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Foreword

This volume is the [ifth of six issues of Terra Antartica to present the results of the
Cape Roberts Project. In this project the Antarctic programmes of Australia, Britain,
Germany, HNaly, New Zealand, and the United States of America have collaborated to
take aseries of cores off'the Antarctic coast. The coring is being carricd out with adrilling
rig seton the fast sea-ice to investigate climatic and tectonic history of the region (Barrett
& Davey, 1992; International Steering Comitice, 1994).

The firstscason’s dritling in 1997, curtailed ata depth of 148 mbst (imetres below sea
floor) after a storm-generated ice break-out, found a novel sea-ice-{ree carbonate facies
in Quaternary strata and showed the younger part of the dipping strata off Cape Roberts
to be around 17 Ma, some [0 m.y. younger than expected (Cape Roberts Science Teain,
1998; Hambrey, Wise et al., 1998). In the second season, thicker sca ice provided time
to overcomedrilling problems with adifficult substrate, yielding 624 m ot core with over
95% recovery. The occurrence of several volcanic-ash layers, a range of microfossil
taxa, plus dating with Sr-isotopes and magnetostratigraphy, have provided a refined
chronology for the numerous episodes of glacial advance and retreat recorded in the core
(Cape Roberts Science Team, 1999; Barrelt et al., in press).

Here we report on the successful drilling of CRP-3 o a depth of 939 mbsf with 97%
recovery, completing the sampling of around 1 800 m of strata from the Cape Roberts
sequence imaged along seismic line NBP9601-89. Sea-ice conditions were again good
and the sea riser performed well in the deeper water. Drilling conditions were also good
for most of the hole, though there were a number of drilling challenges at fault zones,
loose sand intervals and at the altered margins of an intrusion encountered at 921 mbsf,
Indeed, it was the second altered zone that led to the cessation of drilling. Nevertheless,
CRP-3 must be seen as a technological triumph for the drill crew, exceeding the target
depth by 239 m and becoming the deepest bedrock hole in Antarctica by a similaramount
(CIROS-1 in 1986 was 702 m deep).

The Cape Roberts Science Team of some 60 scientific, technical and support staff
also had its challenges in describing, sampling and reporting on over 900 m of core from
one of the most complex depositional settings on earth, and to a tight publication
deadline. We thank all of those who took part in the project for their commitment to
producing and reporting on the core in a timely way. We also look forward in late 2000
to the final Cape Roberts special issue, the Scientific Report, with a more detailed
analysis of results of the 1999 drilling, and to further publication in the open literature.

Peter Barrett

Carlo Alberto Ricci

Al

November 1999
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Ken Woolfe

This issue with its supplement is dedicated to the memory of Ken Woolfe (1965-1999), man of many
talents - scientist, outdoorsman, computer draughtsmaster, strategist, colleague and friend of the Cape
Roberts Project. Ken died unexpectedly in Townsville, Australia, 2 days after returning from a successful
2 months with the Cape Roberts Project in Antarctica.

Ken'sinterest in the Antarctic began when, as a second year Geology student, he was selected to join a field
party from Victoria University of Wellington. He went to the ice as assistant for a PhD student collecting
samples from high peaks in the Beardmore Glacier area. Three years later he returned to the Antarctic after
gaining support for a PhD project under Peter Barrett's supervision to survey the Beacon Supergroup strata
over a 300 km length of the Transantarctic Mountains. The survey took 4 field seasons and involved over
thousand kilometres of motor toboggan travel.

Ken graduated with his PhD in 1991, and soon after took a position as Lecturer in Environmental geology
& Sedimentology at James Cook University of North Queensland in Townsville. There he developed a
research interest in sedimentation in the Gulf of Papua and around the Great Barrier Reef.

Despite his new tropical base he still found a way in 1995 to return to the Antarctic. He did this by seeing
the value of applying sequence stratigraphy to the study of glacial history from strata around the Antarctic
margin, and then approaching the developing Cape Roberts Project for a place for Australia in the
international consortium.

Kenwas atireless supporter of the Cape Roberts Project atevery level, from the mind-numbing hours spent
in draughting 1:20 scale logs (over 200 pages for CRP-3) to the scientific issues to the leadership he was
showing in developing an international group to support drilling operations in a range of environments
around the Antarctic margin. His written legacy is in over 50 papers in refereed journals and about 10 in
review. Beyond that and over the last 20 years (or possibly longer) he has enthused, stimulated and
challenged all of those around him. Such achievement, what a life, and what a loss.
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Studies from Cape Roberts Project
Initial Report on CRP-3, Ross Sea, Antartica

Cape Roberts Science Team*

Abstract - The site for CRP-3, 12 km east of Cape Roberts (77.006° S, 163.719° E), was selected to overlap the lower
Oligocene strata cored in ncarby CRP-2/2A, and to sample the oldest strata in the Victoria Land Basin (VLB) for
Paleogene climatic and tectonic history. As it transpired there was underlap of the order of 10s of metres. CRP-3 was
cored from 3 t0 939 mbsf (metres below the sea floor), with a core recovery of 97%. Coring took place from October
9to November 19, 1999, on 2.0 to 2.2 m of sea ice and through 295 m of water. The Cenozoic strata cored were mostly
¢lacially influenced marine sediments of early Oligocene age, though they may be earliest Eocene near the base,
where at 823 mbsf Devonian Beacon sandstone was encountered. Following CRP-1 and CRP-2/2A, CRP-3
completes the coring of 1500 m of strata on the western margin of the VLB,

Core fractures and other physical properties, such as sonic velocity, density and magnetic susceptibility, were
measured throughout the core. Down-hole logs for these and other propertics were taken from 20 down to 900-919
mbsf. Also, vertical seismic profile data were gathered from shots offset both along strike and up dip from the hole.
Sonic velocities in CRP-3 are close to 2.0 kim/s in the upper 80 m., but become significantly faster below 95 mbsf,
averaging 3.2+0.6 km/s to the bottom of the hole. An exception to this is an interval of dolerite conglomerate from
790 to ¢. 820 mbsf with a velocity of ¢. 4.5 km/s. Dip of the strata also increases down-hole from 10 in the upper
100 m to around 22° at the bottom. Over 3000 fractures were fogged through the hole, and borehole televiewer
imagery was obtained for most of the hole for orienting core and future stress ficld analysis. Two high-angle crush
zones, interpreted as faults, were encountered at ¢. 260 and ¢. 540 mbsf, but no stratigraphic displacement could be
recognised. A third fault zone is inferred from a low angle shear zone in the upper part of a coarse dolerite
conglomerate from 790 to 805 mbsf. Temperature gradient was found to be 28.5°.km"!

Basement strata cored from 823 mbsf to the bottom of the hole are largely light-reddish brown medium-grained
sandstone (quartz-cemented quartzarenite) with abundant well-defined parallel lamination. These features are
comparable with the middle Devonian part of the Beacon Supergroup, possibly the Arena Sandstone. This interval
also includes a body of intrusive rock from 901 to 920 mbsf. It has brecciated contacts and is highly altered but some
tholeiitic affinity can be recognised in the trace element chemistry. Its age is unknown.

Post-Beacon sedimentation began on deeply eroded quartzarenite with the deposition of a thin sandstone breccia and
conglomerate, probably as terrestrial talus, followed by dolerite conglomerate and minor sandstone of probable
fluvial origin to 790 mbsf. Sedimentation continued in a marine setting, initially sandstone and conglomerate, but
above ¢.330 mbsf the strata include mudstone and diamictite also. The older sandstone and conglomerate beds are
seen as the products of rapid episodic sedimentation. They are interpreted by some as the product of glaciofluvial
discharge into shallow coastal waters, and others as a result of sediment gravity flows, perhaps glacially sourced, into
deeper water. The core above ¢. 330 mbsf has facies that allow the recognition of cyclic sequences similar to those
in CRP-2A. Fourteen unconformity-bounded sequences have been recognised from 330 mbsf to the sea floor, and
are interpreted in terms of glacial advance and retreat, and sea level fall and rise. Detailed lithological descriptions
on a scale of 1:20 are presented for the full length of the core, along with core box images, as a 300 page supplement
to this issue.

The strata cored by CRP-3 are for the most part poorly fossiliferous, perhaps as a consequence of high sedimentation
rates. Nevertheless the upper 200 m includes several siliceous microfossil- and calcareous nannoplankton-bearing
intervals. Siliceous microfossils, including diatoms, ebrideans, chrysophycean cysts and silicoflagellates are
abundant and well-preserved in the upper 67 m —below this level samples are barren or poorly preserved, but contain
residual floras that indicate assemblages were once rich. No siliceous microfossils were found below 193 mbsf.

*F, Aghib, M. Alberti. J. Anderson, R. Askin, C. Atkins, S. Bannister, P.J. Barrett, S. Bohaty, S. Bryce, C. Biicker, S. Bush, M. Claps, M. Curren, C.
Fielding, F. Florindo. S. Galeotti. M. Hannah. A. Harris, D.H. Harwood. S. Henrys. N. Jackson, T. Janecek, R. Jarrard. S. Judge, C. Kopsch, L. Krissek.
M. Laird, M. Lavelle, W. Majewski, T. Naish, M. Neumann, F. Niessen, M. Paterson, T. Paulsen, M. Pompilio, R. Powell, A. Pyne, G. Rafat, I. Raine,
A. Roberts, L. Sagnotti, S. Sandroni, M. Sarti, J. Simes, J.L.. Smellie, B. Smith, A. Sorice, P. Strong, F. Talarico, M. Taviani, V. Thorn, K. Verosub,
D. Watkins. P.N. Webb, G. Wilson, T. Wilson, S. Wise, K. Woolfe, J. Wrenn
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Calcareous nannofossils have a similar distribution but are generally well preserved. Foraminifera, marine and
terrestrial palynomorphs, and marine macrofossils were found consistently down to ¢. 330 mbst and sporadically to
525 mbsf. The taxa suggest marine deposition in water depths of ¢. 5010 120 m. Below 525 mbsf no microfossils were
found, apart from a mudstone with similar marine and terrestrial palynomorphs at 781 mbst, and rare miospores in
the conglomerate below 790 mbs{. The terrestrial miospore record, which includes several species of Nothofagus and
podocarpaccous conifers, suggests low diversity woody vegetation, implying a cold temperate to periglacial climate
for the hinterland throughout the period recorded by CRP-3. Important components of the warmer Eocene flora,
known from erratics in southern MeMurdo Sound, are missing, though the dominance of smectites inclays from strata
below 650 mbsf suggests that the fandscape prior (o the tme of deposition had experienced a more temperate
weathering regime.

Biostratigraphy for the upper part of CRP-3 is provided by diatoms and calcarcous nannofossils. The first appearance
of Cavitatus jouseanus at 48 mbsl suggests an age of around 31 Ma for this horizon. The last appearance of
Transverspontis pulcheroides at 114 mbsf in an interval of relatively high abundance tndicates a reasonably sound
age for this horizon at 32.5 + 0.5 Ma. The absence of particular resistant diatoms that are older than 33 Ma supports
an age that is younger than this for the upper 200 m of CRP-3, Marine palynomorphs, which occur sporadically down
to 525 mbsf and in a single occurrence at 781 mbsf, have biostratigraphical potential once the many new species in
this and other CRP cores are described, and FO and LO datums established. The mudstone at 781 mbsf has a new
dinocyst species, rare Lejennecysta eysts and a variety of acritarchs and prasinophytes, a varied marine assemblage
that is quite different from and presumably younger than the well known Transantarctic Flora of mid to late Eocenc
age. On this basis and for the moment we conclude that the oldest strata in CRP-3 are carliest Oligocene (or possibly
latest Eocene) in age — ¢. 34 Ma.

Over 1100 samples were taken for magnetic studies. Four magnetozones were recognised on the basis of NRM
intensity and magnetic susceptibility, reflecting the change in sediment composition between quartz sand-dominated
and dolerite-dominated. For this report there was time only to produce a magnetostratigraphy for the upper 350 n1.
This interval is largely of reversed polarity (5 normal intervals total 50 of the 350 m), in contrast to the dominantly
normal polarities of CRP-2/2A, and is inferred to be Chron C12R. This extends from 30.9 to 33 Ma, consistent with
the biostratigraphic datums from the upper part of CRP-3. The lower limit of reversed polarity has yet to be establishecl.
The short period normal events are of interest as they may represent cryptochrons or even polarity changes not
recognised in the Geomagnetic Polarity Time Scale.

Erosion of the adjacent Transantarctic Mountains through the Kirkpatrick Basalt (Jurassic tholeiitic flows) and
dolerite-intruded Beacon Supergroup (Devonian-Triassic sandstone) into granitic basement beneath is recorded by
petrographical studies of clast and sand grain assemblages from CRP-3. The clasts in the Jower 30 m of the Cenozoic
section are almostentirely dolerite apart from a few blocks from the Beacon Supergroup beneath. Above this, however,
both dolerite and granitoids are ubiquitous, the latter indicating that erosion had reached down to granitic basement
even as the first sediment was accumulating in the VLB. No clasts or sand grains of the McMurdo Volcanic Group
were found, but rare silt-size brown volcanic glass occurs in smear slides through most of CRP-3, and is interpreted
as distal air fall from alkaline volcanism in northern Victoria Land. Jurassic basalt occurs as clasts sporadically
throughout the sequence; in the sand fraction they decline upwards in abundance. The influence of the Devonian
Beacon Supergroup is most striking for the interval from 600 to 200 mbsf, where quartz grains, from 10 to 50% of
them rounded, dominate the sand fraction. Laminae of coal granules from the overlying Permian coal measures in all
but the upper 150 m of the CRP-3 sequence show that these also were being eroded actively at this time.

CRP-3 core completed the stratigraphical sampling of the western margin of the VLB by not only coring the oldest
strata (Seismic Unit V5) but also the basin floor beneath. This has several important tectonic implications:

- most of the Kirkpatrick Basalt and the Beacon Supergroup with the sills of Ferrar Dolerite have been eroded by
the time down-faulting displaced the Beacon to form the basin floor.

- matching the Beacon strata at the bottom of CRP-3 with the equivalent strata in the adjacent mountains suggests
¢. 3000 m of down-to-the-east displacement across the Transantarctic Mountain Front as a consequence of rifting
and subsequent tectonic activity.

- the age of the oldest Cenozoic strata in CRP-3 (c. 34 Ma), which are also the oldest strata in this section of the VLB,
most likely represents the initiation of the rift subsidence of this part of the West Antarctic Rift System.

This age for the oldest VLB fill is much younger than previously supposed by several tens of millions of years, but
is consistent with newly documented sea floor spreading data immediately north of the northern Victoria Land
continental margin. These new data sets will drive a re-evaluation of the relationship between initiation of uplift of
the Transantarctic Mountains (currently ¢.55 Ma) and VLB subsidence.
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1 - Introduction

BACKGROUND AND
GEOLOGICAL SETTING

BACKGROUND

In this third and final season of drilling by the Cape
Roberts Project, the aim was to complete a coring
transect from the lower Miocene (17 Ma) strata cored by
CRP-1 on Roberts ridge to the Eocene (¢. 40 Ma) strata
expected tolie atrelatively shallow depths on the western
margin of the Victoria Land Basin (VLB). The project is
named after Cape Roberts, the staging point for the
offshore drilling and a small promontory 125 km
northwest of McMurdo Station and Scott Base (Fig 1.1).
The project was designed for two tasks:

-toinvestigate the early history of the Antarctic ice sheet
and the record of Antarctic climate priortoitsinception,
around 35 million years ago;

- to date the history of rifting of the Antarctic continent

asrecorded by the uplift of the Transantarctic Mountains
and formation of the Victoria Land Basin.

This volume records work carried out from the final drill
hole, CRP-3, which completed coring the lowest part of the
Cape Roberts sequence at a depth of 939.42 mbsf on 19
November 1999 (Tab. 1.1). This first scction outlines the
geological setting of the drill site, and then describes the
operating environment (climate and sea ice) and drilling
activity. Core management and sampling from drill site to
the Crary Science & Engineering Center (CSEC) at
McMurdo Station are also described. The remainder of the
reportpresents the firstresults and preliminary interpretations
of the data from both the core and logging within the hole
itself.

GEOLOGICAL SETTING

The geological setting of the Cape Roberts drill sites
has been reviewed previously in Barrett etal. (1995) and
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Fig. 1.1 - Map of the southwest corner of the Ross Sea, showing the locations of Cape Roberts, CRP-1, CRP-2/2A, CRP-3, and CIROS-1, and
McMurdo Station/Scott Base, the main staging point for the project. The edge of the fast sea-ice, which provides the drilling platform, is also
shown.
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Tab. 1.1 - Site data for CRP-3.

§ Position:

Water depth:

Initial Report

1176 km at 76° true from Cape

| Roberts

77.0106°S
285m

First core:

Sea riser embedded to:

HQ core to:

Recovery for hole:

345.85 mbst

Deepest Cenozoic

Deepest core lithology &

lithology & depth e

04.00 9 October 1999

W9.55 mbsf

773 mbs

Sandstone breccia from 822.87 to
Light red-brown quartz-cemented

on CRP-3

Longitude:

Fastice thickness:

_Lastcore:

Lateral ice movt from

| spudding:

i

_|.NQcoreto:
I .
.| Phase | logging to:

_| Phase 3 logging to: _

Age of oldest Cenozoic
stratar
Age of bedrock:

2.04 km at 255° true from CRP-2

163.6404°L
2022m
22.30 19 November 1999

5.0 m 1o 82° true

93042 mbst
3d45mbsf
918 mbsf

Earliest Oligoeene or

maybe latest Eocene

Devonian (probably mid

_depth quartz sandstone to 939.42 mbsf

Devonian)
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Fig. 1.3 - Map of the area off Cape Roberts (bathymetric contours in 50 metre intervals), showing the location of Roberts ridge, lines from key
seismic surveys (dotted), the survey line on which the drill holes are based (solid, with drill sites) and the distribution of the older sedimentary
sequences (V3, V4, V5) beneath the sea floor (dashed lines). The major fault inferred by Henrys et al. (1998) and the more complex fault systems

interpreted by Hamilton et al. (1998) are also shown.

inlastyear’s report on CRP-2/2 A (Cape Roberts Science
Team, 1999), and only afew brief comments are repeated
here. Roberts ridge and CRP-3 (Fig. 1.2) lie on the
western margin of the Victoria Land Basin, a trough at
least400kmlong and c. 150 km wide filled with sediment
of Cenozoic age, immediately seaward of the
Transantarctic Mountains. Roberts ridge is separated
from the early Palacozoic basement rocks of the
mountains by a major fault system, known as the
Transantarctic Mountain Front, which parallels the
present coast and represents the western edge of the
VLB. Strata in the middle of the basin reach a thickness
of 10-14 km, the oldest being interpreted as early rift-
related volcanic rocks (Fig. 1.2, V6) (Cooper & Davey,
1987). Above these, lie the older sedimentary seismic
sequences, V5 and V4. Through uplift and erosion along
the basin margin, they now dip at between 10° and 15°
eastward, and lie just beneath the sea floor on the western

flank of Roberts ridge, a bathymetric high between 10
and 20 km off Cape Roberts. The younger sequences
(V1-V3)are 5 kmthick in the middle of the basin but thin
to ¢. 300 m on Roberts ridge.

The main structural trend of the VLB is NNW,
parallel to the axis of the Transantarctic Mountains.
Northwest-trending, seismically defined faults demarcate
presumed late Mesozoic half-grabens in the basin floor,
and have been interpreted as terminating upward in the
sedimentary section (Cooper & Davey, 1987). NNE-
and ENE-trending faults have also been recognised in
the mountains along the rift margin, and are interpreted
to have formed, or have been reactivated, during
transtension in more recent times (Wilson, 1995). Similar
fault trends have been interpreted from seismic data
from the basin margin off Cape Roberts (Hamiltonetal.,
1999) (Fig. 1.3).

Working backwards in time from the great east-
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facing scarp of the present-day Transantarctic Mountains,
we can deduce that the adjacent mountains were already
deeply eroded and perhaps even approaching their present
clevation by the earliest Miocene. This is evident from
the dominance of basement lithologies as clasts in strata
of this age in CRP-1 and the upper part of CRP-2A
(Talarico et al., in press). Oligocene strata from the
lower part of CRP-2A have also provided clast data,
supported by sand provenance data (Smellie, in press),
that suggest more extensive erosion of the cover beds
(Beacon Supergroup and Ferrar Dolerite). Age constraints
as well as sedimentary features hint at rapid
contemporaneous basin subsidence. What did deeper
drilling into the basin margin reveal?

OVERVIEW OF CRP-3

CRP-3 was drilled just 2 km west of CRP-2 and sited
to overlap it stratigraphically by some 60 m (Fig. 1.4).
Results from the hole are presented in the pages that
follow, and asummary lithologiclog is shown graphically
in figure 1.5. The CRP-3 core down to 823 mbsl, where
rift-margin bedrock was encountered, provides a
continuation of the cold-climate story from CRP-2A
back ¢. 34 Ma.Some glacio-eustatic cyclicity is evident,
but becomes attenuated as the sediment record becomes
increasingly coarser back in time. Despite the
considerable thickness of sediment, the current judgement
from a sparse microflora is that only 2 or 3 million ycars
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Fig. 1.4 - Geological section based on seismic data from NBP9601-89, showing CRP-1, CRP-2/2A and CRP-3, and ages obtained thus far by
Wilson et al. (in press) and the Cape Roberts Science Team (this volume). The line is shown in bold on figure 1.3.
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Fig. 1.5 - Stratigraphical column for CRP-3, showing the main
lithological features and ages.

has been traversed. This is not enough to expect to reach
back to warm middle Eocene times, noris there any climatic
indication of these times from the strata in CRP-3.

The rift margin bedrock described later in these
pages is belicved to be of mid Devonian sandstone of the
Beacon Supergroup, around 3000 m below its
stratigraphical position when projected eastward from
the mountains to the west. Downhole logging has
provided directional data on the attitudes of bedding and
fault surfaces encountered in the drill hole so that a
tectonic model for the behaviour of this rift margin can
be attempted.

The picce-de-resistance for the drill hole is a body of
rock 19 m thick that intruded the Beacon Supergroup
near the base of the hole. Although it has a doleritic
texture, it has other features, such as lack of graphic
intergrowths and its pervasively altered state, that
distinguish it from the widespread Ferrar Dolerite that
intrudes the Beacon Supergroup throughout the length
of the Transantarctic Mountains. Could it be a finger
from the body causing the magnetic anomaly a few km
west and northwest of the drill site (Fig. 1.3) that Bozzo
et al. (1997) have modelled as a gently dipping broken
slab? Or could it be a marginal facies of the volcanic
rocks inferred to form Unit V6 (Cooper & Davey,
1987)? Or could the early stages of rifting be essentially
free of magmatism, with all three features representing
different phases of Jurassic Ferrar volcanism now
preserved in the wall and floor of the West Antarctic Rift
System? Do read on.

FAST ICE BEHAVIOUR,
CURRENTS AND TIDES

INTRODUCTION

Knowledge of the history of the formation of fast ice
in winter and its subsequent behaviour in the spring has
been important for the safety and success of the Cape
Roberts Project. The ice at any prospective drill site
needs to be able to support around 55 tonnes of drilling
and related equipment for a period of about 40 days. The
pattern of ice growth for the previous two drilling
seasons has been described in earlier reports (Cape
Roberts Science Team, 1998, 1999). A similar but more
complete setof observations follow, along with comments
on techniques that have been adopted to ensure that the
fast-ice platform is kept in the best possible condition
throughout the drilling phase of the operation. Tides and
currents also affect the drilling operation, the latter
because of their influence on the sea riser, and are also
discussed at the end of this section.

