTS-1 and CIROS-1 drill holes of the
New Zealand Antarctic Programme (NZAP) in the
Victoria Land basin [Barrett, 1986, 1989], and found
largely to comprise glacial and glacial-marine strata of
Oligocene and Miocene age, with thin patchy Pliocene
and Pleistocene sequences [reviewed by Anderson and
Bartek, 1992, Hambrey and Barrett, 1993]. The older
strata have yet to be sampled.

The purpose of this paper is to review the geological
setting of the Victoria Land basin margin and the
information, both direct and circumstantial, currently
available about the older strata off Cape Roberts.
Single- and multi-channel seismic surveys have provided
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Fig. 1. (a) The Ross Sea region, showing the location of Cape Roberis in relation to the West
Antarctic Rift System, the Transantarctic Mountains and sedimentary basins in the Ross Sea [after
ANTOSTRAT, This volume]. (b) Section from the East Antarctic Ice Sheet across the Transantarctic
Mountains and the Victoria Land basin [after Cooper and Davey, 1987]. Vertical exaggeration is 10:
1. The section is expanded in Figure 2.
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Fig. 2. Seismic profile across the Victoria Land basin with its landward end just north of Cape
Roberts (USGS line 403/404 after Cooper et al. [1987]). The profile shows the oldest seismic-sedi-
mentary sequences in the basin (V4 and V5) exposed at or near the sea floor off Cape Roberts.
Vertical exaggeration is 2:1. The stratigraphy of the basin is outlined in Table 1.

TABLE 1. Seismic stratigraphy of the Victoria Land basin [after Cooper and Davey, 1987]. Modified to take into account
seismic correlation of the Cape Roberts sequence with CIROS-1, and the revision of the age of the lower part of the hole

[Hannah, 1994]

Unit

Thickness Velocity Age Lithology
(km) (km/sec)

Vi <12 1.72.3 mid Pliocene to Recent Glacial marine'sediments
A\ 0.2-1.3 2.1-2.9 mid Miocene to Pliocene Glacial marine sediments
V3 0.3-2.5 2.7-4.1 late Oligocene to early Miocene Glacial marine sediments
V4 <1 4.0-4.9 early Oligocene and older Marine sediments?
\'A] <8 4.5-5.6 Cretaceous to early Paleogene Marine sediments?
V6 <8 Paleogene-Recent Basaltic volcanics
\'%4) 5.0-7.4 Precambrian-mid Paleozoic Basement
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enough data for the mapping of several stratigraphic
units over an area of several hundred square km. They
show a sequence that crops out at or near the sea floor
and dips east at around 2° (Figure 2). This geometry
has made possible the sampling of over 1500 m of strata
by drilling from the fast ice, planned for 1996 and 1997
as the Cape Roberts Project [Barrett and Davey, 1992;
International Steering Committee (ISC), 1994]. The
results of this review indicate that the strata are well
placed to record the history of polar climate and Ross
Sea tectonism in early Cenozoic and possibly Late
Cretaceous times.

GEOLOGICAL SETTING

The eastern margin of the Transantarctic Mountains
has long been recognized as the morphological and
geological boundary between East and West Antarctica
[David and Priestley, 1914; Taylor, 1922], and in the
last 2 or 3 decades the margin of a major continental
rift system [Tessensohn and Worner, 1991; Behrendt et
al., 1991]. Recent studies have identified the boundary
as a narrow zone of crustal thinning, from 35 km
beneath the Transantarctic Mountains to 20 km beneath
the western Ross Sea [reviewed in Bentley, 1991]. This
corresponds to the change in surface elevation from
flat-topped mountains and plateaus averaging 2000 to
3000 m in elevation to submarine basins reaching over
1000 m below sea level.

The Transantarctic Mountains in southern Victoria
Land comprise a basement, exposed in the coastal
foothills, of late Precambrian metamorphic rocks (Koett-
litz Group meta-turbidites, Skelton Group meta-shelf
carbonates) intruded by granitoids of the Granite Har-
bour Intrusives in Ordovician times [Laird, 1991].
These were subsequently covered by the slow accumula-
tion of flat-lying largely terrestrial strata, the Beacon
Supergroup [Barrett, 1991] for a thickness of more than
2 km from early Devonian to late Triassic times. Sedi-
mentation took place in a broad back-arc [Collinson et
al., 1994] or intracontinental [Woolfe, 1992] basin sited
largely along the present Transantarctic Mountains but
extending across the present coast into the Ross Sea.
The basin was sourced both from the East Antarctic
craton and eastern Ross Sea. Beacon sedimentation
ended around 180 Ma ago with the eruption and intru-
sion of tholeiitic magma - Kirkpatrick Basalts and
Ferrar Dolerite [Kyle et al., 1981]. The latter form
extensive sills whose resistance to erosion has resulted
in the plateau topography that characterizes the Trans-
antarctic Mountains, The formation of the West Antarc-
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tic Rift System and the Victoria Land basin is presumed
to post-date this major igneous event.