WINTER FAST ICE GROWTH

The growth, formation and breakout of fast ice in the
south western Ross Sea was tracked from April throughto
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SEA ICE COVER
McMurdo Sound
1999

s
Cape Robers
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late September using weather satellite images (DMSP)
downloaded at McMurdo Station and processed at ASA
Headquariers in Denver. In the proposed area for drilling
CRP-3 off Cape Roberts. fast ice had stabilised by mid
Apri) while in the southern part of McMurdo Sound, the
fast ice continued to break out and did not stabilise until
early July. Temperatures from mid April to mid May were
2°C conlerthan the | 8-year average (data source -Marble
Pointautomatic weather station), promoting quick winter-
ice growth in the drili site area. A compression event On
30 May caused northwest shearing of fast ice in the drill-
site area and to the north in the offshore area of Granite
Harbour, During 0-10 June, a storm event broke out fast

ice along the Wilson Piedmont Glacier but did not appear

to affect fast ice in the drill site area (Fig. 1.0),

The fasl-ice history for 1999 was compared to winter
fast-ice formation and break-out histories for the
proceeding ten years {1988-1998) (Pyne, 1999) to
determine whether the fast-ice sheet was again likely to
provide a suitable platform for drilling as well as a
surface resupply route through the southern and western

M ehdurde Station
oot Base

chdurco Station
oot Base

]

Fig. 1.6 - Satellite images of McMurdo Sound on 11 June, 15
September and 11 November, showing the effect of the storm on
6-10 June, and of the restoration of a normal ice margin for the
period of drilling.

part of McMurdo Sound. In the proposed drill site arca,
fast ice must stabilise in April-May to provide a
guaranteed drilling piatform in excess of 1.5 m thick by
early Qctober, In addition, post-June breakout events
occurring in the fastice either immediately north and/or
south of the proposed drilling area are thought to reduce
the protection for the fast ice, making it more susceptibie
1o subsequent storms and possible break-oul events,
Resupply routes from McMurdo Station to Cape Roberts
and out to the drill site must remain unaffected by break-
out events from mid-June to ensure that sufficient ice
thickness (1.2 m) is present for heavy vehicles,

In early July, the CRP International Steering
Committee (1ISC) met in Wellington to consider the fast-
ice information and corciuded that preparation for 1999
shouid proceed with a final confirmation to be made in
early August, in line with the conclusions of the 10-year
historical interpretation. The satellite image for August
(Fig. 1.7) showed that the fast-ice margin and new ice
that had formed afier the 6- 10 June storm event, rensained
stable. Growth rate predictions for the fast ice also
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indicated that the mandatory 1.5-m thickness should be
exceeded by 1 October in the proposed dritling area,
allowing the rig to be set up and operated safely. Alter
considering ali of the relevant data, the ISC decided that
CRP-3 should proceed unless the Winfly reconnaissance
indicated otherwise.

WINFLY RECONNAISSANCE

During the Winfly reconnaissance period (21-25
August), measurements of fast-ice thickness were made
on route from Scott Base to Cape Roberts and in the drili-
site area offshore of Cape Roberts. These included a
survey of the Cape Roberts crack (Pyne, 1986), which is
several metres wide and runs through the fast ice in a
north-south direction several km off Cape Roberts. The

162.60 16360
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\Q\RPES-E _____
77.30 i
o "ERIM internationdd, Inc.
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RADARSAT
7740
. (c) Canadian Space
: | |
|

16250 163.00

163 50

shortest practicable route this year between Cape Roberts
camp and the CRP-3 site involved bridging the crack 10
kmtoihe southof the cape, and was 23 ki long, compared
with a straight line distance of 12 ki (Fig. 1.7).

Most of the fast ice between Cape Roberts and the
drill site area that stabilised in mid April was in excess
of 1.6 m thick on 23 August, but some smaller areas that
formed after the 30 May shear event were only 1.2 m
thick. Detailed mapping of the smooth ice piates (f.e.
those that formed in mid-April} indicated that five areas
were potentially suitable as a drilling platform (areas
CRPY9-1-5, Fig. 1.73. A drilling position on arca 3,
chosen i consultation with the 1SC, was 270 m north of
shol point 1920 on seismic line NBPO601-89,
Interpretation of the geometry from the single channel
seismic record suggested that this site should give
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Fig. 1.7 - RADARSAT image for 15 August 1999, of the fast ice off Cape Roberts, showing the various plates and zoues, with an insei showing
the plates at and around the CRP-3 site. The Cape Roberis crack (dashed white linetand route from Cape Roberts 1o the dril) sire {solid black line)

are also shown.
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Tab. 1.2 - Summary of weather and fast-ice data collection.

Parameter

Wind

Air temperature
Fast ice temp.
Fast ice lateral movt

Fast ice thickness

Position '

Top of rig mz;slw—‘lﬁ m hiéh
3w high

0.5 m below fast ice surface
4 sites close 1o drill site

35 sites close to drill site

Snmp]ing I'rcqlicncy
30-min avr.

30-min avr.

30-min avr.

6-10 days

2 weeks

Sampling period

16 Oct-22 Nov

16 Oct-22 Nov

16 Oct-22 Nov

10 Sept-14 Nov
[4 Oct-8 Nov

Freeboard

Under drill rig

approximately 60 m of overlap with the oldest strata
cored in CRP-2.

FAST ICE MONITORING

During October, pack ice and refreeze ice obscured the
position of the shear zone and fast-ice edge offshore of the
drill site. Storm events in early November removed the
pack, eroded some of the fastice and established a ‘normal’
fast-ice edge 16 km NE and 14 km E of the drill site.

At the drill site, wind, air temperature, fast-ice
temperature and fast-ice thickness have been measured
throughout the drilling operation (Tab. 1.2) to monitor
fastice conditions. The rate of lateral movement (offset)
of the fast ice was monitored as it affects the safe
operation of the sea riser. Measurements were taken at
three sites from 10 September, and also on the drill rig
roof from 8 October, when the seariser was spudded into
the sea floor (Fig 1.7). Measurements were made by
GPS and ditferentially post-processed against a base
station at Cape Roberts 12 km away. The error ellipses

Daily 3 Oct-15 Nov

of positions (95% precision) generally have axes less
than 0.5 m.

At the drill site, relatively cool and settled weather
was experienced during the month of October. However
November was more unsettied with frequent storms
with higher winds and warmerair temperatures (Fig. 1.8).

At the drill site, fast ice continued to grow through
October and reached a thickness of 2.21 m by early
November with ‘anchor ice’ forming on the sub-ice air
bags to a depth of approximately 3 m below the base of
theice. Fast-ice temperature was measured by thermistor
probe 0.5 m below the fast-ice surface in a shaded arca
behind the mud hut. It increased slowly from -12°C in
early November to -8°C on 25 November when drilling
activity ceased. Thus this year the ice did not become
isothermal during the drilling phase of the operation in
contrast to the fast ice in the latter stages of CRP-2A
{Cape Roberts Science Team, 1999), when temperatures
were warmer. Total lateral movement of the fast ice
during the period of spud-in to cutting the sea riser at the
sea floor was 6 m to the east (088°). Movement rates
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Fig. 1.8 - Weather and fast ice data plotted for the drilling period.
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Fig. 1.9 - Tidal movement predicted Tor Cape Roberts for
the periods of October and November.
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Tab. 1.3 - Summary of current meter deployments at proposed CRP-3 site.

Grey line denotes average tidal height for 1999
7 Fastest tidal currents occur on shaded days.
Days are subdivided 3 hourly

File name Deploymént depth Deployment Date Period of spring-neap cycle
(m) Period

CRP3-98A.s4b 50 8 days 01—69/1 1/98 Neap-spring

CRP3-98B.s4b 55 3 weeks 10-27/11/98 Intermed. Neap-spring

CRP3VERT.s4b Vertical 3-4 hours 28/11/98 Neap




during this period averaged |.1 m/week, compared with
2.0 m/week during the drilling of CRP-2/2A in 1998,

Freeboard measurements werc (aken in the drilling
and video hut fast-ice holes by measuring the distance
from the water level to the top of a polythene ring, frozen
into the fastice and set 0. 15 m above the fast-ice surface.
Freeboard was largely maintained by deploying two air
bags each with 5 tonnes of lift under the rig and mudroom.
Losses in freeboard coincided with an increase in snow
cover after storm events, but some recovery occurred
after the snow was removed (Fig. 1.8). Freeboard under
the drill rig was gradually lost as the ice warmed up.
Freeboard at the mud huts was reduced 10 95 mm by 15
November and remained stable,

On the fast-ice route to the drill site, the Cape Roberts
crack was also monitored periodically (Fig. 1.6). The
average weekly rate of spread was 0.3 m with the
greatest spreading occurring during spring tides.

TIDE AND CURRENT MONITORING

The drilling operation is influenced not only by the
lateral fast ice-movement but also by the vertical
movement of the fast ice and the drag placed on the sea
riser by tides and currents in the water column.

Tidal-height predictions for Cape Roberts were
calculated on the basis of 12 months of records from the
Cape Roberts tide gauge in 1998, using a tidal prediction
programfrom the University of Hawaii Sea Level Centre.
Tides are mixed (Fig. 1.9) with a maximum spring-tide
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and neap-tide range of ¢, 1O m and 0.3 m respectively,
Spring tides are strongly diurnal (single cycle per day)
whileneap tides are characterised by two tidal eycles aday
(semi-diurnal), Relative tidal heights measured on the rig
floor this year show that tides are synchronous with the
Cape Roberts tidal-height predictions (Fig. 1.9).

An investigation of currents was undertaken in
November 1998, at the originally proposed CRP-3 site
(located at 77.0151°S 163.6190°E and approximately
220 m west of the actual CRP-3 site) to establish a base-
line for use in this year's drilling season. Water depth,
current direction and current velocity were recorded
using an S4 current meter. The instrument was deployed
through a hole in the fast ice on three occasions during
various stages of the spring-neap tidal cycle (Tab. 1.3).
Vertical profiles were carried out to a water depth of
365 m, and longer-term static deployments were placed
atelevations of’ 50 and 55 m water depth to measure mid-
water cutrent variations.

During spring tides, currents move in an anti-
clockwise direction, through 360° over a 24-hr period
with the larger flood tide of the day moving towards the
northwestand continuing to swing around to the southeast
for the subsequent low water (Fig, 1.10). At a water
depth of 55 m during spring tides, current speeds reach
a maximum of 0.3 ms' around low water and may
remain above 0.2 ms™! for up to 6 hrs on the largest of
spring tides (Fig. 1.10). During neap tides, current
speeds are mostly below 0.2 ms™ throughout the water
column, and at the sea floor, current speeds are
<0.1 ms™!. On only one occasion in October, during a
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Fig. 1.10 - Current speed and direction at a site 220 m west of CRP-3 within the meter sef at a depth of 50 m.
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Fig. 1.1 - Aerial of view the CRP-3 drill site to show the layout of the rig, with sloping covered ramp down to the mudroom, and with core processing
and physical properties laboratories in a cluster 30 m to the right.Photo: P.J. Barrett.

spring tide period, was there slight horizontal rotation of
the sea riser (<1°) due to increased tidal speeds.

DRILLING OPERATIONS

INTRODUCTION

The drilling system was set up and operated as for
CRP-2 and described in Cape Roberts Science Team
(1999, p. 11). The layout of the rig and surrounding
buildings is showninfigure 1.11, and the drilling system
with sea riser installed and ready to continue drilling in
figure 1.12. Core recovery began on 9 October and
finished on 19 November at a depth of 939.42 mbsf.
Downhole progress is shown in figure 1.13, with daily
core summaries in table 1.4. Drilling activity is
summarised in table 1.5.

SEA RISER DEPLOYMENT PHASE

The seariser is a casing string of 5 OD flush-jointed
high-strength drill pipe, comprised mostly of 5.5-m
lengths with 3- and 1-m “shorts”. It extends from just
above the fast ice through the water column to a depth of
several metres into the sea floor. Its functions are to
support the rotating drill string in the water column, and
to provide an annulus for returning drilling fluid to the
rig. A casing shoe of hardened weld material (OD 5.57)
was fitted to improve the cutting and flushing down

Fig. 1.12 - Drilling system set up at CRP-3 showing the sea riser setin
mudstone. Sketch: Pat Cooper.
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Fab. 1.4 -Summary data on downhole progress and core recovery. The
24-hour day extends from 08.00 to the same time the following day.
Note that the bottom of the lowest core is at 939.42 mbs{ on account
of (.13 m “stickdown™ below the measured depth of the bottom of the
coring run.

 DEPTH __ DRJLLED RECOVERED
Ay m ) (%) (CUMY
900t 998 858 ¢ 528  62% . 62%
10 Oct 1450 | 540 | 458 | 85% | 75%
[100ct_ Seariser cemented at 9.50 mbsf .
113 0ct 24.74 10.34 927 | 90% 82% |
14 Oct 5130 2656 | 2583 | 97% 90% |
150 81.06 2976 | 2955 99% 94% |
116 Oct 11420 3314 3309 | 100% 95%
17 0ct 147.20 33.00 . 3305 | 100% | 96%
18 Oct 177.20 3000 | 3000 | 100% i
190ct 207.20 30.00 | 3002 | 100 989
200ct 24620 | 39.00 3895 | 10
121 0ct 28570 3950 | 3626 | 92
§22 QOct iCh:mae of HQ bit at 293 mbsf o N
122 Oct 29470 ¢ 9.00 © 872 | 97% 97%
230¢t 32750 32.80 | 3285 | 100% 97%
24 Oct 34585 1835 1827 | 100%
24 Oct Beginning of down-hole logging to 345 mbsf
290a_ Beginning of NQ coring - replaced surface set bit
290c 388 297 066
300t 39550 . 4668 | 4233
131 0ct 437.18 4168
A Nov 48572 . 4854 | 477
2 Nov. Change of NQ bitat492mbsf |~
2 Nov. 510.10 2438 | 2095 | 86% 96%
3 Nov 55203 42.013 | 4042 | 96% 96%
4 Nov 58885 | 3662 | 3501 | 96% 96%
I Nov  Change of NQ bit at 605 mbsf i ~
SNov 60600 17.15 | 1727 101% 96%
6 Nov 64030 3430 . 3270 95% . 96%
7 Nov 668.90 | 2860 | 2844
8 Nov 704.91 3601 | 3589
INov . 7300 - 33090 | 3312
10Nov 77400 3600 | 3594 | I
11 Nov »ﬁgjnning of down-hole logging (0 774 mbst o
13 Nov Continuing with NQ coring
13 Noy, 798.20 2420 | 2424 | 100% | 97%
14 Nov 83330 3510 | 3522 | 100% | 97%
A5Nov . 86932 . 36.02 . 3445 | 96% | 97%
d6Nov 90030 3098 | 3043  98%  97%
17 Nov__ 918.10 17.80 1744 | 98% - 97% |
18 Nov 939.29 2L19 g 2151 [ 102% | 97% |

through the formation and to create an annulus between
the formation and the riser.

The configuration of the floatation on the sea riser at
the CRP-3 site was based on a water depth of 295 m,
which was first measured on 4 October with a weight
attached to the wire line. Twelve 4x1 m and one 2x1 m
rigid flotation units were clamped on 5.5-m sea-riser
lengths. This reduced the weight of the riser in sea water
from 6580 kg to a residual weight of approximately
2000 kg oncefully deployed to the sea floor. The residual
weight is used to install the riser into the sea floor with
washing and bumping (also termed jetting and jarring)
techniques.

The sea floor consisted of a soft surficial muddy
sponge matabout (0.5-mthick, underlain by soft sediments

to a depth of 1.4 m. All downhole measurements for
CRP-3 are made in metres below the sea floor (mbsf),
which is taken to be the base of the sponge mat.

The sea riser was initially jetted into the sea floor to
a depth of 1.4 m, and then hung from a hydraulic
deployment frame beneath the drill floor in the “cellar™,
The HQ coring barrel was then run inside the riser to the
bottom of the hole, and coring was progressively carried
outinshortruns of 1.5 t0 2 mbeyond the searisercasing.
Aftereach run the riser was bumped into the newly cored
hole. This method reveals the type of formation present,
which allows us to assess its suitability as an anchor {or
the riser. It also recovers core virtually right fromthe sea
floor for scientific study. This process was repeated 1o a
depth 0f 9.55 mbsf, with HQ coring ahead to 14.50 mbsf
confirming competent ground to that depth. The decision
to cement the sea riser at 9.55 mbsf was made because a
suitable interval of competent ground had been
encountered, and continuing to bump the seariser would
have stressed it, perhaps leading to tool joint failure as
resistance from the formation increased. The annulus
was then cemented, with a visible return of cement to the
sea floor on the submarine video system, indicating a
gauge hole, with space for a good seal.

HQ DRILLING PHASE

We continued coring with the HQ drill string to a
depth of 345.85 mbsf with a 3-m barrel and HQ3
impregnated-diamond series-2 bits, cutting core of 6]
mmindiameter. Core was recovered by wire line with an
inner tube containing stainless steel splits. Coring through
thisdrilling phase averaged 28 m/24 hrs and ranged from
8 t0 39 m/24 hrs (Fig. 1.13). The HQ drill rod was then
cemented in from 345.55 up to 50 mbst, using two HQ
rubber cementing displacement bungs, in preparation
for NQ coring.

NQ DRILLING PHASE

The cementing bungs were top drilled with an NQ
surface-set stepped-faced diamond bit. An NQ3 series-
2 impregnated-diamond bit was then substituted in place
of the surface-set bit, and coring continued using a 6-m
barrel cutting core 45 mmin diameter. Core wasrecovered
with aninner tube containing steel splits, as 6-mstainless
steel splits are unavailable. The NQ coring phase, which
ran from 345.85 to 939.42 mbsf, averaged 31 m/24 hrs
and ranged from 11-48 m/24 hrs (Fig. 1.13).

Core recovery for the entire hole averaged 97% with
most of the loss coming from the initial HQ coring
during deployment of the sea riser and in intervals of
unconsolidated sands between 380 and 530 mbsf.

RECOVERY PHASE

On completion of the final logging run, we cemented
the HQ-cased section of the hole to within SO m of the sea
floor, using HQ cementing plugs and the NQ drill string
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Tab. 1.5 - Main drilling events during CRP-3.

8/10/99

9/10/99

10/9/99

11/10/99 - 12/10/99
13/10/99

14/10/99 - 24/10/99

24/10/99

25/10/99-26/10/99
26/10/99

26/10/99-27/10/99
27/10/99

27/10/99-28/10/99
29/10/99-02/11/99
02/11/99-05/11/99
05/11/99-11/11/99
11/11/99-13/11/99
13/11/99-19/11/99

19/11/99

19/11/99-21/11/99

_Date Drilling Activity
2/10/99 Drilled access hole for drill rig.
31099 Diver installed air bags under sca ice beneath drill rig.
4/10/99 Prepared sea riser casing. Wire line measurement to sea floor =290 m.
510799 Lowered 132 m of sea riser.
6/ 10/99 Lowered sea riser to about 280 m, including 12x4 m and 1x2 m rigid buoyancy modules.
110/99 Stripped over air bag tensioning system and prepared HQ drill string. 24 hour operation

begins.

Lowered and bumped/washed in sca riser about 2.3 mbsf. Tagged sea floor at 295 mbst
(13.00 hrs). Ran HQ drill string and began slow coring from 2.8 to 5.4 mbsf

Cored to 6.9 mbsf, advanced riser to 4.3 mbs{, cored to 9.1 mbsf, advanced riser to
5.30 mbsf and cored to 13.17 mbst.

Cored to 14.40 mbsf, ran in HQ drill string, advanced sea riser to 9.4 mbsf. Ran in HQ
string with casing shoe, cemented sca riscr and recovered HQ string.

Ran in HQ coring string.

Cored out cement and then cored formation from 14.40 to 24.74 mbsf.

Cored HQ from 24.74 to 345.85 mbsf.

Tripped out HQ string, changed core barrel to casing shoe for advancer. Set casing shoe at
18.3 mbsf and conditioned hole for downhole Jogging.

Downhole logging interval 18.30-255.00 mbsf.

Lowered HQ string with casing advancer to 345.80 mbsf, washed and drilled past shear
zone. Cleared and conditioned hole and pulled back to 271.55 mbsf.

Downhole logging interval 271.50 to 345.50 mbst.

Washed HQ casing to bottom of hole and cement with casing advancer.

Care and maintenance while cement set. Prepared NQ drill string and drilled out rubber
bungs (used in cementing) with a stepped surface set diamond bit to 348.82 mbsf.

Changed to an impregnated-diamond series-2 bit and cored NQ from 348.82 to
492.10 mbst.

Bit was replaced at 492.10 mbsf with another impregnated-diamond bit and NQ coring
continued to 604.88 mbsf.

Bit was replaced at 604.88 mbsf with another impregnated-diamond bit and NQ coring
continued to 774.00 mbsf.

Downhole logging interval 345.50 to 774.00 mbsf.

Continue coring in NQ with new impregnated-diamond bit from 774.00 to 939.42 mbsf.
Coring was terminated because of squeezing formation at 901.00-902.00 and 919.00-
920.00 mbst.

Downhole logging interval 774.00 to 918.00 mbsf.

for displacing cement. A hydraulically operated HQ
casing cutter was run on the NQ drill string and the HQ
casing was cut at 10 m below the sea floor. The seariser
was severed ¢. 3 m above the sea floor with a SwETech
AB colliding drill collar charge type 2 (oil field-type
explosive), which was wire-lined into position and
exploded electrically. The sea riser and air-bag pipes
were recovered in the following 24 hours.

The technical objectives planned for CRP-3 were to
core continuously to a minimum depth of 700 mbsf, and
to run a full set of geophysical logs for the hole. CRP-3
cored to 939 mbsf, and logging was carried out to a depth
of 918 mbsf, over 30% beyond the target depth and a
significant new benchmark for Antarctic bedrock
drilling.

HYDROCARBON CONSIDERATIONS

We recognised that a deep hole in the sedimentary
strata off Cape Roberts could potentially contain
hydrocarbons, because small amounts of tar residue
(dead oil) had been reported from around 632 mbsf in
CIROS-1 (Barrett, 1989) and from below 500 mbsf in
CRP-2A (Cape Roberts Science Team, 1999). Although
the prospect of encountering hydrocarbons was
considered very low, inflammable gas and hydrogen-
sulphide Sieger series-2000 gas sensors were operated
during the drilling for safety reasons. The air space
above the mud-scavenge tank in the drill-rig cellar was
continuously sampled through a heat-traced tube
connected to a glycol trap (located on the rig floor). Gas
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extracted in this way was then pumped through tubing to
the gas sensors in the generator hut workshop (passing
through a warmed walkway and mud huts). The response
time of the system was approximately 15 seconds. The
inflammable gas sensorappeared to be affected by diurnal
temperature changes and required periodic re-zeroing.

CORE MANAGEMENT AND SAMPLING
DRILL SITE AND CAPE ROBERTS CAMP

Initial core curation began at the drill site. Upon core
recovery, downhole depths were measured on the core to
the nearest centimetre and expressed as metres below the
sea floor (mbsf).

The core was first cut into one-metre lengths and
then longitudinally into an Archive Half and a Working
Half using a rotary diamond saw. The Archive and
Working halves were placed in separate core boxes (3 m
per box for HQ size core and 4 m per box for NQ size
core). Yellow plastic separators, with the mbsf depth
written on them, were placed at one-metre intervals
within the core box. Any voids in the core box were filled
with foam blocking to minimize movement of the core
during transport.

Sampling of the core also began at the drill site. A 10-
cm section of the Working Half was taken at
approximately 20 m intervals. This “fast-track” sample
was sent the same day by helicopterto the palacontologists
at McMurdo Station for age determination. In addition
to the “last-track” sample, fourteen 10- to 20-cm long
whole-core sections were removed from the core for
clast-fabric and shape studies.

ess during the dritting of CRP-3.

TRANSPORTATION

Core Boxesfrom Cape Roberts Drill Site to McMurdo
Helicopter Pad. Insulated, vinyl-covered carryingcascs,
with a capacity of three or four core boxes each, were
used to transport the core via helicopter between the
Cape Roberts Drill Site and the Cape Roberts Camp, and
then on to McMurdo Station. The carrying cases were
placed inside the helicopter to protect the core from
freezing. Two to four carrying cases (6-16 core boxes)
were transported each day along with a “fast-track™
sample. The Working and Archive halves of the core
were sent on alternate days as a safety measure.

Core Boxes to Core Storage Facility (CSEC-CSF).
The cases containing the core arrived at the McMurdo
helicopter pad between 20.00 and 24.00 hrs each day and
were transported, by truck, from the helicopter padto the
Crary Science and Engineering Center-Core Storage
Facility (CSEC-CSF). The insulated cases were carried
into the CSEC-CSF where the individual core boxes
were removed from the carrying cases, logged in, and
placed on shelving. The Archive and Working halves
were placed in separate areas of the Facility. The CSEC-
CSF was maintained at a temperature of 4°C and at a
relative humidity of 60%.

SEQUENCE OF EVENTS IN THE CSEC CORE
LABORATORY

Core Laboratory, McMurdo. A core laboratory was
setupinroom 201 of the CSEC. The walls, the floor, the
benches, and all equipment in the room were thoroughly
cleaned prios to the core arrival at the laboratory and at
theend of each sampling session to minimize the potential



Introduction 17

for contamination of the core. The temperature of the
room was maintained at 18°C. The relative humidity of
room 201 was low (40%), despite the addition of two
humidifiers operating 24 hrs/day. The Jaboratory
contained 10 m of bench space covered with an casily
cleaned surface. Fluorescent lighting was augimented by
high-intensity halogen lighting to enhance the viewing
of the core.

The morning following the arrival ol the core at
McMurdo Station, the core boxes were repackaged into
the insulated cases and then carried by hand to the Core
Laboratory in the CSEC. The core boxes were removed
from the carrying cases and placed on the laboratory
benches in depth sequence.