The main morphological features of the western
margin of the rift system in McMurdo Sound are shown
in Figure 3 and a new compilation of the bathymetry in
Figure 4. The features are from west to east:

- the Transantarctic Mountain Front, a north-trending
30-km wide zone of subparallel en echelon faults
representing the edge of the gently tilted and raised
crustal block;

- Roberts Ridge, an offshore bathymetric high whose
crest reaches to within 150 m of sea level and is formed
by old eastward-dipping strata of the Victoria Land
basin (truncated to the north by the Mackay Sea Valley,
presumed to be carved by Pleistocene ice during periods
of glacial advance, and broadens into a shallow platform
200 m below sea level in western McMurdo Sound to
the south);

- Erebus Basin, a broad trough almost 1000 m deep
centered 100 km east of the Transantarctic Mountain
Front and over the Victoria Land basin (basin largely
structural in that sea floor topography follows dips of
Miocene and older strata beneath - axis parallels the
Transantarctic Mountain Front and can be followed 200
km north into the Drygalski Trough);

- Ross Island, a volcanic edifice in the middle of
Erebus Basin with a volume of several tens of cubic km
above the sea floor (largely a Pliocene to Pleistocene
feature [Kyle, 1990] whose weight has depressed the
crust around it by almost 2 km [Stern et al., 1991] -
similar but smaller volcanic piles, like Beaufort Island
and Franklin Island, have reached the surface on the
eastern flank of the basin to the north).

The change in elevation at the rift margin is primar-
ily the result of faults that run en echelon through the
foothills of the Transantarctic Mountains and are down-
thrown toward the coast [summarised in Fitzgerald,
1992]. The amount and sense of movement, obtained
from both field mapping and thermochronology studies,
and their orientation, indicates their formation by large
scale rifting in a tensional tectonic regime. Faulting
parallel to the coast has also been reported offshore in
both multi-channel seismic survey and single channel
seismic survey seismic profiles offshore [Figure 2,
Cooper and Davey, 1987]. The faults are both normal
and reversed, but always at a high angle (>60°) and
show offsets ranging from tens to a few hundred
meters. Figure 5 is an example that shows faulting to
have persisted over a long period of time, for the faults
there displace not only strata at depth, of probable
Miocene age, but also relatively recent channel fill at
the sea floor, and possibly the sea floor itself.
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Fig. 3. Map of McMurdo Sound area showing the main geological and morphological features. Only
major faults and clearly identified fault segments are shown. Sections of seismic profiles PD90-46

and PD90-11 and IT-69 and IT-71 (Figures 5, 9, 10, 11 and 13), are also marked. CRP 1-4 indicates
the location for a drilling transect off Cape Roberts [ISC, 1994]. Lambert conformal conic projection.

The main bathymetric features of the rift margin off trough immediately offshore recognized on United
Cape Roberts are evident in the map of McMurdo States Geological Survey (USGS) line 403 (Figure 2),
Sound by Pyne et al. [1985], but more detail has been  Roberts Ridge, and the sharp truncation of Roberts
acquired in a survey using the USCGC POLAR STAR Ridge by ice flow down Mackay Sea Valley during
in 1993 [Henrys and Pyne, unpublished data] with periods of more extensive glaciation. The survey also
tracklines at 2 km spacing. Figure 6 shows the main showed bedrock to be within a few meters of the sea
features of the area from these data: the fault-bounded floor over most of the area, presumably from scouring
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from 1980 to 1993. The tracks are shown as an inset. Bathymetric contours at 50 m intervals.
Lambert conformal conic projection.
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Fig. 6. Submarine topography off Cape Roberts, viewed from the southeast. Data from USCGC
POLAR STAR [S.A. Henrys and A.R. Pyne, unpublished].

by Pleistocene ice. This is not so for basins in the
Mackay Sea Valley, where Holocene mud reaches
thicknesses approaching 100 m.

On a larger scale, the crustal geometry across the rift
margin is constrained by free-air gravity measurements
[e.g., Bennett and Sissons, 1984; Davey et al., 1987;
Figure 7a]. They show very large gradients across the
western Ross Sea coast [e.g., Smithson, 1972] and
trending parallel to it and the Transantarctic Mountains.
The major anomalies are the high off the coast at Cape
Roberts with flanking lows over the Transantarctic
Mountains and the Victoria Land basin [Davey and
Cooper, 1987]. The gravity high off Cape Roberts
reduces in level to the north and south. The sharp
reduction in the value of gravity across the Transant-
arctic Mountain Front has been represented by a variety
of models involving crustal thickening and density
changes under the Transantarctic Mountains [e.g.,
Smithson, 1972; McGinnis et al., 1985; Robinson and
Splettstoesser, 1986]. Modelling of the offshore gravity
high [Davey and Cooper, 1987] indicates that it is
associated with the asymmetric crustal thinning under
the Victoria Land basin (Figure 7b). The flanking
gravity lows are explained by crustal thickening and
possibly a reduction in crustal density under the Trans-
antarctic Mountains in the west, and by the younger,
low density, sediments forming the Victoria Land basin

in the east. The models indicate a maximum crustal
thinning to less than 20 km associated with this gravity
high off Cape Roberts,