Initial Core Appearance. In general, the core arrived
from the Cape Roberts Camp in excellent condition. The
core was moist, with a sheen of water on the cut surface
ofthe sediment. Occasionally, minorlongitudinal shifting
had occurred within the individual metre-long sections.
The cores were misted with filtered water on a regular
basis o counteract the dehydration effects of the low
humidity in the room.

Core Logs Rechecked, Photography, and Viewing of

the Core. Eachday 181040 m of the Working Half of the
core were logged and photographed by the
sedimentologists, and the core logs received from the
Cape Roberts Camp were checked for discrepancies
against the core. Upon completion of core logging, the
sedimentologists provided a short briefing and a tour of
the displayed core to the Cape Roberts science group.

Selecting Sample Intervals. On average, 18 (o 40 m
of core were available for sampling each day. The
investigators selected their sample intervals by placing
disposable sample “flags” (a toothpick with an adhesive
label wrapped around it) alongside the core. The palaeo-
magnetic investigators marked their samples by placing
4 x 7 mm slips of paper over their requested intervals.

Disputed Sample Intervals. Overlaps between
investigators requesting the same interval were resolved
through discussions with the on-ice parties involved, the
curators, and the Cape Roberts Sample Comimittee
(Harwood, Janecek, Powell, Talarico).

Data Entry. The curators entered the sample interval
data into a relational database (4th Dimension). These
data included: the investigator, hole number (CRP-3),
box number (1-256), top interval of sample (mbsf),
bottom interval of sample (mbsf), volume of the sample
(cubic centimetres), date, and comments. The comments
sectionrecorded the type of sample taken (e.g. sediment,
fossil, or clast) and the discipline and type of analysis to
be performed on each sample (e.g. petrology-thin section
or palacontology-diatoms). This sample information
and other coring information can be accessed through
the WW W sites of the curatorial facilities at the Antarctic
Marine Geology Research Facility, at the Florida State
University in Tallahassee, Florida (www.arf.fsu.edu)

and the Alfred-Wegener-Institute for Polar and Marine
Researchin Bremerhaven, Germany (www.pangaea.de).

SAMPLING

General Sampling. The core curators carried out the
routine daily sampling, with over 5 900 samples taken
for on-ice investigation. Common laboratory spatulas,
small scoops, and forceps were used to remove samples
from unlithified core. A diamond saw was used cut the
more lithified material, as well as the large clasts. All of
these tools were cleaned prior to the beginning of the
sampling session and between the sampling of different
intervals. At no time was any tool used more than once
before it was cleaned. The samipling tools were washed
with hot water and a laboratory detergent, rinsed with
clean water, and then given a final rinse with filtered
water. The tools were allowed to air dry to minimize the
potential for contamination by paper or cloth fibre. The
voids leftin the core following extraction of the samples
were filled with cut foam blocks to stabilize the core.
Upon completion of sampling. the core was misted with
filtered water and then returned to the CSEC-Core
Storage Facility. The benches, the floor, and all sampling
equipment were washed in preparation for the next
shipment of core.

Palacomagnetic Sampling. The palacomagnetists
conducted their own sampling. To avoid contamination
of the core, orientated, coherent sections were removed
from the core box, placed on a carrying tray, and taken
to the palacomagnetic sampling lab (a separate building
located on the loading dock of CSEC room 201). A
diamond drill was used to remove the sample and the
remaining core section was replaced in the core box in
the proper orientation.

CORE SHIPMENT

The core was re-examined in the CSEC-CSF prior to
packaging for shipment to the core repositories in Florida
and Germany. Additional foam blocking was added
where needed, and the core was misted with filtered
water again before the core-box lids were taped into
place.

The coreboxes were placed into specially constructed
wooden boxes that contained nine separate compartments
holding four boxes each. The containers were marked
with arrows pointing to the upright position and with
signs designating the correct temperature for transport
(4°C/40°F). The wooden boxes were shipped in a
refrigerated container via the cargo ship Greemwave to
Lyttleton, New Zealand. The Working Halves of the
core were off-loaded for ocean transport to Germany.
The Archive Halves continued aboard the Greenwave to
California, where they were off-loaded and transported
overland via refrigerated truck to Florida.
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2 - Core Properties and Downhole Geophysics

INTRODUCTION

We presenthere the results of a suite of structural and
geophysical measurements on whole cores and in the
borehole. The first section examines fracture patterns in
the cores and discusses their distributions, styles, and
tectonic significance. More than 3 000 fractures were
logged in the whole cores, and most were also imaged
with digital whole-core scans. These fractures include
microfaults, veins, and drilling-induced fractures.
Microfaults exhibit a fundamental change in style at
about 790 mbsf, with dominantly normal faulting above
this depth and oblique shearing below. Three large faults
are identified, at ¢. 260, 539, and 790 mbsf.

The second section discusses physical property
measurements, conducted on whole cores at a 2-cm
spacing throughout the cored interval. The resulting
core logs of P-wave velocity, density, and magnetic
susceptibility are used to define physical-property-based
units and to identify the influence of geological variables
(e.g. clasts, cementation) on these physical properties.

The third section presents the results of downhole
logeing. Continuous geophysical measurements along
the borehole wall were obtained by a suite of 10 logging
tools, including porosity, lithology, imaging, and seismic-
link tools. These logs, like the core logs of the previous
section, define units with characteristic geophysical
responses. The geophysical signatures of lithology, grain
size, and diagenesis are identified.

One type of downhole measurement, the vertical
seismic profile, is discussed in a separate section because
measurement frequency and volume are quite different
from the downhole logs. The vertical seismic profile,
conducted ata7.5-mspacing throughout CRP-3, provides
a precise link between seismic reflection travel-times
and drillhole depth. This time-to-depth conversion shows
an excellent match to that determined independently
from the whole-core velocity log of the second section.
In addition to the near-vertical seismic profile, two
offset seismic experiments were undertaken, to image
seismic reflectors up to 300 m away from the drill site
and thereby examine dips and lateral continuity of these
seismic reflectors.

The final brief section draws together the results of
the vertical seismic profile and whole-core velocity log
to correlate between the CRP-3 depth record and a
nearby seismic reflection line. Distinctive reflectors on
the seismic section are converted to depth within CRP-3
using the velocity data of sections two and four. This
correlation is tentatively refined based on identification
of significant impedance changes within the whole-core
velocity log.

FRACTURE ARRAYS
INTRODUCTION

The Cape Roberts Project drill holes are located
along the rift margin between the Victoria Land Basin
and the Transantarctic Mountains (Barrett et al., 1995).
This major structural boundary, known as the
Transantarctic Mountains Front, has been inferred to be
a major normal-displacement fault zone that
accommodated the relative motion associated with uplift
of the mountains and subsidence of the adjacent rift
basin. Fracture studies of the cores and borehole walls
during CRP drilling were aimed at documenting the
brittle deformation patterns associated with the evolution
of the Transantarctic Mountains Front and the
contemporary crustal stress directions across this
boundary. The CRP cores provide the opportunity to
document the timing of faulting based on crosscutting
relations with Cenozoic strata encountered by the coring.
The orientations of drilling-induced fractures record the
modern crustal stress directions.

Fractures were abundant in strata cored by CRP-3,
and over 3 000 fractures were logged in the ¢. 940 m of
core obtained. In addition to small-scale faults and
extension fractures, the drilling transected three larger-
scale fault zones. Textural and kinematic data on these
fault zones have been obtained by core-fracture logging,
whereas information on the attitude and extent of these
fault zones has been obtained by downhole logging.
Ongoing work integrating core fracture logging and
downhole data will allow us to orient the core fractures
following methods established for CRP-2A (Paulsen et
al., in press) and to provide an integrated analysis of
fracturing in the vicinity of the CRP drillholes (Moos et
al., in press; Wilson & Paulsen, in press).

FRACTURE STUDY PROCEDURES

Core-fracture logging was carried out on whole core
at the Drill Site laboratory. Depths to the top and bottom
of each fracture were recorded. Fracture dip and dip
direction were measured with respect to a red line
scribed the length of each core run. The surface of each
open fracture was examined for fractographic features
indicative of either shear or extensional mode of fracture
origin. The textures of material filling fracture planes
were examined macroscopically; detailed textural
analysis will be the subject of future petrographic analysis.

As part of fracture logging, we identified intact core
intervals, which are continuous lengths of core where no
internal relative rotation has occurred. The intact core
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intervals are bounded either by core-run breaks where
the core ends could not be fitted together, or by fractures
in the core where rotation occurred during the drilling.
For both HQ and NQ core, ¢. 55% of core runs could be
fitted together; the longest intact core intervals are ¢. 27
m long. This relatively high amount of intact core
lengths will greatly facilitate core orientation, which
will be achieved by feature matching between the core
and oriented borehole televiewer (BHTV) imagery.

Both the whole core and slabbed core were scanned
using the CoreScan® instrument leased from DMT,
Germany. One-metre lengths of whole core were scanned
by revolving the core on rotlers as a digital line scanner
traversed the length of the core. The uppermost portion
of the core down to ¢. 73 mbsf and a few deeper sections
of limited extent were (oo poorly indurated or too
fractured to carry out whole-core scanning. [t was possible
to complete whole-core scanning of 77% of HQ core,
90% of NQ core, or 85% of the core overall. This
provides an exceptional digital record of the core, which
we will use for systematic comparisons with the BHTV
and dipmeter logs to orient the core, to analyze fracture
patterns, and to determine dip directions and angles for
the strata. The entire working-half slabbed core was
scanned in the core boxes; these scans are provided as an
appendix to this report.

FRACTURE DISTRIBUTION AND DENSITY

A cumulative plot of the number of fractures per
metre of core, smoothed by a 10-metre moving average
filter, is provided in figure 2.1. All core fractures,
including those of both natural origin and drilling- or
coring-induced origin, are included on this plot. Fracture
densities range between 1 and 9 fractures/metre. Some
significant peaksrepresentincreased abundance of natural
fractures. The peak of 8 fractures/metre at ¢. 240 mbsf
represents an increase in small-scale faults as the major
fault zone at ¢. 260 mbsf is approached. The peak of c.
6 fractures/metre at 800 mbsf marks the major fault zone
between ¢. 790-806 mbsf. Thereis also a striking increase
in natural fracture abundance within the inferred Beacon
strata at ¢. 823 mbsf down to the base of the core.

INDUCED FRACTURES IN CRP-3 CORE
Petal, Petal-Centreline, and Core-Edge Fractures

Petal, petal-centreline and core-edge fractures are
curviplanar, drilling-induced fractures that form in the
host rock below the drill bit (Lorenz et al., 1990; Li &
Schmitt, 1997, 1998). Petal-centreline and core-edge
fractures both occurin CRP-3 core (Fig. 2.2), comprising
a population of ~60 fractures. The majority of these
drilling-induced fractures occur in the upper 225 m of
the core where the material was less indurated. There are
significantly fewer petal-centreline and core-edge
fractures than in CRP-2A (Wilson & Paulsen, in press).

Fractures per metre
0 2 4 6 8

950 medm

Fig. 2.1 - Fracture deasity vs depth and lithology in CRP-3 core.
Number of fractures per metre of core smoothed by a 10-m moving
average window. Major peaks at c¢. 240 and 790 mbsf are natural
fractures related to large fault zones. Note the overall high fracture
density associated with the inferred Beacon strata and intrusive porphyry
below 823 mbsf.

Probable causes for the decreased abundance include a
decrease in the drilling-mud density used in CRP-3
compared to CRP-2A because adecrease in drilling mud
density would cause a decrease in the hydrostatic head
exerted on therock below. Alternatively, the decrease in
abundance compared to CRP-2A could be related to the
overall more indurated, stronger rock drilled at the base
of CRP-2A and throughout CRP-3. Comparison with
borehole televiewerimagery will allow us to determine
the orientation of these drilling-induced fractures
and, from that, the orientation of the maximum and
minimum horizontal stresses, which are parallel and
perpendicular respectively to the strike of these
fracture planes.
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Fig. 2.2 - Petal-centreline fractures extending from ¢, 224.6 1o 225 mbsf. Base of corc to left; 61 mm diameter core.

Subhorizontal Tensile Fractures

A large population of subhorizontal fractures Is
present in CRP-3. In fine-grained mudstones and
siltstones, well-developed surface fractographic features
including hackle plume, arrest lines and twist hackle are
present on these fracture surfaces, clearly documenting
their formation as Mode 1 extension fractures. In the
abundant sandstones cored in CRP-3, surface features
were rare on the subhorizontal fractures, but they are
also likely Mode 1 extension fractures. There are a
variety of mechanisms for causing axial tension in the
core. For example, Mode 1 extension fractures are
typically induced at the end of a core run, when the
drilfer retracts the drilling assembly off the bottom of the
hole to break the cored rock from the uncored interval
below. Other causes include raising the hydraulic chuck
during drilling, handling-related flexure of the core, and
disking, where tension arises when the core is released
from the host rock upon entering the core barrel.

Other Drilling-, Coring-, and Handling-Induced
Fractures

Fractures were also induced where advance of the
core barrel was impeded by such factors as “sticky’ clay-
richmaterial or abruptchanges fromhard to softmaterial.
Intheseareas, ‘spin’ fractures marked by circular grooves
and/or torsion fractures were common. Some fractures
developed during handling as the core was processed
and transported.

NATURAL FRACTURES IN CRP-3 CORE
Microfaults

Discrete, planar microfaults of several types are
abundant throughout CRP-3 core and provide a much
more complete fault record than CRP-2A. Closed
fractures that offset bedding planes with magnitudes of
up to several cm are common. In the Oligocene strata
these are almost always normal faults (Fig. 2.3). In the
Beacon strata there are microfaults with both normal and
reverse offsetof bedding (Fig. 2.4). Many planar fracture
surfaces sealed by carbonate cement or vein material
have dips in the 60-80° range typical of normal faults.
They show conjugate geometries and, where such
surfaces opened during core handling, in some cases
show striae on their surfaces, suggesting that most of

Fig. 2.3 - Normal fault of fsetting coal laminae at 475.61-475.70 mbsf{.
Unrolled whole-core scan of 45-mm-diameter core.

i B
Fig. 2.4 - Calcite-cemented reverse fault in Beacon strata at 843.60-~
843.64 mbsf. Unrolled whole-core scan of 45-mm-diameter core.

these also mark fault planes. Planar fractures with well-
developed slickensides, with or without evidence for
bedding offset, are also common throughout the core
(Fig. 2.5). Striae on the slickensided surfaces indicate
that microfaults down to the fault zone encountered at
c. 790 mbsf had very consistent dip-slip movement
(Fig. 2.6a). Dip-slip microfaults commonly occur in a
conjugate geometry, have dips that range from 55 to 70°,
and display normal-sense displacement where bedding



Fig. 2.5 - Slickensided microfault surface showing dip-slip motion in
Oligocene strata, 407.81-407.90 mbsf. Core is 45 mm in diameter.

was offset and/or surface shear-sense indicators are
present. These attributes all indicate a normal-faulting
regime with the greatest principal stress oriented
vertically.

Beginning at the depth of the fault zone at 790 mbsf,
striae on slickensided fault surfaces documenta striking
change from dip-slip motion to more complex, oblique
shearing (Fig. 2.6b). Within the shear zone,
approximately 44% of the microfaults with observable
striae had striae with rakes of less than 45° (Fig. 2.7),

a
) Oligocene above 789.50 mbsf

b) Fault zone between
789.50-810.12 mbsf
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indicating dominaatly strike-slip movement, and the
remainder show more steep striae rakes butstill indicate
oblique movement. The same kinematic pattern, with
both strike-slip and oblique-slip faults, is characteristic
of faulting below the 790 mbsf shear zone throughout
the Beacon strata to the base of the core (Fig. 2.6¢).
Microfaults observed within the Beacon stratatypically
have lower dip angles (45-55%) than faults observed in
Oligocene strata, Faults with an apparent reverse-sense
offset of bedding, which were very rare in Oligocenc
strata, increase in abundance below the Oligocenc/
Beacon contact. The limited kinematic data 1rom
slickenside surfaces suggest that the reverse-scnse
displacement may be due to oblique or strike-slip
movement; however, we cannot rule out true dip-slip
reverse displacement. Fault planes and fractures in the
Beacon strata commonly are filled with either clay
material or acoarse-grained fill with clasticappearance.
At this stage it is not clear whether these fills represent
cataclastic gouge and breccia orinjected clastic material.

VYeins

Fractures were classified as ‘veins’ where discrele,
planar fractures were sealed by precipitated fill and
showed no offset of bedding. Veins of a variety of types
are common throughout CRP-3. Veins within the
Oligocene section typically are filled with calcite and,
less commonly, with pyrite. Fractures marked by planar
bands of grey carbonate cement are also common in the
Oligocene strata. Both of these vein types are very
similar to those seen in the lower portion of CRP-2A
core (Cape Roberts Science Team, 1999; Wilson &
Paulsen, in press). Fault surfaces within the sheared
dolerite between ¢. 790 and 810 mbsf and within the
highly altered porphyritic intrusion between ¢. 900 and
920 mbsf have a fill of soft-green fibrous material, in
some cases together with calcite, that grew during fault
displacement. Within the Beacon strata, fracture planes
are commonly outlined by bands or patches of yellow
and gray noncalcareous material of unknown
composition. The composition and textures of this
widely varied vein material need to be examined in thin
section.

¢) Oligocene - 810.12-823.11 &
Beacon from 823.11-939.42 mbsf

N=154 Circle = 45%

N=36

Circle = 14%

N=90 Circle = 12%

Fig. 2.6 - Rose diagrams of the rake of striae on fault surfaces for depth intervals as indicated. a) Note homogeneous, steep pitches in Oligocene
strata indicating dip-slip motion; b) note change to more complex, oblique-slip shearing at fault zone beginning at 789.50 mbsf; ¢) note
continuation of oblique-slip pattern through Oligocene and Beacon strata to base of core.
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Fig. 2.7 - Low-angle oblique striae on microfault swrface at 808.90-
809.30 mbsf, indicating dominantly strike-slip movement.

Veins typically dip at moderate angles similar to
microfaults, are 1-3 mm thick, and occur in spatial
association with microfaults. Sparry calcite
mineralization locally occurs in openings along faults
that show offset of bedding, indicating mineralization in
a dilatational fracture post-dating shearing. A few veins
show a compound-branching or en echelon form typical
ofextensional Mode I fractures. The majority, however,
are more likely torepresent precipitation of vein material
along fault planes because of their typical 50-70° dips
and arrangement in conjugate geometries (Fig. 2.8).

Clastic Intrusions

Clastic intrusions (dykes) occur in the upper section of
the core, filling fractures with typical dips between 40 and
75° Dykes typically have sharp and planar boundaries, but
less commonly irregular geometries. Dykes are commonly
cemented with calcite and have thicknesses that typically
range from 3 to 10 mm. In some cases the sedimentary
injections appear to follow normal fault planes. Intrusions
with an apparent clastic texture are common in Beacon
strata, in association with breccias, described below.

Fig. 2.8 - Conjugate geometry of calcite veins at ¢. 407.28-407.39
mbst, probably formed along fault planes.

LARGE FAULTS IN CRP-3

Threc larger-scale fault zones were drilled at ¢. 260,
539, and 790 mbst. The upper two fault zones are typical
brittle faults. Only fallback material was obtained from
the fault at 260 mbsf, consisting of intensely veined
fragments and clay-size material. Dip-slip, normal-
displacement, slickensided microfaults and calcite veins
following microfaults increase in abundance downward
through the core toward this faultzone, but are uncommon
immediately below it. Most fault material at 539 mbsf
was also not recovered; however, the lowermost surface
is preserved in the core. A minimum displacementof 6cm
normal dip-slip separationis constrained by the extent of
breccia fragments derived from a distinctive bed near the
top of the core; however, total displacement is likely to
be significantly larger. The fault surface is lined by up to
2 cm of calcite, including large, open vugs filled by
sparry calcite. Both of these brittle fault zones were
associated with extensive loss of drilling fluid into the
borehole walls, indicating open fractures within the
zone. They also are marked by negative temperature
anomalies (see Downhole Logging section), documenting
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high permeabilities along them. Although no direct
indication of displacement sense or magnitude on thesc
faultzonesis available yet, the uniformity of the rormal-
sense dip-slip motion on microfaults throughout this
portion of the Oligocene strata indicates these are likely
normal Taults. Preliminary examination of BHTV imagery
did not reveal any clear record of the fault at 539 mbsf.
Smail faults above and below the fault at . 260 mbst dip
moderately to the east; if these are synthetic (o the large
fault, it may also have an eastward dip.

A fault zone of markedly different character extends
from ¢, 790 to 801.5 mbsf, with more Jocalized fauiting
of simifar character continuing down to ¢. 814 mbsf. The
fault zone is dominated by coherent masses of dolerite
crosscut by planar to irregular zones of fragmental
material with a black, glassy matrix {Fig. 2.9). Clasts in
the fragmented zones are dolerite, with rare sedimentary
clasts. Clasts cross the spectrum of size from boulder to
sand and of shape from anguiar to rounded (Fig. 2.1{a).
A smear slide of the glassy matrix material consisted of
clay-size particles, and XRD analysis of a matrix sample
at 798.03 mbsf showed guartz, plagioclase, illite, smectite
and mixed-layer clay components (see section on X-Ray
Mineralogy). Brittle fragmentation of the delerite is
indicated by the halos of clasts that surreund the cobble-
to boulder-size dolerite ciasts, Gradations between these
clast margins and ultrafine-grained, black matrix zones
suggestthat the clay-size matrix material was also formed
by brittle cataclasis. When broken on any surface, the
black matrix has an extreme, glassy polish and finely
etched slickenlines indicating pervasive shear (Fig. 2.10b),
In many cases, this black matrix material forms wispy
injections into clast interiors, and these have helped 1o
fragmentthe farge clasts {(Fig. 2. 10a}. Discrete microfault
surfaces that cut the dolerite commonly show the same
black, glassy surface material and/or have a fill of a soft,
fibrous mineral with a greenish hue.

There is a wide range of attitudes of slickenlined
surfaces within this fauit zone; however, there appear to
he two dominant fracture sets that may have a conjugate
geomelry. Slickenline orientations also show a range of
rake angles on these fracture surfaces, ranging from
high- to low-angle oblique slip (Fig. 2.6b). Because we
do not yet have orientation for the core, we cannot
analyze the faull zone kinematicaily. The few available
shear-sense indicators derived from slickenfibre step
directions on discrete microlault surfaces indicate both
normal-teft-lateral and normal-right-lateral oblique sheas.
BHTV imagery shows moderately to stecply west-
dipping fractures and some fractures with shallow to
moderate eastward dips within the fault zone, but it is
unctear whether either of these fracture sets parallels the
overall orientation of the fault zone.

BRECCIAS IN BEACON STRATA

Brecciation is very common within the inferred
Reacon strata cored in the lower ¢. 140 m of the core,

Fig. 2.9-Fragmental bands in Tault zone from 780-80 1 mbsfinterpreted
to form by cataclasis. Unrolled whole-core scan of 45-mm-diamater
cove hetween ¢ 79410 and 704,74 mbs{, New planar zones of
fragmemtal material with moderate 10 steep dips and dwrk bands of
injected materinl connecting them (arrews).
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Fig. 2.0 - Textures in fragmental matesial interpreted as cataclasites in fault zone at 790-80 1 mbs[. a) Angular (o subronaded clasts of wide range
of arain sizes. Note mauix injected into clast, lerminating inward and spalling of clast fragment. ) Glassy, polished und sickentined surlace in
ultrafine-grained matrix interpreted w be shiracataclasite formed by pervasive shearing.

comprising up to 30% of the Beacon unit. Beacon
fragments with angular to subrounded shapes float in a
matrix of coarse sand-sized material, Rotation of bedding
between clasts within the breccia documents post-
lithification fragmentation. Whole-core observations
showed that the most common form of the breccia
bodies infills planar zones with steep dips (Fig. 2.11). In
general the steep breceia zones transect bedding, but
they locally branch into bedding planes, suggesting the
brecciated material was injected. In association with the
breccias are abundant planar injections with a clastic
texture. These also mainly dip in the 60-80° range and
crosscut bedding, butwere localiy injected along bedding
planes. The muaterial filling these injections includes
coarse, rounded guartz grains clearly related to the host
strata. It could be cither cataclastically granulated host
rock or remobilised sedimentary material of unknown
source, although the latter is uniikely because of the
compositional similarity to the lithified Beacon host
rocks. Textural analysis of thin sections should resolve
this guestion,

PHYSICAL PROPERTIES FROM ON-SITE
CORE MEASUREMENTS

INTRODUCTION

We carried outl core physical-property measurements
(made on the core as opposed to in the bore hole) for
CRP-3 in a similar manmner to those for CRP-1 and CRP-2.
For CRP-1 and CRP-2, physical properties were used to
define and interpret stratigraphical patterns, including a
comparison between lithology and sequences {Cape
Roberts Science Team, 1998; Cape Roberts Science
Team, 1999; Niessen & Jarrard, 1998; Niessen et al.,
1998), For example, grain size has an effect on porosity

Fig. 2,71 - Breeoia zone with plapar marging in Beacon sirata al ¢
86689 mbst.
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calculated from wet-bulk density (WBD) in the CRP-1
core. However, for CRP-2 we found that the effect of
grain size on porosity and velocity is subtie because
cementation is the primary control on velocity-porosity
relationships in the deeper part of the hole. This is caused
by particularly strong carbonate cementation (Niessen
et al., in press).