The western flank of the gravity high shows an
inflection in the profile that has been interpreted by
Bennett and Sissons [1984] off New Harbour and by
Davey and Cooper [1987] off Cape Roberts as the
western margin of the Victoria Land (sedimentary) basin
and probably the fault zone forming the Transantarctic
Mountain Front. In their uplift mode! for the Transant-
arctic Mountains (Figure 8a) Stern and ten Brink [1989]
accept a rift graben mechaiiism for the origin of the
Ross Sea, with the Transantarctic Mountains to Ross
Sea boundary as one flank of the rift. They interpret the
zone of thinning under the Victoria Land basin as a
decoupling zone or free edge between the upflexed
Transantarctic Mountains and the downwarped margin
of the Ross Sea lithosphere. Erosion of the Transantarc-
tic Mountains, sediment loading of the Victoria land
basin and thermal effects are invoked to account for the
amount of uplift and subsidence. Fitzgerald et al. [1986]
thin the Ross Sea with low angle detachment faulting
extending into the lithosphere, the master fault dipping
west under the Transantarctic Mountains to produce the
asymmetric uplift and subsidence (Figure 8b). However,
Stern and ten Brink [1989] calculated that this model
can achieve a maximum uplift of the hanging wall of
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Fig. 7. (@) Free air gravity anomaly map for McMurdo Sound. Contours are at 10 mgal intervals
(modified after Davey ef al. [1987]). Heavy dashed line shows location of section in Fig. 7b. (b)
Gravity model across the Transantarctic Mountain Front and the Victoria Land basin off Cape
Roberts [after Davey and Cooper, 1987]. (i) Observed free-air gravity anomaly. Dots: Bouguer
anomaly overland, crosses: calculated gravny anomaly, solid line: coastline. (ii) Two-dimensional
model. Densities of the layers are in Mg/m Vertical exaggeration is 2.5:1. (. m) Detail of the upper

part of the model in (ii). Vertical exaggeration is

only 1000 m, in contrast to the 5000 m elevation
difference observed between the summit of the Trans-
antarctic Mountains and the Ross Sea floor.

Further evidence of the rift nature of the Victoria
Land coast comes from the high heat flow [twice
normal continental values, Decker and Bucher, 1982]
and the extensive volcanism, which has given rise to 27
known volcanic piles with compositions largely from
basanite to phonolite [Kyle, 1990]. Most are of Pliocene
and Pleistocene age, but some date back to early
Miocene (e.g., Mount Morning). An even older record
of volcanism in McMurdo Sound comes from late
Oligo-cene cores from the MSSTS-1 drillhole, in which
volcanic grains chemically identical to the McMurdo

10:1.

5

Volcanic Group have been described [Gamble et al.,
1986]. In addition, volcanic glass ascribed to the Mc-
Murdo Volcanic Group is reported to a depth of 400 m
(early Oligocene - 35 Ma) in the CIROS-1 drill hole
[George, 1989].

The start of denudation of the Transantarctic Moun-
tains following initial uplift in the McMurdo Sound
region has now been established from apatite fission
track dating as 55 Ma [Fitzgerald, 1992]. The amount
of uplift since then has been estimated at 6 km, though
it is not clear to what extent rates of uplift or denud-
ation varied through time. The timing of the beginnings
of sinking and sediment deposition in the adjacent
Victoria Land basin is much more speculative. It must
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(b) based on lithospheric extension [Fitzgerald et al., 1986].
post-date the 180 m.y. Kirkpatrick Basalts and be older REGIONAL STRATIGRAPHY

than the middle Eocene strata (c. 45 Ma) of V4. Most

likely possibilities are 105 Ma, corresponding to the First knowledge of the stratigraphy off Cape Roberts
first Cretaceous rifting of the New Zealand region came from a seismic survey (Table 2) by USCGC
[Laird, 1993], and 55 Ma, about the same time as first GLACIER in 1980 [D.J. Bennett, unpublished manu-
uplift and denudation of the adjacent mountains. script]. One of the seismic lines ran perpendicular to the
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TABLE 2. Seismic Surveys off Cape Roberts

Year Ship Type Length Reference

1980 USCGC GLACIER SCS 60 km Bennett [unpublished]

1984 RV S P LEE MCS 60 km Cooper and Davey [1987]
1990 OGS EXPLORA MCS 300 km Brancolini et al. [this volume]
1990 RV POLAR DUKE SCS 650 km Bartek et al. lin press]

1993 USCGC POLAR STAR 3.5 kHz 300 km Henrys and Pyne [unpublished]

coast and clearly showed a sedimentary sequence
dipping gently seaward beneath the younger strata in the
basin. At that time, however, the sequence could not be
related to any strata of known age. An earlier seismic
profiling survey had been carried out in McMurdo
Sound by the USCGC Glacier in February 1974 [North-
ey et al., 1975] but this did not extend as far north as
Cape Roberts. This survey was carried out as an adjunct
to the Dry Valley Drilling Project (DVDP) [McGinnis,
1981] for the first offshore drill hole in McMurdo
Sound (DVDP15) in 1976. This hole (Figure 3) reached
just 65 m below the sea floor, recovering only undated
(but probably late Pliocene) basaltic sand [Barrett and
Treves, 1981].

Lithology of strata off the Victoria Land coast was
first revealed with the drilling of MSSTS-1, which
reached 229 m below the sea floor in 1979 [Barrett,
1986]. MSSTS-1 cored through a thin Pliocene to
Pleistocene glacial sequence into a late Oligocene glacial
section, showing the antiquity of Antarctic glaciation in
this region to be similar to the Eastern basin drilled by
the M/V GLOMAR CHALLENGER in 1973 [Hayes et
al., 1975]. The hole intersected the widespread X and
Y reflectors of Northey et al. [1975], indicating that the
Oligocene strata cored in MSSTS-1 were extensive in
the Victoria Land basin.

A regional stratigraphic framework was established
for the Victoria Land basin in 1984 by the R/V S.P.
LEE [Cooper and Davey, 1985, 1987] from 1850 km of
multichannel seismic profiles, along with sonobuoy,
gravity and magnetic data. They recognized a sedi-
mentary and volcanic basin fill 10-14 km thick and six
seismic units (V1-V6) above acoustic basement (V7)
that could be mapped throughout most of the basin
(Table 1).