In both CRP-1 and CRP-2, sequences are reflected
by the cyclic pattern of magnetic susceptibility (MS). In
the upper partof the CRP- core, this patternis overprinted
by volcanic debris derived from the McMurdo volcanic
province. CRP-1 porosity decreases strongly down-
core, which we interpreted as a secondary overprint on
consolidation, such as overcompaction by ice and
cementation (Niessen et al., 1998). However, it has to be
considered that the core length of CRP-1isonly 147.7m
and that steep porosity gradients are also commonly
observed over relatively short depth intervals in CRP-2.
In the latter these are averaged out by an intercalation of
strongly consolidated units with weakly or
unconsolidated units of higher porosity, so that the
overall porosity trend of CRP-2 was not oversteepened
(Brink & Jarrard, in press).

The P-wave velocities of CRP-1 and CRP-2 were
used to calculate acoustic travel times, which provided
the link from seismic profiles to the cores. For CRP-3, a
major goal is to use both density and velocity data to
assess depth intervals for potential seismic reflectors in
order toextend the calibration of regional seismic records
of the Victoria Land Basin.

METHODS

Measurements at the drill-site laboratory included
non-destructive, near-continuous determinations of wet
bulk density (WBD), P-wave velocity (Vp), and magnetic
susceptibility (MS) at 2-cm intervals. We used the Multd
Sensor Core Logger (MSCL,, GEOTEK Ltd., UK) to
measure core temperature, core diameter, P-wave travel
time, gamma-ray attenuation and MS. The technical
specifications of the MSCL system are suimmarised in
table 2.1. As with CRP-2, we logged the cores in plastic
carriers to avoid destruction of non-consolidated rock
material (Cape Roberts Science Team, 1999). Unlike
CRP-2, the upper 38.13 m of CRP-3 HQ-size had to be
logged onsplit-cores (archive halves). Data were logged
in continuous intervals of 6 to 23 m. Prior to and after
each of these logging intervals, calibration pieces of 0.4
m length were logged, including a blank cartier to
measure non-attenuated gamma radiation. In addition,
cylindrical standards (Tab. 2.2) for both HQ and NQ size
were logged in order to monitor the accuracy of WBD
and Vp values.

Settings and parameters of MS measurements are
summarised in table 2.1. The sensor was tested using the
Bartington sensor-specific core-calibration piece. No
offset was observed. Data were corrected for loop-
sensor and core diameter as follows:

MS (107 S1) = measured value (107 SI) / K-rel (D)
This sensor correction is based on a modified
algorithm provided by Bartington after the CRP-2 field
season:

K-rel = -0.04018 + 5.5832 * (d/Dc) 2273 (i)

where d = core diameter and De = coil diameter of the
sensor. Resulting HQ and NQ K-rel is given in table 2. 1.

Vp was measured using Acoustic Rolling Contact
Transducers (ARC, GEOTEK Ltd., UK). The sensor
settings and the calibration (guantification of P-wave
travel time offset through the core carrier wall, transducer,
and electronic delay) are described in detail in Cape
Roberts Science Team (1999). P-wave velocities (Vp)
were normalised to 20°C using the temperature logs:

Vp=Vpm+3*Q20-un) (i)

where Vpm = P-wave velocity at measured
temperature (Tab. 2.1); tm = measured temperature.

As during to the CRP-2 season, a laboratory-built P-
wave registration apparatus was used in addition to the
standard Vp-detection system of the GEOTEK Multi-
Sensor-Core-Logger (MSCL) in order to digitise
transmission seismograms. This system is described in
detail in Cape Roberts Science Team (1999). The
technical specifications are summarised in table 2.1.

WBD was determined as described in Cape Roberts
Science Team (1999) and Weber et al. (1997). The
settings of the CRP-3 gamma-detection system arc
summarized in table 2.1.

Porosity was calculated from the WBD as follows:

POR = (dg - WBD) / (dg - dw)  (iv)

where dg = grain density (2.7 g cm™®); dw = pore-~
water density (1.03 g cm™).

The gamma-detector output was calibrated at the
beginning of CRP-3 coring activity for the HQ whole
settings and then recalibrated for HQ half-cores and NQ
whole-cores. In addition, unattenuated measurements
were made at the beginning of each run to monitor the
stability of the gamma detector during the measuring
process. The variation was minor (Tab. 2.2). The variation
of the standards of all runs is plotted versus depth
(Figs. 2.12 & 2.13) in order to ensure that there is no
offset observed between the three different types of core
logged (HQ half cores, HQ whole-cores and NQ whole
cores). The statistics of the standards are summarised in
table 2.2.

Down-core logs comprise nearly complete data sets
for all lithological units. Only for those depth intervals
where major disturbances were observed (cracks,
fractured sections, gaps or heavily crumbled core) were
data eliminated. Two different data sets are presented in
this report. To report on general variability and to define
core physical property (CPP) units, we smoothed the
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Tab. 2.1 - Multi-Sensor-Core Logger (MSCL-25) specifications for CRP-3,

P-wave Velocity and Core Diameter
Sensor orientation

Transducer

Transmitter pulse frequency
Transmitted pulse repetition rate:
Received pulse resolution

P-wave travel-time offset

vertical
Acoustic Rolling Contact Transducer (GEOTEK [td.)
230 ki,

100 Hy

50 ns

18.8 s (HQ), 19.8 pus (NOQ)

P-wave Transmission Seismograms
ADC board

Sampling frequency and resolution

T3012 (National Instruments)
30 Mhz, 12 bit

Source activity
Source energy
Counting time
Collimator diameter
Gamimna detector

Sampling interval 50 ns

Length of seismograms 200 ms ~
Wet Bulk Density

Sensor orientation vertical

Gamma ray source Cs-137

356 MBq

0.662 MeV

10s

5 mm (whole cores HQ/NQ), 2.5 mm (half cores HQ)
Nal-Scintillation Counter (John Count Scientific Ltd.)

Magnetic Susceptibility
Loop sensor type

Loop sensor diameter
Loop sensor coil diameter
Alternating field frequency
Sensitivity

Magnetic field intensity

MS-2B (Bartington Ltd.)
80 mm

88 mm

0.565 kHz

15, 10s (HQ). 10 s (NQ)
approx. 80 A/m RMS

Loop sensor correction coefficient K-rel (HQ) 1.0884
Loop sensor correction coefficient K-rel (NQ) 0.5235
Temperature

Sensor type infrared

original data using a 20 data-pointrunning window, then
interpolated (32 000 data points per 600 m of core) and
resampled using 0.05-mequal vertical spacing (Fig. 2.14).
All data of good quality are presented without statistical
treatment in two depth logs (0-500 mbsf and 500-940
mbsf, Figs. 2.15 & 2.16, respectively), and, in more
detail, for some depth intervals where major boundaries
were observed in the lithology (Figs. 2.17 to 2.19).

GENERAL OBSERVATIONS

Magnetic susceptibilities range on a large scale from
near zero to up to 6259 (103 SI). Some sandstones even
vielded negative susceptibilities (0 to -1), which are not
shown in the graphs of this report because the data are
plotted onalogarithmic scale. The highest susceptibilities
are measured in dolerite clasts and intrusions. WBD
ranges from 1.63 to 3.16 Mg m™ with the lower values

27

near the top of the core and maximum values in dolerite
clasts. The corresponding porosities calculated after
equation (iv) range from ¢. -0.27 to 0.64. Similar to
results from CRP-1 and CRP-2, the assumption of
constant grain density of 2.7 Mg m~ (equation iv) results
in negative porosities for clasts of higher grain density
(Niessen & Jarrard, 1998; Niessen et al., in press). Vp
ranges from c¢. 1 562 to 6 703 ms™' and, in general,
correlates remarkably well positively with density
(Fig. 2.14). Inthe upper 820 mbsf, dispersion in the core
physical property data is more common than in the
lowermost partof CRP-3. Dominant gradients of physical
properties are observed in the upper 140 m of the core
and below ¢. 780 mbsf. However, systematic down-core
trends in velocity, WBD, and porosity, which were
clearly evident in data from CRP-1 and CRP-2, are not
observed in CRP-3. This problem will be addressed in
more detail in the CRP-3 Science Report.
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Tab. 2.2 - Statistics on measured standards for CRP-3

g S;ﬁ&xd 7 ] k l\p( of smn(ldld Cou o W(fr(');s;s No. of 1\"lin. Mu&.. Mean "Slkd.
material diameter section measured Deviation
S S — - ] Standards , : —
Alumin. Density (Mg m*) HQ 1 172 | 4 269 | 272 2.7
Alumin ¢ Velocity (ms') 1 HQ | 172 | 4 | 6318 1 7061 6748 -
Plastic Density (Mg m™) HQ 1/2 4 L 140 142 141 -
Plastic Velocity (m's”) ~ HQ 12 4 2326 | 2387 | 23 -
Plastic ] Diameter (mm) | HQ 12 4 4.49 4.50 | 4495 | --
Air (Io) ;' Radiation (CPS) HQ 1/2 4 4906 4982 4974 1 -
Alumin. Density (Mg m™) HQ iy 28 2.68 2740 270 0015
Alumin Veloeity (ms') HQ 26 6571 7078 | 6824 15341
Plastic . Density (Mg m*) HQ 52 1.40 .44 142 0.009
Plastic 75 Velocity (in s b O HQ 1/ 48 2311 2447 2380 339

| Water 4 Density Mgm™) | HQ 1/1 32 0.956 | 1.022 0.98 0.014
Water | Velogity (ms™) HQ /1 32 1476 | 1510 | 1492 911
Plastic i Diameter (mm) HQ o 50 5.96 6.49 6.13 0.10
Air (Io) Radiation (CPI) HQ 1/1 48 16225 | 16537 | 16378 919
Alumin. Density (Mg m™) NQ 1/1 94 2.63 2.75 2.70 0.02

| Alumin | Velocity (m s) NQ /1 88 6535 7026 . 6824 103.8
Plastic Density (Mg m™) NQ 1/1 96 1.37 1.46 | 142 | 0.017
Plastic Velocity (m s NQ 1/1 96 2297 2433 2380 27.2

[ Plastic | Diameter (mm) NQ f /1 96 4.49 452 1 450 0.007

| Air(lo) | Radiation (CPD) NQ | 96 | 15582 | 16017 | 15857 75.22

|

Note: Density of aluminum standard (1) = 2.7 Mg m*; velocity of aluminum standard = 6 800 ms™'; density of plastic standard (2) = 1.42

Mg, velocity of plastic =2 370 ms™'; density of water (3) (including container at 20°C) = 1.0 Mg mr

at 20°C) = 1 493 ms''; CPS = counts per second.
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Fig. 2.12 - Measured densities of standards for different depth levels
of CRP-3 core logging. Material and density of standards in table 2.2.
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Fig. 2.14 - Core physical properties of CRP-3 and core-physical property units (CPP).

STRATIGRAPHY OF CORE PHYSICAL PROPERTIES

An overview of the down-core pattern of MS, WBD
and Vp is presented in figure 2.14. By combining all
three records together, eight major units (CPP-1 to CPP-
8) can be distinguished (Fig. 2.14). At 144, 790, 823 and
901 mbsf, core physical property units match the units
defined using CRP-3 bore-hole logs.

Unit CPP-1 extends from the top of the core to 144 mbsf.
It is defined by relatively uniform MS and steep down-
core gradients of WBD and velocity. Some fluctuations
are superimposed on these gradients, in particular in the
density data. The strong down-core gradient in velocity
and density can probably be attributed to secondary
diagenesis rather than primary compaction of the core.
In this unit the core is also heavily fractured (coring
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Fig. 2.15 - Log of all core physical-property data in the upper part of CRP-3. Horizontal lines represent boundaries of lithostratigraphical units.

induced, see preceding sections of this report), which
indicates that most of its carbonate cement may have
been dissolved towards the top of the core. The boundary
to the next lower unit appears somewhat gradual,

Unit CPP-2 (144 to 450 mbsf) is characterised by
relatively high values of MS, WBD and velocity, and 1t
exhibits stronger fluctuations in all three parameters
thanabove. Fluctuations correlate well between velocity
and WBD logs, and to a lesser extent also with MS. It is
notable that, on average, WBD increases slightly farther
down-core, whereas no such gradient is evident in the
velocity. The different trends in velocity and density
may imply stronger cementation in the upper half of the
unit because velocity is relatively high compared to
WBD, indicating higher rigidity. The reason is that
cementation can have a major effect on rigidity. Thus,
increased rigidity towards the top of the unit can keep
velocities high despite the decrease of WBD. The lower
boundary of CPP-2 is sharp in MS but appears gradual

in WBD and velocity.

Unit CPP-3 (450 to 620 mbsf) is defined by
remarkably lower MS, in particular in two minima that
correlate with light-coloured quartzose sandstone Units
12.3and 12.5. The unitis also characterised by decreased
WBD and velocities compared to underlying and
overlying units. The pattern suggests that the unit is
characterised by relatively mature sands that may have
lost magnetic components during reworking and/or
different type of erosion. The lower boundary is gradual
in the WBD and velocity, but is more distinctive in the
MS records.

Unit CPP-4 (620 to 790 mbsf) exhibits relatively
small-scale oscillations in all three parameters. At the
top of this unit, MS increases down-core by more than
one order of magnitude and then stays relatively stable
to the bottom of CPP-4. The character of core physical
properties of this unit is quite similar to Unit CPP-2. The
transition into the underlying Unit CPP-5 appears gradual.



Core Properties and Downhole Geophysics 31

Depth  Particle Size

(mbsf) [ ]
clay silt sand

gravel 0.1 10 1000

Unit

Magn. Susceptibility (10 S1)

SRTETT SRR MRUTTTT

Vp (ms™
2000 4000 6000

(WA FPWIE SRR RERN N SN R

Fractional Porosity
¢] 02 04

500 . . -

12.3 I

|||JL1,,_L1MJ]|I|I

PR

13.1

700

750

13.2

14.1
15.1

15.2

s

16.1

)
n
S
llI!illlI,lllllllIl

900

'l
NN

171

erad
Co.
!

18.1

= CERLLEL AR B

T T Tt Ty TEFrT ooy

Fig. 2.16 - Log of all core physical-property data in the lower part of CRP-3. Horizontal lines represent boundaries of lithostratigraphical units.

This may be affected by smoothing the data because
there is a rather sharp boundary in the fractional porosity
and velocity at 790 mbsfon the unsmoothed data (Fig. 2.16)

Unit CPP-5 (790 to 823 mbsf) is characterised by a
major maximum in MS, WBD and velocity. This CPP
unit corresponds to LSU 14.1to 15.3, which isdominated
by dolerite breccia and conglomerate. Thus, the core
physical properties of CPP-5 largely reflect the physical
signature of Ferrar rocks. Because of the very steep
increase of both WBD and velocity at the top, Unit CPP-
5 may also form one of the strongest reflectors in seismic
profiles across the drill site.

Unit CPP-6 (823 to 901 mbsf) isdefined by a constantly
very low MS and a gradual decrease in velocity. WBD is
significantly lower than in the overlying Unit CPP-5 but
slightly higher than in Units CPP-3 and CPP-4. Unit CPP-
6 correlates with the Beacon sandstone (ILSU 16.1).

Unit CPP-7 (901 to 920 mbsf) marks the altered
dolerite intrusion of LSU 17.1. MS returns to values

almost as high as in Unit CPP-5. But, in contrast to the
dolerite-dominated Unit CPP-5, WBD and velocity are
distinctly lower in CPP-7 as compared to the adjacent
Beacon sandstone, probably because of extensive
alteration of the intrusion. Both WBD and velocity are
aboutaslow as most minima observed in the units above.

Unit CPP-8 (920 to 939.42 mbsf) is very similar to
Unit CPP-6 and correlates with the lower part of the
Beacon sandstone in the core.

COMPARISON OF PHYSICAL PROPERTIES WITH
LITHOLOGY AND SEQUENCES

Two logs of higher vertical resolution are presented
(0-500 mbsf and 500-939.42 mbsf, Figs. 2.15 & 2.16,
respectively) and compared with the lithological units.
These detailed logs include porosity data calculated
from WBD. Itis evident that some major changes of core
physical properties match lithological unit boundaries.
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Fig. 2.17 - Comparison of core physical properties with lithological boundaries and sequence boundaries for a selected depth level of CRP-3.

However, many lithological boundaries are characterised
by gradual rather than sharp changes in the physical
property data.

Similar to CRP-1 and CRP-2, units containing large
single clasts exhibit lower porosities, higher velocities,
and large dispersion in all three parameters. For all units,
where larger amounts of gravel were logged, a spike of
higher velocity and lower porosity is notable in the
physical property records. Usually these spikes reach
velocities to about 6000 m s and result in apparent
negative porosities. The latter is indicative of basement
rock clasts having densities well above the assumed
graindensity of 2.7 Mg m~. In most cases the occurrence
of gravel and cobbles is also associated with increased
MS. This kind of “bedrock signature™ is best seen in the
boulder-rich dolerite conglomerates and breccias of
LSU 13.2, 15.1 and 5.2, where velocities exceed
6000 m s and densities are as high as 3.06 Mg m™. The
latter result in apparent negative velocities below -0.2. It
isinteresting to note that the relatively strong dispersion

evident above 823 mbsf is not observed below this
depth. The sandstones at the bottom of the core are older
than the Ferrar, thus dolerite clasts do not occur in the
core below 823 mbsf.

Low porosity and, in particular, high velocity values
are not entirely restricted to lithologies rich in clasts.
Despite lack of general depth trends in velocities and
porosities, sandstones from different depth can have
very different velocities and porosities. For example, at
40, 115, 445 and 900 mbsf velocities are ¢. 2 000, 3 000,
4 500 and up to 5 000 ms™' respectively. The porosities
in these intervals are 0.4, 0.2, 0.05, and 0. These
differences are attributed to a combined effect of
consolidation and cementation. The importance of
cementation has already been pointed out for CRP-2
physical property data and was briefly discussed above.
A detailed analysis of velocity/porosity relationships
may help identify strongly cemented layers and will be
presented in the CRP-3 Science Report.

The results from CRP-1 and CRP-2 demonstrated
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that sedimentary sequences match the pattern of core
physical boundaries better than lithological units. It is
too carly to compare the entire sequence stratigraphy of
CRP-3totherecord of core physical properties. However,
for Tertiary strata the depth interval from 410 to 450 mbsf
was chosen as a key example to compare lithological
boundaries and sequence boundaries with physical
properties (Fig. 2.17). The lithology describes light-
coloured quartzose sandstone (LSU [2.1) overlain by
sandstones and conglomerate (LSU 11.1) grading into
mudstones (LSU 10.1). Sequence boundaries are located
at416.99 and 444.44 mbst (onset and top of Sequence
21). The lower lithological boundary at 444.44 mbsf
matches the onset of Sequence 2 1. These boundaries are
clearly reflected as steep gradients in MS, porosity and
velocity (Fig. 2.17) at the base of the conglomerates at
416.99 and 444.44 mbsf. Within Sequence 21 fining
upward is indicated by a gradual decrease in MS and
velocity combined with increasing porosities.

This pattern is repeated by the MS data at the onset
of Sequence 20. Susceptibility exhibits a rapid shift to
values above [ 000 (107 SI), gradually decreasing back
tothe level of about 10 in the overlying mudstones. This
suggests that MS may be a powerful tool to identify and
interpret sequences in the CRP-3 record. In turn, it may
suggest that the MS record may be largely controlled by
environmental changes such as those induced by climate
and sea level fluctuation.

Sequence boundary 20/21 (Fig. 2.17), however, is
not clearly indicated in the porosity and velocity data
because adistinctchange is indicated within the sequence
(at ¢. 425 mbsf) rather than at the sequence boundary
(Fig. 2.17). Higher velocities and lower porosities above
425 mbsf may indicate differences in the cementation of
the sandstone. This pattern may suggest that diagenetic
effects on physical properties are superimposed on
lithological changes. As in the example of Sequence 21,

these effects may. in places, mask evidence of sequence
boundaries in the velocity/porosity data. None of the
physical propertics marks adistinetshiftat the lithological
boundary between LSU 1.1 and 10.1.

The top of the Beacon sandstone (LSU 15.2) is
characterised by adistinct lithological change from light
red/brown quartzose sandstones into overlying dolerite-
clast conglomerate intercalated with a relatively thin
unit of sandstone-clast breccia. This boundary is
important because it marks the penetration of CRP-3
drilling into Paleozoic bedrock. At this transition core
physical properties are compared with lithologies
between 817 and 827.5 mbsf (Fig. 2.18). The boundaries
are marked distinctively by MS data. At the top of the
Beacon, MS exhibits a significant minimum close to
zero followed by asteep gradient through the sandstone-
clast breccia into overlying dolerite conglomerates. MS
increases over four orders of magnitude, which is the
strongest gradient observed in the entire core. On the
other hand, porosities fluctuate rather insignificantly at
this boundary, and velocities even remain stable. The
reason could be that the top of the Beacon is strongly
cemented and thus exhibits velocities almost as high as
in the lower part of the overlying dolerite-clast
conglomerates.

Another major lithological change is the igneous
intrusion into Beacon sandstone drilled between 901.48
and 919.95 mbsf. The upper and lower contacts of the
intrusion are clearly evident in the record of core physical
properties between 895 and 925 mbsf (Fig. 2.19). The
igneous rock is characterised by MS of about 100 (107 SI),
including several distinct spikes up to 1 000. Porosity of
up to more than 0.4 is significantly higher than measured
in the overlying and underlying sandstones. Velocities
are about 1 000 m s lower than those measured in the
Beacon (LSU 16.1 and 18.1, Fig. 2.19). It is interesting
to note that the intrusion has obviously altered the
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Fig. 2.18 - Comparison of core physical properties with lithological boundaries for a selected depth level of CRP-3 (transition into Beacon

basement).
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with Beacon sandstone).

Beacon sandstones significantly near the contact zones.
All core physical properties exhibit strong gradients
towards the igneous rock over depth intervals of 5 to 6 m
(Fig. 2.19). Sandstone velocities are as fast as
5000 m s! directly above and below the contact, and
porosity is decreased to zero. This indicates strongly
cemented sands near the intrusion. Alteration is also
indicated by magnetic susceptibility. Generally, the MS
of the Beacon (LSU 16.1 and 18.1) is very low (mostly
between(and 1, even negative in places), implying very
low contents of ferromagnetic minerals such as magnetite.
Towards the upper and lower contact of the intrusion,
MS increases up to 100, which indicates a secondary
overprint of the sandstones by precipitation of magnetic
minerals. Itis suggested that the entire patternis indicative
of hydrothermal activity associated with the intrusion.

TRANSMISSION SEISMOGRAMS

Seismograms recorded from the P-wave pulse through
the core exhibit a broad range of shapes and frequency

distributions, which have to be processed and analysed
in detail. For marine sediment cores, Breitzke et al.
(1998) demonstrate that the primary control on shape
and frequency of full-waveform, ultrasonic-transmission
seismograms is sediment grain size. Variation between
coarse-grained sands and fine-grained clays can be
visualised by plotting seismograms recorded at high
vertical resolution versus depth. In addition, the authors
present good correlations of spectral amplitudes in the
range of -10 to -90 dB to grain size variations from 2 to
125 pm.

For CRP-3 full waveform transmission seismograms
were recorded in 0.02-m depth intervals. In order to
demonstrate that transmission seismograms change with
grain size and rock type, seven continuous core sections
between 1 and 2 min length were selected from different
lithologies and depths. Surfer software is used to bundle
the seismograms and to plot them in three dimensions
(amplitude, travel time and mbsf, Fig. 2.20) in order to
visualise differences within a bundle of seismograms
from a given lithology and also to compare different
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lithologies. Preliminary results (Fig. 2.20) suggest a
griin-size effect on seismogram wavelengths, From
conglomerate to light-coloured quartzose sandstone and
siltstone toclaystones, a general decrease inseismogram
wavelength is notable. This is less obvious for tight red/
brown quartzose sandstones from the Beacon, which are
characterised by shorter wavelengths thanexpected from
the grain size. Acoustic pulses through dolerite breccia

create distinct oscillations on the entire 150 ms lenght of

the recorded seismogram. This is very different from the
sand (o claystones but is somehow similar to
conglomerate. This may be explained by the fact that the
conglomerate seismograms are influenced by rock
components and matrix. Seismograms of altered dolerite
intrustons are different from those of dolerite breccia.
The former have waveforms more similarto siltstones or
claystones.

Within the individual depth intervals, seismograms also
indicate the degree of down-core variability (Fig. 2.20).
Siltstone and light red/brown quartzose sandstone exhibit
little change whereas, forexample, the claystone example
presentedis highly variable for both onsetand waveform.

Conglomerate

This may suggest a secondary overprint by cementation
in this wnit. For conglomerate the strong variability
observed is expected because the large differences
between components and matrix predict this pattern. A
systematic analysis of waveform spectra for the entire
core in comparison with grain-size and/or cementation
data may result in more quantitative correlations than
described above,

DOWNHOLE LOGGING

CRP-3isthe second CRPhole with downholelogging .
Sca-ice conditions terminated drilling at CRP-1 prior to
downhole logging (Cape Roberts Science Team, 1998),
whereas CRP-2 was logged (Cape Roberts Science
Team, 1999y with a suite of tools similar to that employed
at CRP-3. Analyses of the CRP-2 logs are presented in
the CRP-2 Scientific Report (Brink & Jarrard, in press;
Brink et al., in press: Biicker et al., in press a, in press b,
Jarrardetal., in press; Moosetal., in press; Paulsen etal.,
in press).
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Fig. 2.20 - Full waveform transmission seismograms and their variation with depth (inbsf) from 7 different depth intervals and lithologies (A-
G) of CRP-3.
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[LOGGING OPERATIONS

Downhole logging of CRP-3 was undertaken in four
phases. The first two phases (25-27 October) occurred
alter completion of HQ (96-mm diameter) drilling.
when total depth of the hole was 346 mbsf. Because the
faulted interval 257-261 mbsf was deemed to be too
unstable for open-hole logging, we first raised the HQ
drillstring to 20 mbsf and logged the open-hole interval
20-256 mbsf. Next, the drillstring was lowered to 272 mbsf
and the open-hole interval 272-346 mbst was logged.
This procedure used the drillstring as protection for the
logging tools, but it prevented logging of the fault zone
by tools unable to operate through pipe.

After this second phase of logging, the HQ drillstring
was cemented in at 345 mbst and used as casing for
subsequent NQ (76-min diameter) coring. The third
phase of logging (11-12 November) occurred when NQ
coring had reached 774 mbsf. The final phase of logging
(19-22 November) was undertaken when NQ coring
reached the final total depth for CRP-3. 939 mbsf.

Each logging phase included runs of the following
logging tools: temperature, spectral gamma ray, dual
laterolog, magnetic susceptibility, array induction,
neutron porosity, borehole televiewer, sonic velocity,
vertical seismic profile, and dipmeter. The sequence of
these logging runs was generally as listed, with small
variations, fulfilling a strategy of running tools without
centralizers or pads first, thereby postponing possible
hole degradation associated with drag on the borehole
wall to maximize log quality and quantity. The first and
lastlogsrun were always temperature, as described later.
In addition to this standard suite of CRP-3 downhole
measurements, the fourth phase of logging included a
density log and oblique seismic experiment.

Table 2.3 lists the logged interval for each tool and
for each phase of logging.

A brief description of each logging tool, including
both principles and applications, is given in the CRP-2
Initial Reports (Cape Roberts Science Team, 1999).
Designof the vertical seismic profile and oblique seismic
experiment are described in the Vertical Seismic Profiles
section. Although the physics of operation of each tool
is different, these tools can be grouped according to
geological applications as follows: porosity tools (density,
neutron porosity, array induction, dual laterolog, sonic
velocity), lithology tools (gamma ray and magnetic
susceptibility), structural imaging tools (dipmeter and
borehole televiewer), and seismic-link tools (vertical
seismic profile, oblique seismic experiment, sonic
velocity, and density).

Almost all of the downhole tools run in CRP-3 are
identical to those run in CRP-2. We modified the array
induction tool run in CRP-2 prior to CRP-3 to improve
performance. CRP-3 waslogged with a different borehole
televiewer than that used in CRP-2, but the overall
principles and operations of both are similar. The new
Antares tool is digital, uses a rotating mirror with

stationary transducer, and picks traveltime and amplitude
downhole. In contrast, the older tool is analog, uses o
rotating transducer, and records the entire waveform for
later analog-to-digital conversion and processing.

LOG RELIABILITY AND EDITING

Hole size had two effects on CRP-3 logging. First, a
hole constriction or “bridge™ prevented the tools from
reaching the bottom 18-39 m of the hole. Sticky clays at
the top and bottom of the volcanic intrusion had caused
pipetostick duringdrilling. The deeperboundary formed
a bridge that stopped the first logging tool (temperature
tool) at 921 mbsf. To prevent tool loss in these zones of
tight hole, we initiated subsequent logging runs at
shallower depths of 900-919 mbsf (Tab. 2.3).

Second, enlarged hole can degrade the accuracy of
most log types. Fortunately. virtually all of CRP-3 had
a hole diameter that was uniformly only slightly larger
than bit size (Fig. 2.21), so hole conditions are not a
significant source of error for the CRP-3 logs. We
detected about one dozen washouts toenlarged hole size
in the dipmeter caliper log. All are less than 0.3-m thick,
and most occur at depths identified during the drilling as
unstable hole associated with runny sands.

Measurements made by the density tool are unreliable
inintervals with sudden changes inhole diameter, because
this tool needs to maintain firm contact with the borehole
wall. Loss of contact causes anomalously low bulk-
density values. Only one spurious spike was observed in
the density log: in the interval 346-348 mbsf, where
drilling operations had deliberately fractured the borehole
wall during a leak-off test of the cementing of the HQ drill
rod. This spike has been deleted from the density log plot.

Rare spikes caused by artifacts are also observed on
the following raw logs: the spectral gamma-ray
concentration logs (K, Th, and U), the shallow-induction
log, and the deep dual-laterolog. Spikes on the spectral
gamma-ray concentration logs result fromnoise-induced
incorrect partitioning of the spectrum of gamma-ray
energies. This effect is evident as a sharp (<0.5 m thick)
positive spike in one elemental concentration and
corresponding negative spike in one of the other two
elemental concentrations; these are deleted from the
figures. A few spikes to impossible negative resistivities
are evident on the shallow-induction log and deep dual-
laterolog. For the latter, the spikes can be attributed to
rock resistivities that are beyond the dynamic range of
the instrument, These spikes were deleted from the
figures.

Log quality and reliability are judged to be excellent
for nearly all of the CRP-3 Jogging tools. We base this
conclusion on the following criteria: internal consistency
and calibration tests for some tools, replicability as
observed in short intervals logged twice by the same
tool, and similarity of log character among different
logging tools that use different physics to detect the
same geological variables.
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Fig. 2.21 - Hole size (caliper, in mm), hole deviation (deviation from vertical. in degrees), temperature (in °C), and gamma-ray (sgr) of the CRP-3

borehole. Note that the HQ and NQ caliper logs (grey shaded) are plo

The one exception to this generalization concerning
log quality is the sonic-velocity tool. This tool measures
P-wave velocity based on picked traveltimes of refracted
waves from a sound source to two receivers.
Unfortunately, the strength of this refracted wave was
generally too weak to be reliably detected by the far

source-receiver combination. Consequently, most of

tted with different ranges.

this velocity log is unreliable, and the log is not shown
inthe summary figures of this volume. Sonic waveforms
were recorded during logging, but repicking these
waveforms is too time-consuming to be feasible in
Antarctica.

Hole deviation must be corrected for any structural
analysis of CRP-3 core orimaging log data. We measured
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CRP-3 hole deviation with the dipmeter and televiewer
tools, based on 3-axis magnetometer and 2- or 3-axis
accelerometer recordings. Measured hole deviations in
CRP-3 are remarkably small; 1.0°-2.5° to the southwest
in the top 350 m, and about 1.5° to the southwest in the
lower part of the hole.

The spectral gamma, neutron, density, and
temperature tools are the only logging tools that can
provide useful formation data through drillpipe. Pipe
attenuationdoes affect the spectral gamma, neutron, and
density logs, but these effects can be estimated and
compensated for.

ALCRP-3, we obtained through-pipe spectral gamma
logs for the intervals 0-20 and 247-272 mbsf. We
estimated the effect of pipe on K, Th, and U measurements
by comparing open-hole and through-pipe data for the
interval 247-272 mbsf; it was confirmed by observing
the baseline shift across the pipe/open-hole transition at
20 mbsf. Uranium through-pipe logs are ~0.7 ppm
higher than open-hole logs, whereas K and Th
concentrations appear to be less affected by pipe. These
logs have been corrected for pipe effects.

The raw neutron log is a ratio of counts measured at
two detectors. The tool manufacturer, Antares, has
calibrated this tool and determined the conversion from
count ratio to porosity. The conversion, however, is
dependent on detector window settings, and our logging
used slightly different settings from those for the tool
calibration. We used the whole-core porosity data of the
Physical Properties from on-Site Core section to
determine the appropriate conversion from neutron count
ratio to porosity, and we observed that this conversion is
systematically different from the Antares calibration.
The HQ interval (above 345 mbsf) was initially logged
open-hole with the neutron tool, but these data exhibit
systematic discrepancies compared to whole-core
porosities. Therefore, this interval was relogged through
pipe during the third logging phase, and this latter log is
the one presented in this volume. A subtle pipe effect
appears to be present, as the through-pipe neutron porosities
(0-345 mbsf) are generally slightly lower than whole-core
porosities, and open-hole porosities (>345 mbsf) are
slightly higher than whole-core porosities. This effect,
however, is so small that no pipe correction was applied.

Open-hole density logs were obtained for the NQ
portion of the hole, whereas through-pipe logs were run
in the HQ portion (above 345 mbsf). Approximate
correction for the through-pipe density values was
undertaken by comparing average density values in the
100 m below and above the change from HQ to NQ
drilling. The whole-core density logs of the Physical
Properties from on-Site Core section demonstrate that
average density for these two intervals is about the same.
Comparison of log and core measurements provides a
check of the quite different assumptions and techniques
inherentinthe two datatypes. Core and log measurements
of bulk density are consistently very similar, indicating
that both are reliable.

Depth shifts of as much as I 'm can occur among
different logging runs, caused mostly by cable stretch.
Al such shifts have been removed by adjusting log
depths to a standard log, the dual Taterolog: usually, a
single constant shift was needed for an entire log. A
second depth shift was then applied: the full suite of
downhole Jogs was shifted to a core-based standard, the
whole-core porosity log. This shift increased with depth
within each logging run, typically by about | m. The
cause of this second, variable shiftis cumulative stretch
of the logging cable of about 0.1% associated with the
increased cable weight vs depth.

LOGGING RESULTS

Figure 2.22 is a 2-page summary of the CRP-3 logs.
For clarity, these logs are smoothed. Dipmeter and
borehole-televiewer data are not shown, as these data
require major processing; some preliminary televiewer
observations are discussed in the Core Fracture section.
Expanded log plots, at a scale of 100 m/page, are
provided at the end of this chapter.

Temperature Logging

The temperature tool was run twice during each
phase of logging; it was the first and last tool run.
Circulation of drilling mud prior to logging lowered
temperatures for the first run to less than equilibrium
values, whereas temperatures during the second run are
probably close to equilibrium values.

Fornearly all of the logging tools used at CRP-3, logs
were recorded only during the upcoming portion of the
tool round trip to the bottom of the hole. Temperature
logs, in contrast, were obtained during both downgoing
and upcoming trips. Downgoing temperature logs are
more reliable, because drillhole fluids are less disturbed
by the tool movement.

Temperature logs can be run either open-hole or
through-pipe; results are generally equivalent because
the pipe conducts temperature from the formation to the
drillhole fluid efficiently. Consequently, later phases of
temperature logging encompassed nearly all of the hole,
notjust the newly drilled interval. The primary difference
between open-hole and through-pipe temperature logs is
that the former can respond to active fluid flow between
the formation and drillhole, whereas such flow isretarded
or stopped by pipe, particularly cemented pipe.

The CRP-3 temperature logs detected substantial
fluid flow at five locations: 264, 537, 606, 748, and 8§40
mbsf (Fig. 2.21). In each case, a local temperature
anomaly of —0.5 to—1.0° was observed in both open-hole
logging runs. This anomaly could be caused either by
active equilibrium fluid flow through an aquifer, or by
drilling-induced fluid flow. We hypothesize that the
latter is responsible for the CRP-3 anomalies, because
the 264 mbsf anomaly had vanished by the time this
interval was logged through pipe. Mud circulation during
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Fig. 2.22 - Summary of most CRP-3 downhole logs: spectral gamma ray (SGR) and its three components (K, Th, and U), dual laterolog (shallow
SResand deep DRes). neutron porosity (NPHlcor), bulk density (DENS), and magnetic susceptibility (SUSC). Note that the scales for SRes, DRes,

and SUSC are logarithmic.

drilling generates slight overpressures that cause loss of
mudinto permeable formations, and this convective flux
augments conductive cooling. Subsequently, formation
temperatures rebound toward equilibrium, but these
permeable zones take longer to achieve equilibrium and
therefore cause negative temperature anomalies in the
adjacent borehole fluids. Rebound is further retarded by
the likelihood of subtle continued fluid flow into these

zones during logging: a positive head was maintained
during logging to prevent backflow, and this head induced
a downward flow of 100/1 per hour (~23 m/hr).
Consequently, temperature anomalies mark the zones of
highest permeability in CRP-3.

Allexceptthe 537 mbsf temperature anomaly exhibit
high log-based porosities, and a high-porosity bed is
present near the 537 mbsf anomaly, at 529-532 mbsf,



Core Propertics and Downhole Geophysics 41

0 U 8

0. . Th 24

oo ditho 0 SGR 2000 K 50  K/Th 1.50.2 SUSC 2000.5 DRes 5002 .. DENS 2.8

0.5 SRes 500

i

600 -

g Vs

g PN N, o e

700

900 -

Illll!II‘\llllllll\l‘Ill__

i,

Fig. 2.22 - continued.

The two shallowest correspond to a fault and highly
fractured interval, respectively, indicating that fracture
permeability is probably responsible for the fluid flow.
Incontrast to these temperature responses, the faultzone
at 789-806 mbsf has only a very small associated
temperature anomaly. This fault zone, unlike the
shallower ones, is clearly very low in porosity at present
(Fig. 2.22) and is apparently low in permeability as well.

The equilibrium geothermal gradient at CRP-3 is
apparently slightly nonlinear (Fig. 2.21), probably
because downhole variations in porosity cause
associated downhole fluctuations in thermal
conductivity. Based on the seafloor temperature of -
1.8°C and near-bottom temperature of 23.0°C at 870

mbsf, the average geothermal gradient is 28.5°C/km.
This value is higher than the 24°C/km measured at
CRP-2, because the CRP-2 temperature log was run
only a few hours after completion of drilling, whereas
the CRP-3 final temperature log was run 2.5 days after
completion of drilling. This value is less than the
geothermal gradients of 35°C/km measured at CIROS-
1 (White, 1989), MSSTS-1 (Sissons, 1980),and DVDP-
15 (Bucher & Decker, 1976). White (1989) calculated
that the actual equilibrium thermal gradient at CIROS-
1 is even higher, 40°C/km, based on extrapolation of
time-temperature results with the method of Dowdle &
Cobb (1975). That method, however, predicts an
extremely nonlinear thermal gradient at CIROS-1.
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Log-Based Units

Based on log responses, the interval 0-901 mbsf of

CRP-3 can be divided into five logging units. Downhaole
changes, from top to bottom, are discussed in this
section.

Log Unit I, 0-144 mbsf, is generally very
homogeneous in log responses, particularly for the
gamma-ray, magnetic susceptibility, and K/Th logs.
Porosity varies smoothly and subtly, except for a rapid
drop at 83-94 mbsf. This log unit is mostly finer grained
and muddier than deeper units. The open-hole neutron

log of this log unit, obtained during the first phase of

logging, exhibited rapid fluctuations, but this pattern
was not confirmed by the more reliable through-pipe
logs of the third logging phase.

The transition from log Unit I to [T is a sudden major
increase in heterogeneity of all logs. Itis placed at the top
of the first bed with markedly lower porosity (low
neutron porosity, high resistivity and density), lower
susceptibility and gamma ray, and higher K/Th.

Log Unit II, 144-641 mbsf, is bimodal in all log
responses, with one mode similar to log Unit L.
Alternations on a scale of 10-30 m are probably
lithological sequences. Most are marked by a basal
conglomerate with high resistivity and density, low
porosity, and high susceptibility. The gamma-ray
responses of the conglomerates change downhole from
low to high values, and the characteristic low K/Th
signature becomes more distinctive downhole. The
conglomerates are mostevident as spikes on the resistivity
logs, because of the combination of poor sorting and
high cementation. Lithological changes from clean sand
to muddy sand and silt also have visible log responses:
decreasing porosity and increasing gamma ray and
susceptibility.

The transition from log Unit II to III is somewhat
arbitrary. It is identified as lying at 641 mbsf based
primarily on the susceptibility log, which changes
downhole from bimodal to more uniformly high at this
depth. The K/Th baseline drops at ~617-641 mbsf. The
bimodal character in porosity logs, however, continues
below 641 mbsf with higher frequency variations;
resistivity does show a step increase at about this depth.
The bimodal response of gamma ray is lost earlier,
across a transition zone at 412-463 mbsf.

Log Unit III, 641-790 mbsf, appears to be relatively
homogeneous lithologically, with low gamma-ray and
K/Th values and with high susceptibility. This log unit
corresponds approximately to lithological Unit 13,
although the topboundary isill-definedinlogs, asdiscussed
above. Porosity is heterogeneous, with variations similar
to those in log Unit II: low porosities in the conglomerates
and cemented sandstones, with higher-porosity sandstones
also present. Except for the conglomerates, grain-size
changesarenotas evidentin gammaray and susceptibility
as in log Unit II; this observation is consistent with core
descriptions of this unit as mostly greenish sandstone.

However, fining- and coarsening-upward beds are
apparently seen in the susceptibility log.

The transition from log Unit Il (o IV is a mujor,
sudden decrease in porosity.

Log UnitIV, 790-823 mbsf, is characterized by very
low porosity, high density, high susceptibility. and low
gamma ray. This unit corresponds to lithological Units
14 and 15, consisting of a fault zone and underlying
Tertiary sediments. The fault zone itself is characterized
by enhanced gamma-ray values and by the highest
susceptibility values of the entire borehole.

The transition from log UnitI'V to Vis astepupward
in porosity, accompanied by a sudden step downward in
susceptibility. This boundary, at 823 mbsf, is the sharpest
boundary evident in the CRP-3 logs. It corresponds to
the major unconformity between Tertiary and Devonian
sedimentary rocks.

Log UnitV, 823-901 mbsf, is the upper portion of the
Beacon Sandstone. Itexhibits high and variable porosity,
comparable to thatof log Units [T and I1I. Susceptibilitics
are the lowest of all CRP-3, generally below the noise
level of the logging tool. The gamma-ray logs arc
surprisingly high and remarkably heterogeneous through
this unit, including the highest K and Th concentrations
of the entire hole. These high values are incompatible
with expectations based on the mineralogical maturity
of analogous Beacon outcrops, suggesting thatdiagenetic
precipitation has enriched these sandstones in Kand Th.

Clay Content

In many sedimentary environments, the gamma-ray
log (SGR) can be used to identify sandstones and shales
and to estimate shale content, because of the much
higher concentrations of radioactive elements in clay
minerals than in quartz. Similarly, the magnetic
susceptibility log can also be used to distinguish finer-
grained mudstones from coarser-grained sandstones, by
detecting magnetic minerals that are generally found in
the finer-grained sediments. Therefore, the combination
of SGR and susceptibility logs usually provides a robust
indicator of sandstone vs shale.

This expected gamma-ray pattern is obscured in
formations with immature sands, containing substantial
quantities of radioactive elements in minerals such as
potassium feldspar. For example, Brink et al. (in press)
found that both the gamma-ray and magnetic
susceptibility logs for CRP-2 were generally more useful
as provenance indicators than as sand/shale logs. They
noted, however, that SGR did correlate with lithological
changes in the lowest portion of CRP-2, the part most
relevant to CRP-3 log responses.

The large-scale downhole pattern of gamma-ray
variation within the Tertiary section consists of three
zones: uniformly high SGR in the interval 0-144 mbsf,
uniformly low SGR in the interval 462-823 mbsf, and an
intervening transition zone of alternation between these
twolevels. Detailed comparison of gamma-ray responses



Core Propertics and Downhole Geopliysics 43

to provenance variations within CRP-3 is beyond the
scope of this report. Our preliminary hypothesis, however,
is that this broad pattern of downhole SGR variations
reflects the combination of decreasing mud component
and increasing Beacon source downhole. If so, the 144-
462 mbsf transition zone is a particularly promising
region for detailed provenance studies. The broad-scale
changes in magnetic susceptibility, like those of gamma
ray, appear to be more closely related to provenance
changes than to variations in grain size.

Throughout most of the Tertiary CRP-3 sediments,
small-scale variations in both SGR and magnetic
susceptibility are positively correlated with variations in
resistivity and density. This relationship is similar to that
commonly seen for highly compacted sandstones and
shales: silty and muddy beds are less porous and higher
inboth radioactive elements and magnetic minerals than
are sandy beds. Comparison to core lithologies confirms
that this predicted lithological association is present.

This association between high SGR and low porosities
1s not evident within the Beacon Sandstone, however.
This interval exhibits extremely heterogeneous and often
exceptionally high SGR, K, and Th. These values appear
tobe too high to be compatible with the mature mineralogy
exhibited in Beacon outcrops; a later diagenetic
enhancement of K and Th may be responsible. This
hypothesized precipitation event is apparently
independent of the leaching event that generated the
high Beacon porosities, so the usual link between grain
size and both porosity and clay content is not observed.

Porosity Variations

The neutron, density, sonic-velocity, and resistivity
logs are often referred to as porosity logs, because
porosity is the dominant variable affecting their log
responses. Neutron porosity measures the total hydrogen
content of the formation, including bound waterin clays
plus free water in pores. Thus, neutron porosities can be
too high in formations that are rich in clay minerals.
Resistivity can also be affected by clay minerals. Clay
conducts electricity and therefore decreases resistivity
inlow-porosity rocks (Waxman & Smits, 1968), whereas
clay increases pore tortuosity and therefore increases
resistivity in high-porosity rocks (Erickson & Jarrard,
1998). At CRP-3, however, clay mineral concentration
is so low thatits influence on both neutron and resistivity
is probably minor.

Porosities of most siliciclastic sediments depend on
grain size and compaction history. Sea-floor porosities
of well-sorted sands are about 30-40%, whereas clays
have porosities of up to 80% (e.g. Shumway, 1960a,
1960b; Hamilton, 1971). Initial porosities are
subsequently decreased by both mechanical compaction
and chemical diagenesis. Pressure increase associated
with burial accomplishes a modest degree of mechanical
compaction for sands. The number and type of grain
contacts change initially by more compact arrangement

and fater, with deeper burial, by plastic deformation of’
weaker minerals (Taylor, 1950; Hayes, 1979).
Mechanical compaction is more intense in shaly
sediments, as the initial “cardhouse™ fabric of randomly
oriented clay particles is forced into a generally parallel
arrangement (e.g. Hedberg, 1936; Magara, 1980). With
greater burial, chemical diagenesis - including pressure
solution, recrystallization, and replacement - replaces
physical compaction as the dominant mechanism of
porosity reduction (e.g. Hayes, 1979; Foscolos, 1990;
Hutcheon, 1990).

Figure2.22 shows plots of the three porosity-sensitive
logs. The broad trends in all three logs arc very similar,
exceptforagradual decrease inresistivity thatis expected
to occur independently of porosity change. Rock
resistivity depends on both porosity and pore-fluid
resistivity. Pore-fluid resistivity decreases gradually
downhole due to thermal gradient, causing an associated
downhole decrease in observed formation resistivities
thatis superimposed on the pattern of porosity variations.

The changes in neutron porosity, resistivity, and
density with depth do not follow a simple compaction
profile, such as those usually found in siliciclastic
sediments (Hamilton, 1976). No systematic depth-
dependent porosity decrease is evident below 144 mbsf
(Fig. 2.22). This CRP-3 pattern differs from the strong
downhole porosity decreases observed at CRP-1 (Niessen
etal., 1998) and CRP-2 (Brink etal.,in press). Apparently,
late-stage diagenesis and grain-size fluctuations affect
present porosity much more than does the early history
of mechanical compaction and cementation.