One area the stratigraphy could not reach with any
confidence was the western shelf of McMurdo Sound,
where MSSTS-1 had been drilled in 1979. Reflection
surveys had revealed a thick flat-lying sedimentary
sequence, but the shallow hard sea floor created diffi-
culties in processing out multiple reflections. However,

this was the only area that was logistically feasible for
drilling from the fast ice, and a further hole was drilled
in 1986. This hole, CIROS-1, was drilled 4 km south of
MSSTS-1 and to a depth of 702 m. It passed through
largely late Oligocene shallow marine-glacial strata (20
to 366 mbsf) and early Oligocene (now revised to
include middle Eocene, Hannah [1994]) deep marine-
glacial strata (366-702 mbsf). Although the late
Oligocene strata in both MSSTS-1 and CIROS-1 were
lithologically similar (diamictite, sandstone and
mudstone) detailed correlation has not been possible.

A further multi-channel seismic survey was carried
out in the southern part of the Victoria Land basin in
1990 by the OGS EXPLORA [Brancolini et al., this
volume]. Several lines intersected off Cape Roberts, one
of which is shown as Figure 9, and these have con-
firmed and extended the regional stratigraphy and
geometry developed by Cooper and Davey [1987]. Of
particular significance are the filled channel bodies
several kilometers wide and 100-200 m thick in the
upper few hundred meters of strata on the western shelf
of McMurdo Sound (Figure 10). Disruption of horizon-
tal stratification by cutting and filling on this scale helps
explain why detailed correlation between the CIROS-1
and MSSTS-1 drill holes was not achieved.

AGE AND CORRELATION WITH CIROS-1

About 650 km of high resolution single channel
seismic data collected from the RV POLAR DUKE in
McMurdo Sound in 1990 [Anderson and Bartek, 1992]
has provided the best basis thus far for correlation
between CIROS-1 on the margin of the Victoria Land
basin and the basin-wide sequences of Cooper and
Davey [1987]. Analysis of these data, which have a
resolution of better than 10 m, has provided a detailed
stratigraphy with 20 distinct sequences labelled from A
to T and each typically a few tens of meters thick
[Bartek et al., in press]. The stratigraphy is best devel-
oped toward the center of McMurdo Sound, but it has
been carried southwest by line PD90-46 (Plate 1) onto
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Fig. 9. Segment of interpreted seismic profile IT-69 showing the strata off Cape Roberts using the

stratigraphy of Cooper and Davey [1987]. Vertical

the relatively shallow western shelf of McMurdo Sound
to the CIROS-1 drill hole, and west onto Roberts Ridge
by line PD90-11 (Plate 2).

Several seismic sequences (N, O, P and Q) can be
traced in lines PD90-12 and PD90-46 into CIROS-1.
Depths determined for sequence boundaries from PD90-

exaggeration is about 2:1.

12 using two-way travel times and a velocity profil
from the CIROS-1 drill hole give values that correspon
roughly to significant lithologic boundaries in the cor
(Figure 11, Table 3). Sequences N and O are each unit
with a thin diamictite at the base overlain by severs
tens of meters of mudstone. Sequence P is a thic
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both the Victoria Land basin stratigraphy of Cooper and Davey [1987] and the sequences of Bartek
et al. [in press]. Vertical exaggeration about 14:1 (water) and 10:1 (rock). See Figure 3 for location.
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extension and the CIROS and MSSTS drill sites. Broad shallow channels of probable glacial origin
are evident in the upper few hundred meters of the sedimentary section. Vertical exaggeration is

about 2:1.

composite diamictite sequence representing many
periods of ice advance, but including a significant
period of retreat half way through, in the form of a
15-m-thick mudstone bed. This is significant because it
shows that resolution of the seismic data is still not
sufficient in places such as this to resolve individual
glacial cycles. Sequence Q is a coarse glaciofluvial
interval that includes two separate glacial events. Its
base represents the first deposition following a mid
Oligocene fall in sea level at the site, thought to corre-

spond to the fall at 30 Ma in the Hagq et al. [1987]

eustatic sea level curve.

The base of Q is correlated with the most geolog-
ically significant boundary in the drill hole at a depth of
366 mbsf. It represents a shift in facies from offshore
marine muddy sandstone to fluvial sandstone and
conglomerate (a shallowing estimated to be at least 300
m [Webb, 1989]), and a time break from 34 to 30.5 Ma
[Harwood et al., 1989]. On the detail of this correla-
tion, the base of Q is marked by a prominent and
persistent reflector that we believe to be the well-
cemented pebble conglomerate beds at around 350 m,
with bulk velocities in excess of 5 km/sec, in contrast
to the average for the interval at 3.5 km/sec (and 2



198

GEOLOGY AND SEISMIC STRATIGRAPHY OF THE ANTARCTIC MARGIN

IAge

Depin o
m

DIAMICTITE & CONGLOMERATE

EARLY
MIOCENE

LATE OLIGOCENE

1400

100

N
—
o
| n—|

200 -

V3

DESCRIPTION

Diamictite, sandstone

Mudstone with rare lonestones.
Mudstone breccia. Diamictite bed

from 80 to 95 m

Diamictite, minor sandstone.
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Lodgement and waterlain till with
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especially from 213 to 227 m.
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meltwater streams with two periods
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with upper 20 m possibly wave-influenced.
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turbidites throughout.
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Fig. 11. Lithology of the CIROS-1 drill core [after Hambrey et al., 1989]. Ages are from Harwood
et al. [1989], apart from the revised mid-Eocene age for the interval from 696 to 500 m by Hannah
[1994]. The Victoria Land basin stratigraphy of Cooper and Davey [1987] and the sequences of

Bartek et al. [in press] are also shown.

km/sec for the underlying mudstone). The seismic
reflector forming the base of Q is thus likely to be the
base of the pebble conglomerate 16 m above the base of
the fluvial interval rather than at the unconformity at
366 mbsf. However, the difference in depth between the
strata causing the reflector and the unconformity is only

twice the resolution of the seismic record, and they may
be taken for practical purposes to be coincident.