VERTICAL SEISMIC PROFILES

Three separate vertical seismic profiles (VSPs) were
completed at CRP-3 (see Tab. 2.4 and Fig. 2.23). In
addition, a number of tests of charge size and shot depth
were also undertaken but excluded from further
processing. A shot depth of 15 m below the surface was
used for most of the survey (below 2 m of sea-ice and into
13 mofwater). The clamping tool (developed by Antares,
Germany) recorded oriented 3-component data. A
reference 3-component geophone was also sited adjacent
to the well. All 3-component geophone geometry
parameters are recorded in the trace headers. Shots are
recorded as 6-channel SEGY format; for reference, a
description for each channel is shown in table 2.5.

Downbhole recording was completed in three stages
to coincide with changes in core barrel size (HQ to NQ)
and at the completion of the well. For the HQ section (0
to 345 mbsf), VSP’s were recorded open-hole prior to
casing of this interval. Hole size was consistently very
close to bit size so that clamping could be undertaken at
auniform depth interval. One shot was recorded at each
geophone depth.

Analysis of VSP data provides:

- down-going travel-time data that can be used to
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Tab. 2.4 - VSP experiments at CRP-3.

Title Depth | Geophone | Position i Azim Offset [ Source Objective
Range interval (degrees) | (m)
o (m) S N ) . ,
| VSp 25 10 900 7.5 77.1122°8 162 74 Anzomex K | Near-vertical standard VSP for
mbsf 163.6413°E | ) 175g | lengthof CRP-3
2 In-line 645 to 900 7.5 77.0154°S 162 553 ¢+ Anzomex P [ Improve seismic image of’
| Offset VSP mbsf B 163.6463°E | ] 400 g strike section beneath CRP-3
3| Ortho-gonal | 645 to 900 1.5 77.0116°S 258 544 Anzomex P | Improve seismic image of* dip
Offset VSP mbsf o itesor92El ~400¢ | section beneath CRP-3

Tab. 2.5 - Trace header nomenclature.

| Channel Orientation Angle Geophone Sample Rate Record Length (msec)
- (micro sec)
| X Variable Well 500 2500
| 2 Y Variable Well 500 2500 .
3 Z Vertical Well 500 ] 2500 B
| 4 X South 162° Reference 500 B 2500
5 Y West 258° Reference 500 i 2500
6 Z Vertical Reference 500 2500 ) “

determine velocities and to serve as a basis for PROCESSING
comparison with downhole sonic and core

measurements, The processing completed so far concentrated on
- up-going reflections that can be used to tie directly into near-vertical and offset Z-component data. Near-vertical
marine seismic reflection data, X- and Y-component data have also been processed in
- information about strata below the bottom of the well. an effort to recover shear-wave sections. Preliminary

processing of the dataincludes trace display and editing.
Down-going waves are marked by clear first arrivals and
a low frequency (<10 Hz) complex coda that includes
the source signature and shallow reverberations in the
seaice and reflections from the seafloor. This wavetrain
-77°00°00"  masks up-going reflection arrivals. Separation of down-
going and up-going waves was carried out by median
filtering and polygon mute in the frequency-wavenumber
(f-k) domain. Figure 2.24 shows a series of plots
representing progressive processing steps: a) raw data,
b) processed up-going reflection data after f-k filtering,
and c) aligned up-going wavefield. The aligned data
. ‘ have astatic shift applied, equal to the first-arrival times.
A , [ apoffost) - In this way the VSP can be compared to two-way
77700 46" a N S T | 7r00-ae  traveltime, marine single-channel (SCS) reflection data.
DY An 80 msec corridor after the first arrival is used to
correlate well data to SCS reflection data (see Fig. 2.26).
Further processing will involve deconvolution and
wavelet extraction.

-77°00°’ 0™

VELOCITY VS DEPTH

An important application of VSP data is to provide
accurate velocity-depth data for the formations penetrated
Fig. 2.23 - Detailed map of the drill site showing location of the VSP by the well. Downhole sonic logs (see section on

experiments, seismic-reflection lines (annotated with shot points), and . .
bathymetry (contours in 20 metre intervals). Downhole Logging) and velocity measurements of the

163°36° 163;38 ’
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Fig. 2.24 - Progressive steps in the processing of the near-offset VSP
vertical-component data. a) Raw data after editing of bad traces. b) Up-
going wavefield after f-k filtering. c¢) Up-going wavefield aligned with
first arrivals.

core (sce section on Physical Properties) provide
substantially greater depthresolution, but the VSPresults
arc much less subject to borehole conditions. Indeed,
they average overamuch larger volume of the formation
sothat they provide velocities that are more representative
of seismic reflection velocities than those obtained from
core or downhole logs. lnterval velocities are calculated
from travel times picked off first-arrivals of near-offset
VSP data (+ 2 msec accuracy) and plotted as a function
ol depth together with core velocities in figure 2.25a.
The core velocities are median-filtered over asliding 10-
m window of core. Our filter will also reject outliers 1f
they are greater than 2.5 times the median value. A
comparison of the velocity and time-depth curves
(Fig. 2.25) show they are remarkably similar, with VSP
velocities dominated by anomalies of wavelengths greater
than 50 m. High-velocity peaks associated with thin
(<20 m) conglomerate beds are not resolved in the VSP
traveltime data. The dominance of high-velocity clasts
within the core results in the two-way traveltime todepth
conversions differing by about 20 to 30 m between 300
and 500 mbsf (see Fig. 2.25b). In general, velocities in
CRP-3 are about 3.2 + 0.6 km/s, apart from the first 80
m of core, where velocity is close to 2.0 km/s, and a 50-
m dolerite shear and conglomerate zone from 790 to 823
mbsf, where velocity is greater than 4.5 km/s.
Traveltime data from the long-offset VSP data are
also plotted in figure 2.25b. A small change in gradient
is apparent in the in-line VSP data at the depth where the
high velocity dolerite conglomerate is encountered in
the well. This change in gradient is observed atashallower
depthinthe orthogonal VSP data and indicates the upper
contact on this interface has an apparent dip of about 10°
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Fig. 2.25 —a) Velocity measurements on core samples smoothed with
a 10-m median filter (shown in the solid line) and interval velocities
derived from the near-offset VSP first arrival times (dashed).
b) Traveltime depth curves from VSP experiments and core sample
velocity measurements.
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Tab. 2.6 - Correlation between seismic reflectors, reflectivity and velocity values from measurements on the core, and lithostratigraphical

units in CRP-3.

p—————

| Seismic Reflector . Lithostratigraphical correlation

Comments and inferences

| and depth
twi bst (ms) e ) N )
0* 420-430 Base of LSU 1.2 at 55 mbsf Muddy Sandstone. Lowest significant velocity change in
! I CRP-2A, within well-cemented sandstone; corresponds 1o
| a major reflector traced to a 100-m wide bench on the
7777 R o seafloor
| p® 480-490 Base of LSU 2.1 at 95 mbsf Sandy Diamictite.
q° 530-545 Boundary between LSU 3.1 and LSU | Major impedance change between sandy mudstone and
B _ o A4tlatldSmbsf conglomerate. -
[ 560-585 - Within LSU 7.2 at ¢ 225 mbsf A series of thin bedded conglomerates gives a sharp
) } rrrrrrr | increase in velocity ¢ 225 mbsf i
s* 610-640 . Boundary between LSU 7.4 and LSU | Change in lithology from medium-grained sandstone to
% 7.5 atc 290 mbsf conglomerate. Corresponds to a significant velocity
P S o - change. B .
t* 675-700 } Within LSU 9.1 at ¢ 360 mbsf i Minor velocity increase associated with thin (up to 1.5 m
‘, ‘ thick) conglomerate beds N
u* f 720-750 Near the base of LSU I1.1 atc 444 m | Corresponds to a strong reflector in VSP data and an
| . o | increase in velocity.
Sea-floor muldtiple intersects CRP-3 ar 770 ms bsl. Below this, interpretation of reflectors is more difficult.
} ‘ 770-800 Base of LSU 12.3 at ¢ 540 mbsf Conglomerates near the top of LSU 12.3 mark an increase
J o i incore and VSP velocity :
w 725-955 Top of conglomerate within LSU 13.2 | Top of dolerite breccia. Marked by >4.5 kim/s velocity.
at 783 mbsf

Note: LSU - Lithostratigraphical Sub-Unit; * - strongest and most persistent reflectors; * - not prominent on large scale near trace plot

but observed in VSP data.

to the east. However, no corrections have been made for
water depth changes or offset from the well.

CORRELATION OF SEISMIC REFLECTORS WITH
CRP-3

Anintegrated plotis shown in figure 2.26. We have
used the whole-core velocity and VSP data to derive
time-depth conversion curves to map the seismic
reflection section (left-hand side) to depth. These curves
are overlaid on the time-aligned VSP. On the right-hand
side, the stacked VSP data are compared to time-
converted core-velocity measurements. In addition, we
have used core-velocity and density data to derive a
downhole reflection coefficient profile to associate the
seismic data to the lithological logs.

CRP-3 reached a depth of 939.42 mbsf, equivalent to 1
030 msec two-way time below sea level (twt bsl). At least
9 seismic events can be identified at this depth or above in
the SCS and VSP data (o to w). Table 2.6 summarizes the
correlation between seismic reflectors from line NBP9601 -

89 and lithostratigraphical units in CRP-3.

Seismic events on SCS data (o, p, 1, u, and v) were
determined by correlating the highest positive amplitude
wavelets that were laterally continuous away from the
drillhole and can be related to the cored section. However,
detailed linkages are uncertain because of 1) the low
resolution of the seismic signal (wavelength ~ 30 m), 2)
uncertainty in the traveltime depth curve (estimated to
be £ 10-15 m), and 3) the surface seismic data is
convolved with a complex source wavelet. The
correlations we have proposed here will be further
improved by the calculation of synthetic seismograms to
be included in the Scientific Report.

We have used VSP seismograms, core measurement
impedance data (Fig. 2.26), and changes in physical
properties that extend over about 20 m to refine our
correlations. For example, the highest reflection
coefficients are encountered in dolerite dominated
conglomerates, which have the highest velocities.
Continuous layers of this lithology will yield bright and
laterally continuous reflectors.



Core Propertics and Downhole Geophysics

Appendix 2.1

1:500 SCALE DOWNHOLE LOGS
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Summary of downhole logging results, plotted at 100 m/page. The columns show (from left to right): 1/500 - depth
below sea floor in m, litho! - simplified lithology from core observations, SGR - spectral gamma ray in AP@units, K -
potassiumin %, U - uranium in ppm, Th - thorium in ppm, K/Th - potassium/thorium ratio, SUSC - magnetic susceptibility
in 10 SI, DRes - deep resistivity in Ohmem, SRes - shallow resistivity in Ohumem, DENS - bulk density in g/cc, PHI - neutron

porosity in p.u.. SUSC, DRes, and SRes are plotted with a logarithmic scale.
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3 - Lithostratigraphy and Sedimentology

INTRODUCTION

Thischapter presents the results of a lithostratigraphical
subdivision of the CRP-3 core, and of a variety of
preliminary sedimentological investigations. In the first
section, the core is divided into Lithostratigraphical Units
and Sub-Units, and the lithologies in each are described.
In the following section, a facies analysis provides a
process and paleo-environmental interpretation of the
core, from which preliminary depositional models are
developed. This is in turn followed by: a sequence
stratigraphical interpretation of the succession encountered
in the drillhole; an initial exploration of potential, small-
scale cyclicity in the core; a study of clast roundness
trends; and a description and a preliminary interpretation
of diagenetic and deformational features. Finally, a core
description is shown at a scale of 1:500, including a
summary of sequences, sedimentary environments, and
glacial proximity.

The core hasbeen divided into 18 lithostratigraphical
units, based on major changes in lithology recognised by
the scientific team at the Cape Roberts Camp during the
drilling of CRP-3. The division draws attention to
prominent lithologies such as major diamictite bodies
and conglomerate-rich units. The major units are in turn
divided into a total of 26 sub-units, based on smaller-
scale lithological changes.

Ten recurrent lithofacies and one sub-lithofacies
have been recognised in the CRP-3 core based on
lithology or associations of lithologies, bedding contacts
and bed thicknesses, texture, sedimentary structures,
fabric and colour.

Facies 1 (mudstone)isinterpreted as mainly suspension
fallout deposits of relatively quiet, offshore-marine
environments, while Facies 2 (interstratified sandstone
and mudstone) is interpreted to reflect the increasing
influence of current activity, and in some instances,
waves. Facies 3 (poorly sorted, muddy very fine- to
coarse-grained sandstones) is interpreted as the product of
low-concentration sediment gravity flows across the sea
floor. Facies 4 (moderately- to well-sorted, stratified fine-
grained sandstones), which appears only rarely in CRP-3,
is believed to record sediment deposition from dilute
water currents and waves in a shallow-marine setting,
which locally at least, was above storm wave base. Facies
5 (moderately-sorted stratified or massive fine- to coarse-
grained sandstone) is interpreted, in the post-Beacon
Supergroup portion of the core, to represent deposition
from aqueous currents in shallow-marine environments
subjected to a high rate of sediment supply. Facies 5% is
designated to represent sandstones which are composed
of dominantly medium-grained, well-sorted sandstone,

with minor fine-and coarse-grained sandstone. These
occur only in the Beacon Supergroup.

Facies 6 (stratificd diamictite) and Facies 7 (inassive
diamictite) are interpreted to reflect a variety of
depositional processes inice-proximal, marine proglacial
environments. Facies 8§ (rhythmically interbedded
sandstone and siltstone) is interpreted as resulting from
suspension settling from turbid plumes originating from
fluvial discharges into the sea and producing cyclopsam
and cyclopel deposits in ice-proximal glacimarine
environments.

Facies 9 (clast-supported conglomerate), is
interpreted to have been deposited by, or redeposited by
amass-flow mechanism from fluvial discharges. Facies 1 0
{matrix-supported conglomerate) is inferred to have
been deposited from high-density mass flows.

In a preliminary sequence stratigraphical analysis,
we recognised 14 glacimarine depositional sequences
from the top of the drillhole to a depth of 306.96 mbsT,
together with a further 9 depositional sequences with a
possible shallow-marine deltaic affinity but with less
glacial influence down to a depth of 480.27 mbsf. The
analysis is based on the recognition of repetitive vertical
arrangements of the lithofacies summarised above. Most
sequences are bounded by sharp erosion surfaces
(Sequence Boundaries) that we infer mark abrupt,
landward dislocations in facies and hence the interpreted
environments of deposition.

The first 14 (glacimarine) sequences typically
comprise afour-part architecture termed MotifA involving,
in ascending order: A) a sharply-based, coarse-grained
unit, and B) a fining-upward succession of sandstones
into sandy mudstones, these two parts interpreted by the
majority of the Science Team as a combined Lowstand
and Transgressive Systems Tract deposit; C) a mudstone
interval, commonly fossiliferous and in some cases
coarsening upward into muddy sandstones, and D) a
sharply-based, sandstone-dominated succession, these
latter two parts interpreted as a combined Highstand and
Regressive Systems Tract. Observations on the overall
stratigraphical stacking pattern permit some preliminary
speculations as to the geological factors responsible for
the cyclical facies pattern.

The remaining 9 sequences with minor glacial
influence typically comprise a two-part architecture
termed Motif B, involving in ascending stratigraphic
order: A) a sharp-based, poorly-sorted coarse-grained
unitcomprising clastor matrix-supported pebble/cobble
conglomerate, pebbly sandstone and/or granular
sandstone that are often arranged into superposed stacks
of crudely graded beds, and interpreted as a combined
Lowstand and Transgressive Systems Tract, and B) a
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fining-upwards/gradational transition into an interval of
well-sorted stratified (locally cross-stratified) sandstone,
interpreted as a combined Highstand and Regressive
Systems Tract.

Physical properties of two intervals (60.99 to 83.10
mbst and 120.20 to 144.45 mbsf) were analysed to
determine whether small-scale sedimentary cyclicity
could be recognised. Spectral analysis has revealed a
strong cyclic pattern in both the magnetic susceptibility
and porosity records of these lithostratigraphical intervals.
The result is highly suggestive of the existence of an
external forcing mechanism controlling deposition in
the intervals studied, and the periodicity ratios
demonstrated from the magnetic susceptibility record
may be consistent with ratios of orbital forcing functions.

The interval between 789.77 and 805.60 mbsf,
described as a dolerite (cataclastic) breccia, displays
evidence of intense shearing and fracturing. In an effort
to determine whether or not the larger clasts were of
sedimentary or tectonic origin, we examined their
roundness charactenstics. As the breccia zone was part
of a larger interval of conglomerates dominated by
dolerite clasts, we included within our examination
clastsbetween 771.70 mbsfand 822,87 mbsfto determine
roundness trends.

The data, presented as histograms displaying percent
frequency of clasts in each of nine roundness categories,
clearly show a transition from rounded to subangular in
samples from beneath the brecciazone, through subangular
inthebrecciazone itself, and then with more rapid transition
into rounded above. Within the breccia zone, a significant
proportion of clasts (15%) is rounded, and many of the
angular clasts appear to be derived from fractured rounded
bodies. We interpret these results to indicate that the
cataclastic breccia is primarily a sedimentary deposit that
has been subsequently modified by shearing.

Outsize cobbles and boulders occur throughout the
CRP-3 core in all lithologies. Although only the portion of
the core below 350 mbsf was checked for the presence of
faceted and striated clasts, they were found at multiple
levels throughoutthis interval, and are inferred to be present
inthe dominantly glacially influenced upper part of the core
as well. The presence of these faceted and striated clasts,
and the occurrence of outsized boulders at all levels in the
core indicates that ice-berg rafting of glacial debris with
deposition by rainout was present throughout most of the
period represented by the CRP-3 core.

Preliminary investigations into diagenesis of the
CRP-3corehaverevealed a variety of diagenetic features,
many of whichcan be readily identified in hand specimen.
These include carbonate concretions/nodules, carbonate
cementation, pyrite, “black stains” within coarse
lithologies, and mineral-fills in veins/fractures.

Carbonate cementation is the most common
diagenetic feature throughout the core, and takes a
variety of forms, including diffuse patches in many
cases surrounding fossil shell material, small spherical
nodules and larger ovoid nodules. It increases below

about 280 mbsf, where it occurs as anextensive stratiform
cementation.. Many fractures and veins noted within the
core are lined or filled by mineral material, notably
carbonates and pyrite. Pyrite occurs as tiny grains
dispersed within the matrix in all lithologies, and as
infilling associated with calcite in sedimentary dykes. It
is also present as a cementing phase, most commonly
found filling burrows, and associated with detrital coal
particles. The origin of black stains occurring within the
matrix of conglomerates is uncertain, butis composed of
organic matter of unknown composition.

The research reported in this section provides
important documentation and useful firstinterpretations
of depositional environments recorded in the CRP-3
core. Future work will undoubtedly reveal further details
of the geological history of the Cape Roberts area.

DESCRIPTION OF SEQUENCE

The sedimentary sequence recovered in CRP-3 is
shown graphically in figure 3.1. The Palacogene portion
of that sequence has been divided into 15 major
lithostratigraphical units; many of those major units
subsequently were divided into subunits, and all
subdivisions have been numbered as lithostratigraphical
subunits (LSU). Below a sharp erosional contact at
823.11 mbsf, the remainder of the cored sequence has
been subdivided into three lithostratigraphical units.
One of those units (LSU 17.1) is an igneous intrusion of
intermediate composition, which is heavily altered and
of unknown age; LSU 17.1 is overlain and underlain by
lithostratigraphical units composed of Devonian
sandstones (LSU 16.1 and LSU 18.1).

Lithostratigraphical subdivisions of the core were
established in “real time” as the core was described at the
Cape Roberts camp. As a result, the lithostratigraphical
importance of a particular boundary (that is, whether the
boundary separated subunits within a single
lithostratigraphical unit or separate lithostratigraphical
units) was assigned on the basis of lithological
distributions seen within approximately the first 10 m
underlying that boundary. For this reason, the hierarchy
of lithostratigraphical units and subunits presented here
provides an initial framework for describing the
stratigraphical section in this report.

Each lithostratigraphical subdivision is described
here. Preliminary interpretations of these rocks are given
in the Facies Analysis section, where the
lithostratigraphical subdivisions, the sedimentary facies,
and their interpreted depositional environments are
discussed in detail. Diagenetic features in the core are
listed here in a general form; for example, the term
“pyrite cement” is used to denote a variety of occurrences
of diagenetic pyrite, including disseminated pyrite, pyrite
micronodules, and true pyrite cement. The diagenetic
features and their origin are discussed in more detail in
the Diagenesis section.
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LITHOSTRATIGRAPHICAL SUB-UNIT 1.1(2.50-16.72 mbsf),
CLAST-POOR DIAMICTITE TO MUDDY SANDSTONE

LSU 1.1 is composed of massive, clast-poor sandy
diamictite, which grades locally to clast-poor muddy
diamictite and muddy sandstone with dispersed clasts. All
lithologies are dark grey (SY 4/1) in colour. Clasts in LSU
.1 range from angular to subrounded in shape, and
average granule to small pebble in size. The clasts are
predominantly grey, fine- to medium-grained volcanic
and intrusive lithologies, but a few are dark grey, fine-
grained, pyrite-cemented sandstones and siltstones, up to
5 cemin diameter. LSU 1.1 is sparsely fossiliferous, with
macrofossils occurring at two levels. Colour mottling,
interpreted as resulting from bioturbation, is only present
at 8.37 to 8.49 mbsf. A lens of sandstone at 12.12 to
[2.22 mbsf records soft-sediment deformation, and a
carbonate-cemented sedimentary dyke is present at
10.42 to 10.53 mbsf. The lower contact of LSU .1 is
sharp.

LITHOSTRATIGRAPHICAL SUB-UNIT 1.2 (16.72 -
52.00 mbst), MUDDY SANDSTONE

LSU 1.2 is composed of dark-grey (5Y 4/1) muddy
sandstone and muddy fine-grained sandstone, both with
dispersed clasts, and sparse laminations of siltstone and
mudstone. The sandstones primarily are massive to
weakly laminated at a cm-scale; at 27.70-30.80 mbsf,
some of the laminae exhibit dips as steep as 3000, Clasts
generally are more abundant in the lower half of this unit
thaninthe upperhalf, and include dolerites and granitoids.
Below 26.03 mbsf, carbonate-cemented intraformational
clasts are present in low abundance. Macrofossils are
present throughout LSU 1.2, with relatively high
concentrations at 38.40-39.40 mbsf, 41.00-44.00 mbsf,
and 49.22-51.28 mbsf, and include serpulid tubes and
molluscs. Simple tubular burrows occur at 50.18 and
50.46 mbsf. Fracturing is common, with intense fracturing
and brecciation in zones up to 1 m thick. A calcite vein
is presentat 17.89-17.91 mbsf, and carbonate-cemented
zones up to 25 cm thick occur sparsely throughout LSU
1.2. The lower contact of LSU 1.2 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 1.3 (52.00 -
70.40 mbsf), SANDY MUDSTONE

LSU 1.3 is composed of dark-grey (3Y 4/1) sandy
mudstone, locally with dispersed clasts. The sandy
mudstone is massive to weakly stratified (cm-scale), but
becomes better-stratified downcore. Most of LSU 1.3 is
bioturbated, and fossils are present above 65.22 mbsf.
Macrofossils are concentrated at 61.08-61.35 mbsf
(serpulid tubes and bivalves). Fractures are present
throughout LSU 1.3, with soime open and some filled
with carbonate and/or pyrite. Scattered zones up to

30 cmthick are brecciated, A sedimentary dykeat 52.62-
52.76 mbsf contains a complex carbonate fill, including
dogtooth sparry calcite. Carbonate and pyrite are also
present as sparse patches of cement. Thin beds/laminac
of medium-grained sandstone occurat 64.39-64.4 1 mbsf
(contains load casts and flame structures), 66.95-67. 11
mbsf and 69.96-70.02 mbsf (both have a sharp basc and
contain rounded intraformational clasts). LSU 1.3 has a
very gradational lower contact.

LITHOSTRATIGRAPHICAL SUB-UNIT 1.4 (70.40 -
83.10 mbsf), VERY FINE-GRAINED SANDSTONE AND
MUDSTONE

LSU 1.4 comprises interlaminated-to-thinly bedded.
very fine-grained sandstone and mudstone, with
proportions of the two lithologies varying through this
interval. Discrete sandstone beds up to 22 cm thick are
present at 74.10-74.28, 76.20-76.24, 79.21-79.43, and
81.93-81.98 mbsf; some of these beds contain ripple
cross-lamination and parallel lamination. Parallel-
laminated intervals have dips less than 5eo. Other beds
within LSU 1.4 lack primary structures, but contain a
combination of sand, mud, and granules that apparently
was mixed during deposition. Most beds show evidence
of extensive soft-sediment deformation; bed bases arc
loaded, bed tops have flame structures, and beds
commonly are deformed internally. No bioturbation is
evident, but macrofossils are present at 75.53 and
76.03 mbsf. LSU 1.4 contains few fractures, but (wo
microfaults are present below 79.50 mbsf. The lower
contact of LSU 1.4 is sharp.