The base of Q and the 366 mbsf level in the
CIROS-1 core are also considered to correspond to the
base of V3 in the stratigraphy of Cooper and Davey
[1987] by the following argument. Henrys [in Barrett
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TABLE 3. Seismic sequences of Bartek et al. [in press] from PD90-12 with corresponding facies and ages from the
CIROS-1 drill hole. Interval two way times and velocities are from their Figure 2.

Sequence Interval Calculated  Depth to Age Thick- Facies from CIROS-1
. depth to lithological ness
TWT Velocity base change
2.0 ? 20+ m Diamictite
0.045 48 m 48 m
N 2.0 22-24 m.y. 47 m Mudstone
0.090 90 m 95 m
0 2.0 24-25 m.y. 25 m Diamictite top, then mudstone
0.122 122 m 120 m
| 3.0 25-29 m.y. 165 m Diamictite, minor sandstone,
0.233 289 m 285 m mudstone
Q 35 29-30.5 m.y. 81 m Sandstone, conglomerate,
diamictite
0.263 ? 342 m 366 m 4 m.y. unconformity 134 m Deep water mudstone, some
R 34.5-36 m.y. sandstone and diamictite
? ? ? 500 m 136 m Turbidite sequence, minor
S c.45 m.y. diamictite
? ? ? 636 m
T c.45 m.y. 60 m Deep water mudstone
? ? 696 m
? ? 6 m Dolerite boulder conglomerate
702 m

and Davey, 1992, Figure 3.2, and Plate 2, this paper]
identified the V3/V4 and V4/VS5 boundaries in PD90
tracklines 10 and 11 due east of Cape Roberts, based on
comparisons with USGS line 403, which crossed PD90-
11 and had the ‘V’ boundaries carefully located by
Cooper and Davey [1987]. He then traced the base of
Bartek et al.’s sequence N from PD90-46 to PD90-10
and 11, where it lies 300 m above the base of V3. This
compares with a vertical distance of 252 m (calculated
from velocity) or 286 m (measured from drill hole)
from the base of N to the base of Q at the CIROS-1 site
(Table 3), (base of N to base of Q) in Plate 1 over the
entire distance from east of Cape Roberts to the CIROS-
1 site and beyond, a distance of about 100 km. This
link dates the base of V3 at 30.5 Ma and provides an
age of 34.5 Ma (early Oligocene) for the upper part of
V4.,

Bartek et al. [in press] also compared the thickness
of the sequences below Q (i.e., R, S and T) in PD90-46
with the thickness of strata in CIROS-1 below the
unconformity, and thought it possible that the top of the
boulder conglomerate (base of the deep-water mudstone)
near the base of the drill hole at 696 mbsf could be the
base of T. The thickness of deep-water mudstone in the
lower part of CIROS-1 (330 m) is somewhat less,
though not much less, than the thickness of V4 off Cape
Roberts (430 m thick 15 km offshore and thinning

landward). It is possible, therefore, that the 330 m
interval represents the whole of V4 at the CIROS-1 site,
with a thick fanglomerate section beneath. Alternatively,
the conglomerate from 696 to 702 m, the bottom of the
drill hole, could well be underlain by further Eocene
deep-water mudstone and that prospect in balance seems
more likely, as the conglomerate is interpreted as a
debris flow [Hambrey et al., 1989] (Table 4).

GEOLOGICAL MAP AND CROSS-SECTION

Sufficient seismic profiles have now been collected
to trace boundaries of major seismic units over the area
to the east of Cape Roberts (Figure 12). The strata are
found to strike consistently just west of north and to dip
as a gentle monocline at 2° to the east. Only the older
seismic units have been identified, i.e., V3, V4 and V5
of Cooper and Davey [1987], V1 and V2 having been
largely eroded away in this area. V4 has been sub-
divided into 2 distinct parts, V4a and V4b. Although
these units are capable of further subdivision on single
channel profiles (at least 6 sequences can be recognized
in V3 in some places), trackline coverage is not suffi-
cient to resolve them across the whole area. Facies
inferred for each unit are based on correlation with the
CIROS-1 drill hole 70 km to the south (Figure 11,
Table 3).



200

GEOLOGY AND SEISMIC STRATIGRAPHY OF THE ANTARCTIC MARGIN

TABLE 4. Seismostratigraphy of the Victoria Land Basin and McMurdo Sound

Multichannel survey Single channel survey
[Cooper and Davey, 1987] ([Bartek et al., in press]

CIROS-1 drill hole
[Barrett, 1989]

Sequence Sequence Units Age and Lithology
Vi A-D 1 Quaternary
coarse glacial debris
V2 E-M not present
V3 N-Q 2-17 late Oligocene-early Miocene
diamictite, sandstone, mudstone
V4 R-T 18-21  mid Eocene-early Oligocene
mudstone, turbidite sandstone,
dropstones throughout
V4 or V5 ? 22 2?7?

boulder conglomerate

The sedimentary section is bounded on its western
margin by two subparallel steeply dipping north-trend-
ing faults about 10 km offshore, upthrown to the west
and bringing basement rocks to the sea floor. These are
most likely to be granitoid bodies like the exposures
around Granite Harbour. However, a sizeable positive
magnetic anomaly immediately west of the sedimentary
section has been recognized by Behrendt et al. [1987]
and confirmed by recent German-Italian Aeromagnetic
Research in Antarctica (GITARA) survey, indicating a
more basic intrusive body, perhaps a gabbro.