LITHOSTRATIGRAPHICAL SUB-UNIT 2.1 (83.10 -
95.48 mbsf), SANDY DIAMICTITE

LSU 2.1 is composed of clast-poor to locally clast-
rich sandy diamictite, which grades locally to muddy
medium-grained sandstone with dispersed clasts. These
sediments are dark grey (5Y 4/1) in colour, and range
from unstratified to locally vaguely stratified (defined
by slight colour variations). Clasts appear randomly
oriented in LSU 2.1, Clasts are up to 20 mm in size, and
are predominantly subrounded to rounded dolerite and
basalt. Minor clast lithologies include quartz, quartzose
sandstone, and granitoid, and one clast at 88.16-88.21
mbsfisatransported, angular, serpulid-bearing, carbonate
nodule. A small fragment of detrital coal is present at
93.61 mbsf. Accessory lithologies include a sharp-
bounded, internally soft-sediment deformed, coarsening-
upward bed at 87.16-87.75 mbsf (from sandy mudstone
to fine-grained sandstone), and a sharp-bounded,
unstratified sandy mudstone at 90.47-90.56 mbsf. Shell
fragments, open fractures, and zones of carbonate cement
are all present, but sparse, in LSU 2.1. The base of this
unit is sharp, planar, and inclined.
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LITHOSTRATIGRAPHICAL SUB-UNIT 2.2 (95.48 -
120.20 mbsf), MUDDY FINE-GRAINED SANDSTONE

1.SU 2.2 is composed of fine-grained muddy
sandstone with dispersed clasts, grading locally to clast-
poor sandy diamictite. The dominant colour in this unit
is dark grey (5Y 4/1), with crude cm- to dm-scale
stratification outlined by slight colour variations in some
infervals. Clasts are dominated by dolerites and diorites,
with granule-sized coal fragments at 98.24-99.97 mbsf.
Variousforms of soft-sediment deformation are common
to pervasive in LSU 2.2, including deformed bedding,
load casts, and load balls. Deformation is particularly
obvious at 100.73-102.02 mbsf, where mudstone and
muddy fine-grained sandstone occur as distinct bodies
separated by irregular, near-vertical boundaries.
Sedimentary dykes are common above 98.20 mbsf and
at 109.32-110.27 mbsf; dyke fills include claystone,
sandstone, and pyrite-cemented sandstone. Shells and
shell fragments are concentrated at 97.07-99.61 mbsf
and below 119.00 mbsf. Carbonate-cemented patches
and carbonate-filled veins are common, especially below
100.73 mbsf. The base of LSU 2.2 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 3.1 (120.20 -
144.67 mbsf), SANDY MUDSTONE

L.SU 3.1 comprises sandy mudstone with dispersed
clasts, which is vaguely stratified at a decimetre scale
and becomes overprinted by colour mottling downcore.
The colour mottling suggests that the sediment is slightly
bioturbated. Minor lithologies include: 1) dark-grey
claystone beds, less than 30 cm thick, at 122.58-124.50
mbsf; 2) medium-grained, well-sorted, quartzose
sandstone, whichis stratified but soft-sediment deformed,
and contains abundant angular intraformational mudstone
clasts, at 139.85-140.02 mbsf; and 3) interlaminated
sandy mudstone and fine/medium-grained sandstone,
with loading and water-escape structures, at 139.75-
139.85 mbsf and 144.45-144.67 mbsf, Patchy carbonate
cementiscommon, and shells/shell fragments are present
to common. The base of LSU 3.1 is sharp.

LITHOSTRATIGRAPHICAL SUB-UNIT 4.1 (144.67 -
157.22 mbsf), PEBBLE TO COBBLE SANDY
CONGLOMERATE AND SANDSTONE

LSU 4.1 contains pebble to cobble sandy
conglomerate, greenish-black (5BG 2.5/1) sandstone
with abundantclasts, and sandstone. Conglomerates and
sandstones with abundant clasts are interbedded above
152.84 mbsf, whereas fine-grained to medium-grained
sandstones are interbedded with minor amounts of dark
grey mudstone and pebble to cobble conglomerate below
152.84 mbsf.

The conglomerates and sandstones with abundant
clasts are moderately to poorly sorted, and contain both

angular and rounded clasts. A few of the clasts are very
wellrounded. Clastabundance ranges from 10% 10 80%,
and clasts range in size up to 150 mm. Clasts are
predominantly dolerite and other intrusives, with lesser
proportions of quartz, granitoids, and other lithologies.
The matrix is poorly sorted, medium-grained sandstone,
with a black coating or cement around the framework
erains. Dm-scale stratification is developed locally by
grain-size changes; cross-stratification may be present
in a sandier zone at 148.50-149.00 mbsf. The matrix is
locally carbonate-cemented, and carbonate-filled hairline
fractures are also present.

Below 152,14 mbsf, LSU 4.1 is dominated by well-
sorted, well-stratified, fine-grained to medium-grained
sandstones; parallel lamination, ripple cross-lamination,
and cross-stratification are present. Some of these
sandstonesexhibit soft-sediment deformation andloading
structures, as do dark-grey siltstones (less than 10 cm
thick) interbedded with the sandstonesat 155.16-156.36
mbsf. Theinterval below 152.84 mbsfis locally fractured
and contains small faults, some of which are mineralised
with carbonate. The sandstones (here with abundant
clasts) and mudstones are interbedded with pebble to
cobble conglomerates at 156.36-157.22 mbsf. The base
of LSU 4.1 is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 5.1 (157.22 -
169.47 mbst), SANDY MUDSTONE

LSUS5.1 comprises dark-grey (N4/) sandy mudstone
with dispersed clasts, which is bioturbated throughout.
Muddy medium-grained sandstone with dispersed clasts
forms a sharp-based bed at 159.00-159.47 mbsf. Below
159.95 mbsf, the sandy mudstone with dispersed clasts
is diffusely interbedded with muddy, very fine-grained
sandstone with dispersed clasts, accompanied by soft-
sedimentdeformation features, Shells and shell fragments
are present throughout LSU 5.1, but are common to
abundant below 165.60 mbsf. A pebble appears to
puncture underlying laminae at 164.34 mbsf; angular
clasts occur below this level, and a faceted clast is
presentat 167.42 mbsf. The entire unit contains carbonate-
filled fractures and open fractures. The base of LSU 5.1
is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 5.2 (169.47 -
176.42 mbsf). MUDDY FINE-GRAINED SANDSTONE

LSU 5.2 consists predominantly of muddy fine-
grained sandstone with dispersed clasts, but grades
locally to sandy diamictite and conglomerate. The
sandstone is dark grey and contains only rare vague
lamination above 173.00 mbsf, but becomes well-
stratified on a cm-scale below that level. Soft-sediment
deformation, patchy carbonate cement, and possible
sedimentary dykes also become more common below
173.00 mbsf. Shell fragments are present, butnot common
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in the sandstone. The diamictites range from clast-poor
to clast-rich sandy diamictites; the conglomerates arc
muddy and sandy pebble conglomerates. Large clasts
are dominated by dolerites, but smaller clasts include
dolerites, granitoids (including the youngest occurrence
of large pink/orange granitoids), and quartz. Clasts
exhibit a range of shapes, including a relatively high
abundance of angular and very angular clasts. The base
of 1LSU 5.2 is sharp and inclined.

LYTHOSTRATIGRAPHICAL SUB-UNIT 5.3 (176.42 -
184.45 mbst), FINE-GRAINED TO COARSE-GRAINED
SANDSTONE AND PEBBLE TO COBBLE
CONGLOMERATE

Fine-grained to coarse-grained sandstones are the
primary lithology of LSU 5.3, locally containing dispersed
clasts. Clastconcentration increases within some intervals
of LSU 5.3, either within beds or because of mixing by
soft-sediment deformation, to produce lesser amounts of
pebbly sandstone and pebble to cobble conglomerate.
Clasts are dominated by dolerite, with lesser amounts of
other intrusives, granitoids, and orthoquartzites. The
sandstones generally are moderately to well-sorted, mud-
free, and show parallel lamination and cross-stratification.
The bases of some sandstone beds exhibit load casts. Soft-
sediment deformation is pervasive in the sandstones, and
smallfaults are present above 179.50 mbsf. Shell fragments
occur above 177.40 mbsf. Mudstones form recognizable
bodies within intervals that have been extensively soft-
sediment deformed (177.54-178.95 mbsf), and also form
discrete interbeds within sandstone-dominated intervals
(178.95-181.85 mbsf). Below 181.45 mbsf, well-sorted,
well-stratified sandstone and pebbly sandstone grade
downcore to vaguely stratified pebble conglomerate; a
large pebble protrudes from the top of this bed. Patchy
carbonate cement is common in LSU 5.3; the base of this
unit is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 6.1 (184.45 -
202.18 mbsf), SANDY MUDSTONE AND MUDDY
FINE-GRAINED SANDSTONE

LSU 6.1 is composed predominantly of sandy
mudstone and muddy fine-grained sandstone, both with
dispersed clasts. Less-abundantlithologies include fine-
to medium-grained sandstone and mudstone, and
intervals where fine-grained sandstone with dispersed
clasts is interstratified, on a cm-scale, with muddy very
fine sandstone with dispersed clasts and mudstone with
dispersed clasts. Vague cm-scale stratification is present,
especially below 193.50 mbsf. Clasts include angular to
very angular dolerites, and rounded reworked nodules of
carbonate-cemented mudstones (at 196.00-200.00 mbsf).
Dark grey is the predominant colour in LSU 6.1. Soft-
sediment deformation is pervasive, and sedimentary
dykes are common at 189.50-194.50 mbsf. Shell
fragments are relatively common throughout this unit,

and 197.07-198.08 mbsf is weakly bioturbated. The
base of LSU 6.1 is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 7.1 (20218 -
211.40 mbsf), FINE-GRAINED SANDSTONE AND
MEDIUM-GRAINED SANDSTONE

Fine-grained and medium-grained sandstones are
the dominantlithologies in LSU 7.1, with lesser amounts
of pebble to cobble conglomerate. Mud generally is
lacking fromall of these lithologies. Primary stratification
is well-developed in much of this unit, and includes
parallel lamination, ripple cross-lamination, and cross-
bedding. Primary stratification is disrupted to varying
degrees by soft-sediment deformation (including possible
dish structures at 202.95-203.40 mbsf), by fracturing
and small-scale faults, and possibly by low-angle shear
zones at 204.57-205.47 mbsf (which may offseta large
dolerite clast). Coal fragments are common in this unit,
both in dispersed form and concentrated into discrete
laminae. Two thin conglomerates (27 cm and 53 ¢
thick) are present in LSU 7.1; these range from granule
through cobble conglomerate, but only the thinner bed is
graded. The conglomerates are poorly sorted, range
from clast-supported to matrix-supported, and have a
matrix of medium-grained sandstone, whose grains bear
a black surface stain or cement. Clasts are angular (o
well-rounded, up to 11 cm in diameter, and composed of
dolerite (predominant), other intrusives and sedimentary
rocks (including guartzarenites), and rare granitoids and
quartz. Carbonate cement and carbonate-filled veins are
present to abundant in some sections of this unit. The
base of LSU 7.1 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 7.2 (211.40 -
264.33 mbsf), INTERBEDDED SANDY MUDSTONE,
STRATIFIED SANDSTONES, AND CONGLOMERATE

LSU 7.2 comprises sandy mudstones with dispersed
clasts, stratified sandstones, and conglomerates,
interbedded at scales ranging from tens of cm to
approximately 6 m. The sandy mudstone with dispersed
clasts is dark grey, and exhibits vague stratification in
some intervals. The sandstones range from very fine-
grained to medium-grained, and are generally well-
sorted and well-stratified, with parallel lamination, ripple
cross-lamination, and cross-bedding. In some intervals,
the stratification and primary structures are modified or
entirely destroyed by soft-sediment deformation, which
includes recumbent folds, load structures, and possible
dish structures. Conglomerates range from granule- to
cobble-conglomerates; pebble conglomerates are most
common. The conglomerates are moderately to poorly
sorted, contain angular to well-rounded clasts, have clast
contents from 10% to 80%, and generally show weak to
no stratification. The interval 243.78-252.00 mbsf
contains three sharp-based beds, each less than 1 m
thick, that fine upwards from conglomerate to sandstone
or pebbly sandstone,
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Clasts in LSU 7.2 are predominantly dolerite, with
Jesser abundances of other infrusives, quartz and
granitoids, and sedimentary lithologies. Diregularly-
shaped weathered clasts are present at 212.08-
212.32 mbst. Coal fragments are present to abundant in
specificintervals within this unit, generally in the coarse-
sand to granule-size fractions. Fossils are scarce, and
only occur above 226.00 mbsf. Most of this unit has a
dark-grey colour, due to the presence of a cement or a
dark surface stain on the sand grains. Carbonate cement
isdistributedirregularly through this unit; pyrite cement,
nodular carbonate cement, and secondary porosity are
present locally. Sedimentary dykes, open and healed
fractures, and small faults are also present (o abundant in
some intervals; one example is a single fracture at
217.47-220.47 mbst, which changes from open (o
mineralised with carbonate along its length. The interval
from 256.98 to 263.02 msbf is composed of heavily
brecciated mudstone and sandstone, with extensive
mineralised fractures; this may be a zone of faulting.

The base of LSU 7.2 is sharp and irregular.

LITHOSTRATIGRAPHICAL SUB-UNIT 7.3 (264.33 -
270.51 mbst), SANDY MUDSTONE

LSU 7.3 comprises medium-grey to dark-grey sandy
mudstone with dispersed clasts, which is locally
carbonate-cemented and contains carbonate-filled
fractures. Atleasttwo generations of fractures are present,
as indicated where one fracture offsets another fracture.
Disseminated pyrite is present. The dark colour of LSU
7.3 is caused by the presence of a black surface stain or
cement on the sand grains. No primary structures can be
seen, due to the extent of cementation and fracturing.
Shells and shell fragments are present, most notably an
articulated bivalve at 266.13 mbsf. LSU 7.3 has a
gradational lower contact.

LITHOSTRATIGRAPHICAL SUB-UNIT 7.4 (270.51 -
293.43 mbsf), WELL-STRATIFIED MEDIUM-GRAINED
SANDSTONE

The primary lithology in LSU 7.4 is well-stratified,
medium-grained sandstone with dispersed clasts, which
is interbedded with lesser amounts of sandy mudstone,
sandstone with abundant clasts, and pebble to cobble
conglomerate. The sandstones are predominantly
medium-grained, but range from very fine- to medium-
grained; they are generally well-sorted and well-stratified,
with parallel lamination, ripple cross-lamination, and
cross-bedding. Soft-sediment deformation features are
presentlocally, but become more abundant below 288.00
mbsf. The sandy mudstone is medium grey and exhibits
vague stratification in some intervals. The conglomerates
range from granule- to cobble-conglomerates; pebble
conglomerates are most common. The conglomerates
are moderately to poorly sorted, contain angular to well-
rounded clasts, have clast contents from 10% to 80%,

and generally show weak to no stratification.

Clasts in LSU 7.4 are predominantly dolerite, with
lesser abundances of other intrusives, quartz and
granitoids, and sedimentary lithologies. A dolerite clast
with a weathering rind is present at 284.20-284.24 mbsf,
and pebbles with rims of pyrite cement occur at 287.13-
287.85 mbsf. Coal fragments are present to abundant in
specific intervals within this unit, generally in the coarse
sand- to granule-size fractions. A deformed mass of
fine- to medium-grained sandstone at 276.48-
276.88 mbst may be a sedimentary dyke. Patchy
carbonate cement is widespread throughout LSU 7.4.
One shellis present, at 278.02 mbsf. The interval 293.10-
203.43 mbsf is an incoherent mix of basement clasts,
sand, and carbonate cement, whose original lithology is
unknown; this is interpreted as a strongly sheared and
carbonate-cemented fault breccia. The base of LSU 7.4
is sharp.

LITHOSTRATIGRAPHICAL SUB-UNIT 7.5 (293.43 -
306.26 mbsf), PEBBLE TO COBBLE CONGLOMERATE

LSU 7.5 is dominated by pebble to cobble
conglomerate above 300.22 mbsf, and conglomerate is
interbedded with well-stratified, well-sorted,
predominantly medium-grained sandstones below that
level. In some intervals, the sandstones become pebbly
sandstones. The conglomerates are moderately sorted,
with a clast distribution that is apparently bimodal: one
mode being 20 mm diameter or larger, the other granule-
size. The conglomerates also are mostly clast-supported,
with clast abundances averaging approximately 60%.
Clasts are mostly dolerite, with lesser proportions of
quartz sandstone and granitoid, and range in shape from
very angular to well-rounded. A large proportion of the
clasts are well-rounded. Stratification in the sandstones
includes parallel laminations and cross-bedding.
Carbonate cement is widespread in LSU 7.5; pyrite
cement and secondary porosity are developed locally.
The base of LSU 7.5 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 8.1 (306.26 -
324.88 mbsf), MUDDY FINE-GRAINED SANDSTONE
AND SANDY MUDSTONE

The upper one-third of LSU 8.1 is predominantly
muddy fine-grained sandstone with dispersed clasts,
with a few thin interbeds (less than 10 cm thick) of
medium-grained to pebbly medium-grained sandstone.
The dominant lithology in the remainder of LSU 8.1 is
sandy mudstone with dispersed clasts; one medium-
grained sandstone and one muddy medium-grained
sandstone are present (47 and 137 cm thick, respectively).
The muddy medium-grained sandstone is an interbed
that contains dispersed clasts and grades locally to both
clast-poor and clast-rich sandy diamictite. The origin of
the carbonate-cemented medium-grained sandstone is
uncertain, as it may be either an in situ interbed or a large
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sedimentary clast. Most of LSU 8.1 is bioturbated and
weakly stratified; soft-sediment deformationis comimon
in the sandstones. Large clasts occur only above 308.64
mbst, and some have possible weathering rinds. Shells
and shell fragments are present to common throughout
LSU 8.1. Patchy carbonate cement is distributed
throughout this unit, but is more abundant above 312.30
mbsf; pyrite cement is present, especially below 322.50
mbsf. The base of LSU 8.1 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 9.1 (324.88 -
406.00 mbsf), WELL-STRATIFIED SANDSTONE AND
SANDY MUDSTONE

LSU 9.1 is composed of well-stratified sandstone,
sandy mudstone, and muddy sandstone, all with dispersed
clasts, interbedded at thicknesses ranging from less than
50cmto greater than4 m. Conglomerates also are present,
but are approximately half as abundant as the well-
stratified sandstones. The well-stratified sandstones range
from fine-grained to medium-grained, and generally
exhibit parallel lamination, ripple cross-lamination, and
some cross-bedding; a few intervals, however, are only
vaguely stratified. The well-stratified sandstones also
form the thickestbeds within LSU 9.1, which are generally
sharp-based and are preferentially carbonate-cemented in
the upper half of this unit. Conglomerates are the second
most common lithology in LSU 9.1, being present as
pebble to cobble conglomerate beds up to 1.5 m thick.
These conglomerates range from matrix-supported to
clast-supported, with angular to well-rounded clasts up to
80mm indiameter. Dolerites are the most abundant clasts,
with lesser amounts of other intrusives, granitoids, quartz,
and sedimentary rocks. The conglomerates are poorly
sorted, but have a bimodal distribution of clast sizes,
together with a matrix of poorly sorted coarse to very
coarse sandstone. The sandy mudstones are generally
medium grey in colour, bioturbated, with some weak
stratification, and soft-sediment deformed in some
intervals. Shell fragments are present at 358.95-359.31
mbsf. Patchy carbonate cement, pyrite cement, and nodular
carbonate cement occur irregularly above 387.30 mbsf;
below that level, all three cement types are common. The
base of LSU 9.1 is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 10.1 (406.00 -
413.56 mbsf), MUDSTONE

The dominantlithology in LSU 10.1 is medium-grey
to dark-grey mudstone, which is internally unstratified
but contains very low abundances of dispersed clasts.
Above408.42 mbstfand below411.34 mbsf, the mudstone
is interstratified with sharp-bounded sandstones of
various grades (fine-grained sandstone and granule-to-
pebbly medium- to coarse-grained sandstone). The
sandstone beds range from less than 1 em to 30 cm in
thickness, are unstratified or parallel-stratified, and
occasionally are overprinted by soft-sediment

deformation. The sandstones are preferentially cemented
with pyrite and carbonate. The base of LSU 10.1 i
gradational,

LITHOSTRATIGRAPHICAL SUB-UNIT T1.1 (413.56 -
444.44 mbst), SANDSTONE AND CONGLOMERATT:

LSU 11.1 comprises sandstone and conglomerate,
with sandstones approximately twice as abundant as
conglomerates, Thicker conglomerates are concentrated
in the upper 3 m and lower 4 m of this unit, whereas thin
conglomeratic horizons are scattered through the interior
of LSU 11.1. The sandstones are generally “clean™ (i.c,
they do not contain mud), moderately to well-sorted,
fine- to coarse-grained, and stratified, with parallel
stratification and some suggestions of possible cross-
bedding. At 416.99-425.60 and 439.60-440.64 mbsf,
gravel is common to abundant within the sandstone,
both dispersed and concentrated in laminae. At434.75-
438.30 mbsf, unstratified fine-grained sandstone is
interbedded with intervals of stratified fine-grained
sandstone and rhythmic fine- to medium-grained
sandstone laminae. The coarser-grained intervals range
from pebbly medium- to coarse-grained sandstone (o
pebble conglomerate, with angularto well-rounded clasts,
mainly of dolerite. Patchy carbonate cement and pyrite
cement are distributed widely through LSU 11.1; nodular
carbonate cement is present, but rare. A shell fragment
is presentat422.75 mbsf. The base of LSU 1 1.1 issharp.

LITHOSTRATIGRAPHICAL SUB-UNIT 12.1 (444.44 -
458.48 mbsf), LIGHT-COLOURED QUARTZOSE
SANDSTONE

LSU 12.1 consists almost exclusively of “clean”,
well-sorted, grey (10Y 6/1) quartzose sandstone. The
sandstone is medium- to fine-grained, generally with
rare dispersed gravel, and shows local vague cross-
bedding and parallel stratification above 450.67 mbs{
and below 455.60 mbsf. Coal fragments are concentrated
into numerous laminae within the sandstone at 456.14-
456.41 mbsf. Twothin beds of small pebble conglomerate
are present below 458 mbsf; these conglomerates are
clast- to matrix-supported, moderately sorted, with
angularto subrounded clasts less than 22 mm indiameter,
mainly of dolerite, and with a matrix of fine- to coarse-
grained sandstone. Patchy carbonate cement is common
throughout LSU 12.1; nodular carbonate cement and
pyrite cementare distributed sparsely in this unit. Steeply
dipping carbonate-filled fractures are present below
452.70 mbsf. The base of LSU 12.1 is sharp.