V5, the oldest sedimentary unit, is of unknown age
and lithology. It underlies the floor of Mackay Sea
Valley, and lies close to the sea floor east of Cape
Roberts but is truncated there by a north-trending fault.
Nevertheless, V5 can be seen in seismic section, and is
estimated reach a thickness there between 2 and 5 km
(Figure 2). The most likely age lies between 105 and 55
Ma (see discussion on comparisons with possible New
Zealand counterparts below). The prospect of Late
Cretaceous strata at the margin of the Victoria Land
basin is supported by the presence of Late Cretaceous
foraminifera in Pleistocene moraines in lower Taylor
Valley 70 km to the south [Webb and Neall, 1972]. The
foraminifers could well have been reworked and carried
west by Pleistocene ice from strata beneath McMurdo
Sound.

V4 is presumed from CIROS-1 to be largely deep
water mudstone of Eocene-early Oligocene age, and
underlies the west flank of the ridge, curving eastward
into the Mackay Sea Valley. However the curve is
solely in response to the bathymetry, for structure
contours on the base of V4 (Figure 12 - inset) indicate

the surface to be a plane dipping gently just north of
east. Isopachs constructed for V4, the only unit for
which both upper and lower surfaces can be mapped
over a significant area, show it to thicken gently sea-
ward from around 430 m at its westernmost extent to
over 500 m, 20 km to the east. The uniformity of
thickness from south to north across the Mackay Sea
Valley indicates that the deposition of V4 predated the
development of the Mackay drainage system, a glacially
ended valley.

V3 is the youngest of the exposed strata of the
Victoria Land basin in the mapped area. The sequence
underlies Roberts Ridge and the area to the east with a
maximum thickness of a little over 200 m attained just
east of the ridge crest. It is inferred to comprise alter-
nations of diamictite, shallow marine mudstone and
sandstone of late Oligocene ‘to early Miocene age,
recording several advances of east Antarctic ice beyond
the mountains and onto the basin floor.

Seismic mapping also shows a thin patch of sediment
deposited over an area of 3 by 10 km on the southern
margin of the Mackay Sea Valley (Figure 12). It is
interpreted as channel fill on the southern margin of the
valley at some time since the early Miocene when the
Mackay Glacier was much more extensive.

COMPARISON WITH SEQUENCES OF
SIMILAR AGE IN NEW ZEALAND

1t has long been accepted that in pre-Cenozoic times
Australia and Antarctica formed the major part of
eastern Gondwanaland with New Zealand and West
Antarctica as the Pacific continental margin [e.g.
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Fig. 12. Geological map and cross-section of strata exposed at or near the sea floor off Cape Roberts
using the stratigraphy of Cooper and Davey [1987]. The map has been constructed largely from 2
north-south (USGS 401, IT-68) and 4 east-west (PD90-10, PD90-11, IT-69, USGS 403) seismic lines.
The only outcrop is a small area of granitoid basement on Cape Roberts. Cross-hatched subcircular
areas within the basement are inferred from magnetic surveys to be basic intrusive bodies.

Units and symbols are as in Figure 2 and Table 1. Major faults and thickness contours (in meters)
for V4 are also shown. Contours in meters below sea level on the base of V4 are presented as an
inset. Vertical exaggeration for the cross-section is 5:1.
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Craddock, 1975; Crook and Belbin, 1978; Bradshaw et
al. 1981}, and reconstructions such as those of Lawver
et al. [1992] indicate that the New Zealand region was
once adjacent to the Ross continental shelf (Figure 13).
In this section, the post-Gondwana fragmentation history
of the better known New Zealand region, from mid
Cretaceous to late Oligocene, is compared briefly with
what is known of the Victoria Land basin margin to
help provide a history for the latter.

The time period from mid-Cretaceous to late
Oligocene has been most recently reviewed as the "third
window" of New Zealand geology [Ballance, 1993a], in
the introduction of a multi-author volume on sedimen-
tary basins of the South Pacific (but mostly New
Zealand) region. According to Ballance, the window
saw the formation of all of the major marginal basins of
the Southwest Pacific. We might therefore expect Ross
Sea basins to have similar histories and features. The
volume provides both histories for individual basins and
regions as well as broader syntheses. Korsch and
Wellman [1988 but written around 1980] provide a
briefer but still current overview.

From around 100 to 25 Ma the New Zealand conti-
nent stretched, cooled and subsided as it separated from
Australia and Antarctica [Ballance, 1993b]. This history
is reflected not only in sediments on the old eastern
(Pacific) margin of the continent through Cretaceous
relict trench fill facies followed by the extensive deep
water Whangai shale of Late Cretaceous and early
Cenozoic age, but also in basins that lay largely within
the continental margins, where a related but somewhat
different sequence of facies is recorded.

The Great South basin off the present southeast coast
of New Zealand is one of a number of basins (others
include the Taranaki and Canterbury basins) that formed
on and around the New Zealand continent following
mid-Cretaceous rifting, and whose pattern of sedimen-
tation might be expected to be comparable with the
Victoria Land basin. Information, largely from oil
company surveys and four drill holes to basement
[Anderton et al., 1982], has been reviewed by Carter
[1988] and Beggs [1993]. Deposition began at around
100 Ma with the Hoiho Sequence [Beggs, 1993] in
active grabens and half grabens during initial rifting
with terrestrial conglomerates and sandy coal measures.
Equivalent onshore sediments are largely conglomeratic,
but include lacustrine facies, which may be more exten-
sive offshore.

The Hoiho Sequence is covered by a regional
transgressive surface that separates it from the overlying
Pakaha Sequence, which ranges in age from Campanian
to late Paleocene (around 85 to 60 Ma). The Pakaha
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Fig. 13. Reconstruction of the Antarctic-New Zealand region
80 million years ago [after Lawver et al., 1992], showing the
proximity of Cape Roberts to strata of similar age in the New
Zealand region.

Sequence comprises a basal shallow marine sandstone
that grades upward and to the southeast into siliceous
and then calcareous mudstone. To the northwest,
shallow marine sandstone appears to grade laterally into
terrestrial coal measures (Figure 14).

The Pakaha Sequence is unconformably overlain by
the Rakiura Sequence, a dark shale over much of the
basin though it grades northwestward into shoreline
facies and southeastward into chalk. This pattern of
lateral facies variation is much the same pattern as for
the underlying sequence. Age ranges from late Pal-
eocene to early Oligocene.

The youngest sequence in the basin, the Penrod,
comprises a thin veneer (typically a few tens of meters)
of late Oligocene and younger carbonate and greensand.
The base of the sequence here is a widespread uncon-
formity that effectively ends a long period of discon-
tinuous transgressive sedimentation that began in the
Cretaceous. A similar break in sedimentation occurs
throughout southern New Zealand about this time and
has been named the Marshall Paraconformity [Carter
and Landis, 1972; Carter, 1985]. It has been linked to
the then 29 Ma mid-Tertiary sea level fall [Loutit and
Kennett, 1981]. Carter [1985] has argued rather persua-
sively for a regional sea-level rise and sediment starva-
tion as its cause, but in many parts of New Zealand the
late Oligocene is characterized by extensive thin (0-300
m) shallow marine bioclastic limestones swept by
currents and possibly waves in a relatively shallow shelf
setting [Nelson, 1978].
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Fig. 14. Thickness and inferred facies patterns for the Pakaha
Sequence (85-60 Ma), Great South basin, from Beggs [1993]
based on Anderton et al. [1982]. The main fault system
parallels the facies boundaries with greatest downthrow across
the paralic to coastal boundary. Lateral facies relationships
may be similar on the margin of the Victoria Land basin.
Thickness contours in meters.

Korsch and Wellman’s [1988] summary of events
known from the New Zealand landmass is similar.
Deposition began with breccias, locally as much as 1500
m thick, in a series of disconnected basement grabens
across the northwest and southeast of the South Island
during the first attempt at rifting of New Zealand from
Australia. This is now dated at 105 +5 Ma (mid-
Albian) [Laird, 1993)]. Renewed extension from 95 to
100 Ma began a new phase of sedimentation with the
deposition of Maastrichtian coal measures followed by
shallow marine sequences of latest Cretaceous to
Paleocene age. As glauconitic sandstone was deposited
onshore, micritic limestones were deposited offshore

203

(Paleocene Amuri Limestone and equivalents). Basins
were deepest in Eocene to early Oligocene times after
which significant shallowing resulted in the extensive
thin shallow marine limestones.

Late Cretaceous and early Cenozoic rifting of the
New Zealand region took place with remarkably little
igneous activity. Late Cretaceous flows and dykes are
recorded from the eastern margin of central New
Zealand but not in the major sedimentary basins or in
early Cenozoic strata [Geology of NZ, 1978]. At the
beginning of this period the Victoria Land basin was
around 1500 km to the south (Figure 13), and part of
the same landmass. As a consequence they may have
shared a similar history of extension, subsidence and
deposition, as outlined below and summarized in table
5. Seismic surveys have shown that the oldest sediments
of the Victoria Land basin were deposited in half
grabens prior to basin-wide sedimentation [Cooper and
Davey, 1987], but none have been sampled or dated.
Nor has it been possible yet to sample the oldest exten-
sive seismic stratigraphic unit, V5. We have considered
the possibility that the 6 m of boulder conglomerate at
the base of the CIROS-1 drill hole could represent the
top of V5, but think it is more likely to be the product
of a debris flow like that which deposited the conglom-
eratic interval from 624 to 630 m [Hambrey et al.,
1989]. By comparison with the oldest strata in a similar
situation in the New Zealand region, we believe V35,
which is 2 to 5§ km thick off Cape Roberts, is likely to
comprise alluvial conglomerates, coal measures and
lacustrine strata at least along the basin margin, though
it could extend into shallow marine sediments, as is the
case for the Great South basin (Figure 14).

A clearer link can be made between the relatively
deep-water mid-Eocene to early Oligocene mudstones of
V4 in CIROS-1 and the Rakiura Sequence of the Great
South basin, and equivalents in other basins on the New
Zealand platform about that time. The unconformity
between early and late Oligocene strata of V4 and V3
also has a New Zealand counterpart in the Marshall
Paraconformity, though their causes might differ.
Furthermore, the overlying sequences in both New
Zealand and the Ross Sea are similar in age (late
Oligocene to early Miocene) and in their relatively thin
condensed shallow marine character. Their marked
difference in lithology (terrigenous with diamictite com-
pared with bioclastic carbonate) is largely a consequence
of latitute and climate.

These comparisons are on a gross scale, and with
facies largely a consequence of tectonic events over a
period of around 80 Ma. However, as methods of
correlation improve, more drill core is recovered and



TABLE 5. Comparison of Cape Roberts strata with sequences of similar age in the New Zealand region

Age Cape Roberts

This paper

New Zealand platform
[Korsh and Wellman, 1988]

Great South basin
[Beggs, 1993]

V3 -¢. 500 m of
diamictite, sandstone
and mudstone

late Oligocene-early
Miocene

V4 - ¢. 500 m of
deep water mudstone,
turbidites

late Paleocene-early
Oligocene
60-34 Ma

Late Cretaceous- VS5 - ¢. 2000-5000 m

early Paleocene of strata of

85-60 Ma unknown offshore
lithology

Late Cretaceous and age

105-95 Ma

Limestone

Deep marine mudstone

Shallow marine sandstone
nearshore and limestone

Coal measures with marine
incursions

Penrod Sequence
10’s of m of greensand, limestone

Rakiura Sequence
0-1500 m of dark shale (nearshore)
and chalk (offshore)

Pakaha Sequence
0-1500 m of shallow marine sandstone
to mudstone with chalk offshore

Hoiho Sequence

0-3000 m of terrestrial conglomerate,
lacustrine beds and coal measures in
half grabens

more detailed work becomes possible, then eustatic and
paleoclimatic influences are likely to become more
apparent. Some time ago a eustatic influence was
postulated for strata in the New Zealand region by Vella
[1967] who proposed eight cycles of sea level rise and
fall between the middle Eocene and early Miocene, but
as Ballance [1993b] notes, there has yet to be a modem
assessment of New Zealand Cenozoic strata in terms of
sequence stratigraphy,

In the Ross Sea, the influence of eustacy combined
with changing styles of glaciation has been invoked for
the interpretation of seismic sequences by Cooper et al.
[1991}], Bartek et al. [1991] and Brancolini et al. [this
volume], though supporting data on age and lithology
are still needed. The potential for progress is indicated
by results from the CIROS-1 drill hole, used here not
only to provide ages and lithologies for widespread
seismic sequences (V3 and V4) but also to link cycles
of glacial advance and retreat with sea level fall and rise
in the late Oligocene section. To extend and fill out this
record, we need more drill sites and seismic data along
with their integration for subsequent interpretion. The
consequent improvement in documentation of Antarctic
ice sheet history can then be used to gauge glacial influ-
ence on eustatic sea level changes through Cenozoic and
possibly earlier times.

SUMMARY

This paper has reviewed current knowledge of strata
on the western margin of the Victoria Land basin off
Cape Roberts and on the edge of the West Antarctic
Rift System. The strata are of interest because they are

the most accessible sequence that is likely to have
recorded the history of Antarctic glaciation and sea level
change for early Cenozoic and possibly older times. The
strata are separated by a zone of faulting and crustal
thinning seaward of the adjacent Transantarctic Moun-
tains, which comprise pre-rift strata 180 Ma and older.

The strata include the basin-wide seismic sequences
V3 to V5 of Cooper and Davey [1987]. Additional
seismic surveys by the R/'V POLAR DUKE and the
OGS EXPLORA in 1990 have enabled correlation of
strata off Cape Roberts with those cored in the CIROS-
-1 drill hole 70 km to the south [Bartek et al., in press;
Brancolini et al., this volume]. This in turn has allowed
us to map the distribution of the Cooper and Davey
seismic sequences east of the main boundary fault off
Cape Roberts over an area of 400 square km.

Comparison with strata and events in the New
Zealand region suggests sediment began accumulating
on the margin of the Victoria Land basin some time
between 105 and 55 million years ago with breccia
filling local half grabens. This was followed progress-
ively some time later by coastal coal measures, shallow
marine sandstone and deep-water mudstone of Late
Cretaceous through to early Oligocene age.

The age and lithology of the oldest seismic sedi-
mentary unit in the basin, V5, is presently unknown,
but is a target for drilling to obtain a proximal record of
early Cenozoic and possibly Cretaceous climate and sea
level change [ISC, 1994]. The later part of the progress-
ive marine transgression fits well with the age and
lithology of V4 based on correlation with the CIROS-1
drill hole. Sequence V4 which comprises relatively deep
water mudstone from middle Eocene to early Oligocene
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in age is thought to correspond to the interval from 366
to 696 mbsf in CIROS-1. The strata in V4 also have
ice-rafted debris throughout, indicating grounded ice at
sea level at least from mid Eocene times.

The younger strata off Cape Roberts, identified as
sequence V3, correspond in CIROS-1 to late Oligocene
fluvial and shallow marine strata recording a number of
glacial advances and changes in sea level with meter-

thick beds of diamictite, sandstone and mudstone. The
base of V3 is considered to be a major unconformity in
the drill hole at 366 mbsf. The substantial fall in sea
level and increase in the proportion of glacial facies at
the base of V3, along with its regional significance of
the boundary, support the correlation of this horizon
with the mid-Oligocene sea level shallowing in the Hag
et al. [1987] eustatic sea level curve. A corresponding
shallowing is recorded at this time in the New Zealand
region by thin but widespread bioclastic limestones.
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