LITHOSTRATIGRAPHICAL SUB-UNIT 12.2 (458.48 -
462.91 mbsf), SANDSTONE AND MUDSTONE

LSU 12.2 is composed of very fine- to fine-grained
sandstone, sandy mudstone and mudstone, interstratified
in beds that range from less than 1 cm to 1.2 m thick. The
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sandstones contain some parallel stratification, and some
are soft-sediment deformed. A few beds grade upward
from fine-grained sandstone to sandy mudstone. Coal
fragments are common, especially in the upper 2 m of
LSU 12.2. Patchy carbonate cement is common. The
base of LSU 12.2 is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 12.3 (462.91 -
539.31 mbsf), LIGHT-COLOURED QUARTZOSE
SANDSTONE

L.SU 12.3is dominated by “clean”, well-sorted, light-
coloured, fine- to medium-grained, quartzose sandstones,
mostofwhichexhibit vague parallel stratification. Cross-
bedding may be present in a few intervals, and low-angle
divergentlaminationsat517-519 mbsf may be suggestive
of possible hummocky cross-stratification. Coal
fragments are common in the sandstones, both dispersed
and concentrated into laminae; coal laminae are abundant
at 521.60-522.80 mbsf. Soft-sediment deformation is
present, but rare. Pyrite and patchy carbonate cements
are distributed widely in this unit. Shells and shell
fragments are present at 466.79-466.82 mbsf,
Conglomeratic intervals are relatively thin (ranging from
less than 10 cm to greater than 120 cm thick), and consist
of pebble to cobble conglomerate, matrix- to clast-
supported, with angular to well-rounded clasts up to 180
mm in diameter. The clasts are mainly dolerite, and the
matrix is fine- to coarse-grained sandstone. The base of
LSU 12.3 is sharp, and is placed at the base of a 49-cm-
thick dolerite boulder. A portion of the boulder may have
beenremoved by a fault, and carbonate- and pyrite-filled
fractures pass through the clast,

LITHOSTRATIGRAPHICAL SUB-UNIT 12.4 (539.31 -
558.87 mbsf), DARK-COLOURED SANDSTONE AND
CONGLOMERATE

The dominant lithology in L.SU 12.4 is dark greenish-
grey (5GY 2.5/1) sandstone; pebbly sandstones and pebble
conglomerates are minor lithologies. The dark greenish-
grey sandstone is quartzose and mainly fine-grained, but
acoating on the grains imparts the dark colour to this unit.
The nature of this coating is unknown at present, but it
may be due to the presence of chlorites. These sandstones
locally are parallel stratified above 555.67 mbsf, but
exhibit well-developed parallel laminations and cross-
beddingbelow thatlevel. Low-angle divergentlaminations
below 558 mbsfmay be suggestive of possible hummocky
cross-stratification. The sandstones contain dispersed
clasts, with carbonate cement surrounding some clasts.
Both open and carbonate-filled hairline fractures are
present. Pebbly sandstone to pebble conglomerate occurs
as several beds less than 50 cm thick. The conglomerates
are poorly sorted, matrix- to clast-supported, with amatrix
of fine-grained sandstone, and contain angular to well-
rounded clasts that are mostly dolerite. The base of LSU
12.4 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT (2.5 (558.87 -
576.28 mbsh), LIGHT-COLOURED QUARTZOSE
SANDSTONIE

The dominant lithology in LSU [2.5is “clean”, well -
sorted, quartzose, light-coloured, medium-grained
sandstone with rare scattered gravel. The sandstone is
well-stratified only in the upper 2 m of LLSU 12.5; it is
uncemented to poorly cemented in some intervals
(especially nearintervalslost during coring), but become s
harder downcore due to more extensive carbonate
cementation. Pebbly sandstones and a pebble to cobble
conglomerate form minorlithologies. The conglomerate,
at 561.37-562.54 mbsf, is poorly to moderately sorted,
mostly clast-supported, with a matrix of poorly sorted
medium-grained sandstone. Clasts are angular to well-
rounded, less than 90 mm in diameter, and mainly
composed of dolerite, with lesser amounts of granitoids,
metamorphics, sedimentary lithologies, quartz, and
basalt. The base of LSU 12.5 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 12.6 (576.28 -
605.90 mbsf), DARK-COLOURED SANDSTONE AND
CONGLOMERATE

The dominant lithology in LSU 12.6 is poorly sorted,
muddy, green-grey (10Y 3/1), medium- to fine-grained
sandstone, with rare dispersed clasts. These sandstones
show local parallel and inclined stratification, and have
a mottled appearance that may be due to bioturbation.
Nodular carbonate cement and narrow carbonate-filled
fractures are abundant in this sandstone. Coal fragments
are common at 588.00-592.00 mbsf, and are concentrated
intolaminae at591.80-591.90mbsf. Above 580.62 mbsf,
LSU 12.6 comprises interbedded quartzose, well-sorted,
fine- to medium-grained sandstone and pebble to cobble
conglomerate. Pebbly sandstone and pebble
conglomerate also form the basal 92 c¢m of this unit. The
base of LSU 12.6 is sharp and planar.

LITHOSTRATIGRAPHICAL SUB-UNIT 12.7 (605.90 -
611.03 mbsf), LIGHT-COLOURED QUARTZOSE
SANDSTONE

LSU 12.7 is dominated by “clean”, grey (2.5Y 6/1),
moderately sorted, quartzose, fine-grained sandstone,
which is carbonate-cemented and contains low
abundances of dispersed small coal particles. A pebble
to cobble conglomerate, at 607.77-607.99 mbsf, is the
only minor lithology in LSU 12.7. This conglomerate is
poorly to moderately sorted, mainly clast-supported,
and has a matrix of carbonate-cemented, poorly sorted
fine- to coarse-grained sandstone. Clasts are angular to
well-rounded, less than 87 mmin diameter, and composed
mostly of dolerite. A wood fragment is present at
606.10 mbsf. The base of LSU 12.7 is gradational.
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LITHOSTRATIGRAPHICAL SUB-UNIT 13.1 (611.03 -
767.70 mbsf), GREEN/GREY QUARTZOSE
SANDSTONE AND MINOR CONGLOMERATE

The most abundant lithology in LSU 13.1 is dark
greenish grey (5Y 2.5/1) quartzose, muddy fine-grained
sandstone. This lithology forms more than 50% of this
unit; the remainder isdivided subequally between “clean™
sandstones, matrix-supported conglomerates, and clast-
supported conglomerates. The slightly muddy sandstones
range from vaguely stratified to well-stratified, with
parallel lamination and parallel rhythmic lamination; in
some cases the laminae are defined by concentrations of
gravel or coal fragments. Well-defined lamination is
common in muddy sandstone beds at 635.00-644.38,
659.60-661.30,663.70-664.40,and 695.30-700.28 mbsf.
Local convex-up laminations at 743.72-752.43 mbsf
(e.g. 748.62 mbsf) and low-angle divergent laminations
at 704-705 and 764-765 mbsf may be suggestive of
possible hummocky cross-stratification. Ripple cross-
lamination, cross-bedding, and soft-sediment
deformation are present locally within the muddy fine-
grained sandstones.

The “clean” sandstones, which are most abundant
above 635.52 mbsf, are greenish grey (5Y 5/2), quartzose,
and fine-grained, with rare dispersed gravel and rare
vague stratification. Nodular carbonate cement is
common, and pyrite cement is rare in the “clean”
sandstones. The conglomerates occur as beds that
generally are less than 1 m thick, separated by 1-3 metres
of sandstone. The conglomerates are pebble to cobble
conglomerates, poorly sorted, matrix- to clast-supported,
and with a matrix of poorly sorted fine- to coarse-
grained sandstone. Clasts are angular to rounded, and
dominated by dolerite, but with other lithologies present.
Many of the conglomerates have gradational boundaries,
although sharp-based conglomerates do occur
occasionally.

Anindurated mudstone clast with striationsis present
at738.40-738.42 mbsf. Theinterval 752.43-753.40 mbst
has a mottled appearance, probably due to bioturbation.
Patchy carbonate cementation is extensive in LSU 13.1,
with lesser occurrences of pyrite and nodular carbonate
cementation. The base of LSU 13.1 is gradational.

LITHOSTRATIGRAPHICAL SUB-UNIT 13.2 (767.70 -
789.77 mbsf), GREEN/GREY QUARTZOSE
SANDSTONE AND PEBBLE CONGLOMERATE

LSU 13.2 is dominated by pebble to cobble
conglomerates and pebbly sandstones, with lesser
amounts of grey/green muddy sandstones. Many
occurrences of the coarser-grained lithologies form
fining-upward sequences, from a sharp-based
conglomerate at the base to a pebbly sandstone at the top;
afew are symmetrically graded orungraded. Thicknesses
of the fining-upward beds range from ¢. 40 cm to ¢.1 m.
The thickest conglomerate bed is almost 4.4 m thick, and

appears to be symmetrically graded (782.80-787.15
mbst). The conglomerates are pebble to cobble
conglomerates, matrix- to clast-supported, and with a
matrix of poorly sorted, muddy, medium-grained
sandstone. Clasts are angular to well-rounded, and
predominantly composed of dolerite. The muddy
sandstones are fine- to medium-grained, and show vague
to well-defined parallel stratification. Some of the
sandstones are soft-sediment deformed, and
concentrations of coal particles define both primary
stratification and soft-sediment deformation features.
Two indurated mudstone clasts, with striations, are
present at 775.35 and 775.80 mbsf. A macrofossil is
presentat781.34-78 1.36 mbsf. Patchy carbonatecement
is common in LSU 13.2, and dispersed pyrite cement is
common inits lower half. The base of LSU 13.2 is sharp.

LITHOSTRATIGRAPHICAL SUB-UNIT [4.1 (789.77 -
805.60 mbsf), DOLERITE BRECCIA

LSU 14.1 comprises a breccia, composed primarily
(but not exclusively) of dolerite clasts. Intervals of
carbonate-cemented, apparently stratified, fine- to
medium-grained sandstone with dispersed small gravel,
approximately 10-20 cm thick, are interbedded with the
breccia. Above 803.92 mbsf, the breccia intervals are
monomictic, with only dolerites present. The dolerite
clasts, which range in size from pebbles to boulders,
have been fractured, offset, and veined with carbonate.
Within the breccia intervals, the fractured dolerite clasts
are enveloped in a fine-grained matrix that is interpreted
as asheared, recrystallised foliated claystone. This matrix
may be cataclastic in origin. Below 803.92 mbsf, LSU
14.1 is an oligomictic breccia; the largest clasts are
dolerite, but angular to very angular pebbles to cobbles
of quartzose sandstone are present to common. Rounded
pebbles of dark-grey mudstone are also present, but are
rare. Many of the sandstone clasts are fractured and/or
veined, and the matrix is dark-grey, sheared, claystone
and fine- to medium-grained sand or muddy sand. This
matrix also may be cataclasticin origin. The base of LSU
14.1 is sharp and irregular.

LITHOSTRATIGRAPHICAL SUB-UNIT 15.1 (805.60 -
813.41 mbsf), LIGHT-COLOURED QUARTZOSE
SANDSTONE WITH LARGE CLASTS

LSU 15.1 is composed of quartzose, light-brown
(10Y 4/1), medium-grained sandstone and pebbly
sandstone, up to 50 cm thick, alternating with dolerite
clasts up to 1.6 m long. The sandstones are stratified,
predominantly with parallel laminations, and the
pebbly sandstones contain clasts of quartzose
sandstone and rare dark-grey mudrock. The dolerite
clasts contain some slicken-lined surfaces, fractures,
and carbonate veins. The base of LSU 15.1 is sharp,
and is placed at the bottom of a 1.6-m-thick dolerite
boulder.
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LITHOSTRATIGRAPHICAL SUB-UNIT 15.2 (81341 -
822.87 mbsf). DOLERITE CLAST CONGLOMERATE

LSU 15.2 s adark grey/blue (5GB 2.5/1) pebble to
boulder conglomerate, very poorly sorted, mainly clast-
supported, and with a matrix of well-rounded, moderately
sorted, quartzose, black-stained, coarse-grained
sandstone. Clasts in the conglomerate are subangular to
well-rounded, and composed predominantly of dolerite;
however, quartzose sandstone clasts arc also present in
low abundances, most notably a guartzose sandstone
boulder at 817.64-818.30 mbsf. Most of the dolerite
clasts are less than [50 mim in diameter, although the
largest dolerite clast is 660 mm in diameter. Clast
abundances decrease in some intervals of 1.SU 15.2,
producing small-pebble conglomerates with angular
clasts, Rims of carbonate cement on some clasts,
carbonate-filled fractures, and carbonate-filled veins
occur throughout LSU 15.2. Sand-filled sedimentary
dykes show consistent steep dips, and cut dolerite clasts
throughout this unit. The base of L.SU 15.2 is sharp and
irrcgular,

LITHOSTRATIGRAPHICAL SUB-UNIT 15.3 (822.87 -
823.11 mbsf), SANDSTONE CLAST BRECCIA

LSU 15.3isasedimentary breccia, comprising poorly
sorted clasts of light red/brown quartzose sandstone
contained within a matrix of quartzose, clay-rich,
medium-grained sandstone. The breccia is clast-
supported and crudely stratified, with clasts less than 65
mm in diameter. A distinct irregular surface is present at
822.95 mbsf; above this level, the sandstone clasts are
rounded to well-rounded, whereas angular sandstone
clasts dominate the interval below 822.95 mbsf. The
base of LSU 15.3 is sharp and irregular.

LITHOSTRATIGRAPHICAL SUB-UNIT 16.1 (823.11 -
901.48 mbsf), LIGHT RED/BROWN QUARTZOSE
SANDSTONE

LSU 16.1 is dominated by light red/brown (5YR 6/
6) medium-grained, quartzarenite sandstone, with some
coarse- to very coarse-grained sand present, both
dispersed and concentrated in discrete laminae. In general,
the sandstone is well-stratified, mostly with parallel
lamination defined by colour and grain-size variations;
however, cross-stratification is presentlocally, and some
intervals between 855 and 890 mbsf show no
stratification, perhaps because of a bioturbation overprint.
Average dip of the stratification is approximately 15°.
Open and carbonate-filled fractures are common,
sometimes showing offsets across the fractures. LSU
16.1 contains local zones of brecciation throughout its
length. At 866.70-867.52 mbsf, the core exposes the
wall of a broad vertical fracture, which juxtaposes
unstratified but coherent medium-grained sandstone
against the brecciated sandstone that fills the fracture.

Below 895.50mbsf, blue/grey zones and laminae become
more common, f{racture fills of grey/purple clay are
present, and the sandstone becomes more compact and
harder, The abundance of carbonate-filled fractures
increases below 898.90 mbs!, and the sandstone becomes
purple-coloured (5P 2/2) and strongly carbonate-veined
below 900.40 mbsf. A brecciated zone is present at
901.09-901.30 mbsf, with light brown (7.5YR 4/4),
angular to very angular bodies of altered intrusive rock
in a fine-grained matrix of the same colour. The base of’
L.SU 16.1 is sharp and rregular.

An alternative interpretation of the contact between
LSU 16.1 and LSU 17.1, which has been proposed by
petrologists working at CSEC but has not been followed
in this report, places the base of the sandstone (LSU
16.1)at901.09 mbst, In this interpretation, the brecciated
zone at 901.09-901.30 mbsf is the top of the intrusion,
and the sandstone at 901.30-901.48 mbsf is a fragment
that was entrained, but not completely assimilated, within
the intrusion.

LITHOSTRATIGRAPHICAL SUB-UNIT 17.1 (901.48 -
919.95 mbsf), ALTERED DOLERITE(?) INTRUSION

LSU 17.11s heavily-altered intrusive or subvolcanic
rock, which was classified as a dolerite during initial
description of the core. Subsequent thin-section
examination has highlighted the heavily-altered nature
of this interval; however, the absence of quartz in altered
glassy intervals suggests that the original glass was at
leastintermediate in composition (see fgneous Intrusion
section). A light brown (7.5YR 4/4) breccia of the
altered igneous rock extends from 901.48 to 902.10
mbsf; the same rock is more coherent below 902.10
mbsf, although restricted zones of brecciation extend to
approximately 906 mbsf. Where less brecciated and/or
altered, the intrusion is light blue-grey (5BG 5/1),
becoming purple (5P 2/2) downcore. Zones and veins of
cream- to brown-coloured alteration persist throughout
LSU 17.1. Brecciated zones and the light brown colour
become more common below approximately 918 mbsf.
LSU 17.1 has a strongly brecciated, sharp and irregular
base.

LITHOSTRATIGRAPHICAL SUB-UNIT 18.1 (919.95 -
939.42 mbsf), LIGHT RED/BROWN QUARTZOSE
SANDSTONE

LSU 18.1 is dominated by light red/brown (5YR 6/
6) medium-grained, quartzarenite sandstone, with some
coarse- to very coarse-grained sand present, both
dispersedand concentrated in discrete laminae. In general,
the sandstone is well-stratified, mostly with parallel
lamination defined by colour and grain-size variations.
Cross-stratification is present locally, and some intervals
show no stratification, perhaps because of bioturbation
or soft-sediment deformation overprints. Average dip of
the stratification is approximately 15°. Open and
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carbonate-filled fractures are common, sometimes
showing offsets across the fractures. Notable examples
include ad-cm-wide, near-vertical fracture, filled with a
breccia of sandstone clasts and clay, at 927.90-928 .54
mbst, and a 3-cm-wide fracture, filled with sandstone
breccia and clay, at 934.76-935.10 mbsf. [.SU 18.1 is
brecciated locally. The sandstone is tough, hard, purple-
stained and carbonate-veined above 920.25 mbsf, and

similar characteristics become more common below
935.10 mbsf.

FACIES ANALYSIS

The lithofacies scheme used for CRP-3 follows that
for CRP2/2A (Cape Roberts Science Team, 1999) with
the exception of twofacies (intraformational clast breccia
and velaniclastics) that occur in CRP-2 but not in CRP-
3. Although the same scheme is followed, modifications

Fig. 3.2 - a) Mudstone of D
Facies 1 at 55.61-58.04 : T

to the descriptions have heen made to include
characteristics peculiar to CRP-3.

FACIES 1 - MUDSTONLE

Facies | consists of massive, very {ine sandy mudstone
and mudstone. The mudstone facies varies from silty
claystone and clayey siltstone that locally grades
vertically to sandstone over tens of centimetres. The
mudstone includes intervals that are laminated to thinly
bedded, as shown both by colour changes and by inclusion
of siltstone and very fine sandstone laminae (Fig. 3.2 a,
b & ¢). Beds above about 350 mbstare up to 10to 15 m
thick whereas below (hat depth, mudstone is rare and
thin, generally being less than [ m thick. Generally,
bioturbation is weak but locally some intervals lack
evidence of primary original stratification without
necessarily being bioturbated. Where stratified, this
facies shows soft-sediment deformation structures

2

mbsf, shown here with
laminae atinconsistentdips,
dispersed clasts and patches
of carbonate cement.

Fig. 3.2 - b) Massive
mudstone of Facies 1 at
139.62-141.05 mbsf with
soft-sediment deformed
sandstone and bioturbation
inthe upper core section and
a concentration of macro-
fossils (solitary scleractinian
corals, serpulid tubes and a
carditid bivalve) in the lower
core section.

Fig. 3.2 - ¢) Massive
mudstone of Facies 1 at
407.01-407.43 mbsf over-
lain by matrix-supported
conglomerate of Facies 10
which loaded into the
mudstonebelow while it was
still soft.
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through discrete intervals, and locally that deformation
is intense. Dispersed clasts occur within many intervals
of this facies, and they vary from less than 1% to
increasing quantities such that the mudstone locally
grades intomuddy diamictite. Mudstones are commonly
interbedded with massive to normally graded, moderately
sorted and ripple cross-laminated very fine- to medium-
grained sandstone and massive, poorly sorted, muddy
very fine-grained sandstone. Marine macrofossils and
their fragments are commonly scattered through
mudstone facies.

Fig. 3.2 - d) Interbedded
sandstone and mudstone of
Facies 2 at 458.68-462.11
mbst exhibiting local soft-
sedimentloading and micro~
faulting. The sandstone is
cross-bedded, has local coal
fragments and is carbonate
cemented.

Fig. 3.2 - ¢) Interlaminated
and thinly interbedded
mudstones and very fine- to
fine-grained sandstones of
Facies 2 at 76.42-
78.88 mbsf. The image
shows rhythmic inter-
bedding, sharp-boundedand
some normally graded
sandstone beds, diffuse
patches of carbonate
cementation and dispersed
clasts, one of which shows
an tmpact structure from
being dropped onto the sea
floor. The muddy intervals
are vaguely laminated in the
style of cyclopels of Facies 8.

Fig. 3.2 - f) Interlaminated
and thinly interbedded very
fine- to fine-grained
sandstone and mudstone of
Facies 2 at 155.04-156.47
mbsfshowing soft-sediment
deformation in the form of
injection, flame and
microfault structures, and
local bioturbation.

Facies 1 mudstones represent the quietest water
conditions within the CRP-3 sequence. These are thought
to be hemipelagic sediment which, due to their high silt
content, probably had their main contributions from
fluvially-derived turbid plumes discharging into coastal
waters. These sediments also had contributions from
distal or dilute sediment gravity flows in the form of very
fine sand and siltlaminae and from icebergs contributing
lonestones as well as contributing sand and more silt
particles.
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Fig. 3.2 - g) Poorly sorted,
muddy, vaguely stratified
fine- to medium-grained
sandstone of Facies 3 at
681.62-685.05 mbsf. This
lithofacies is tocally
characterised by gravel
horizons, commonly with
diffuse contacts, as are
shown here.

IMig. 3.2 - h) A variation of
poorly-sorted, muddy sand-
stone of Facies 3 at 169.49-
170.91 mbsf with dispersed
gravel and a local con-
centration of clasts making
a matrix-supported con-
¢lomerate with indistinct
contacts.

Fig. 3.2 - i) Poorly sorted
muddy sandstone of Facies
3 at 116.88-117.30 mbsf
with better sorted very-fine
grained sandstone to silt-
stone laminae that show
loading and soft sediment
deformation. Clasts are rare.

Fig. 3.2-j) Well-sorted, fine-
grained, finely laminated
sandstones of Facies 4 at
745.95-749.38 mbsf. Note the
horizontally laminated and
low-angle cross-bedded
nature of the sandstones,
especially in the first and
fourth core section. The
stratificationincludes curved,
convex-upward lamination
reminiscent of small-scale
hummocky cross-stratifica-
tion. Small black particles are
detrital coal, probably
reworked from the Beacon
Supergroup. Facies 4
sandstones in the two middle
core sections appear
structureless, and one interval
of poorly sorted, pebbly,
muddy sandstone occurs in
the third core section.
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FACIHES 2 - INTERSTRATIFIED SANDSTONE AND
MUDSTONE

Facies 2 comprises very fine- and fine- to locally
medium-grained sandstone, interstratified with very
fine-grained sandy mudstone, the sandstone having
sharp lower contacts and sharp or gradational upper
contacts (Fig. 3.2 d, e. f, & r). The sandstone is either
massive or normally graded and locally includes ripple
cross-lamination, some of which appears (0 have been
wave-influenced, and planar lamination in the upper,
finer-grained intervals of the sandstone beds.
Interstratification is on a scale that ranges from
lamination to beds a few metres thick, and when
laminated, units may include siltstone laminae. Where
bioturbation occurs it is commonly within the finer-
grained intervals, especially the mudstones. Dispersed
lonestones locally deform laminae beneath them and
are interpreted as dropstones. Intervals may fine upward
through an increasing proportion of mudstone strata,
with a corresponding increase in bioturbation upward,
or they may coarsen upward through an increasing
number of sandstone beds. Soft-sediment deformation
is common within depositional intervals or may occur
on a slightly larger scale to include several intervals;
clastic dykes occur locally. Marine macrofossils are
common.

Bioturbation and marine macrofossils indicate a
submarine environment of deposition for this facies.
That being the case, the trend of normal grading,
including parallel-laminated and ripple cross-laminated
sandstones passing up to massive and laminated
mudstones, is characteristic of a range of current types
from low to moderate density sediment gravity flows to
that of combined wave and current action. Common
soft-sediment deformation and clastic dykes imply that
the succession’s pore-water pressure was at times high
and that sediments were rapidly deposited.

FACIES 3 - POORLY SORTED (MUDDY) VERY FINE
TO COARSE-GRAINED SANDSTONE

Varieties of poorly sorted sandstones characterize
Facies 3 (Fig. 3.2 g, h & i). The facies varies from fine-
tocoarse-grained sandstones that are massive to parallel
laminated or bedded; some beds are normally graded,
but very locally they show reverse grading. The muddy,
very fine and fine sandstone may be locally ripple cross-
laminated and include mudstone laminae, which may
show soft-sediment folding. Coarse to very coarse sand
and clasts are dispersed throughout. Locally, where
clasts are abundant in the medium to coarse sandstones,
they may be sufficiently concentrated to form matrix-
supported conglomerate or may exhibit coarse tail fining-
upward trends. In some intervals dispersed clasts increase
up-core, defining coarsening upward trends into matrix-
supported conglomerate. In addition, conglomerates
occur locally at the base of beds, generally above sharp

contacts. Commonly, when the sandstones are massive,
clasts may be concentrated at one horizon and then
progressively become dispersed upward while the matrix
remains the same sand size throughout. This indicates
cither that two beds had been amalgamated or that there
was variation within one depositional event. In contrast,
stratified sandstone intervals may be produced by either
alternating sand grain-size changes or variation in
proportions of mud, causing colour variations. Shapesof
dispersed clasts and those in the conglomerates range
fromangular o rounded, These muddy sandstones locally
may be interbedded with Facies S sandstones: they grade
vertically into mudstone or Jocally exhibit fining trends
in the sands from fine to very fine-grained, with a
concomitant increase in mudstone. Soft-sediment
deformation is apparent only locally as are fragmental
coal partings. Facies 3 is locally weakly bioturbated, has
local lonestones as outsized clasts and has rare marine
macrofossils.

Those units exhibiting grading trends in both sand
and gravel sizes may be indicative of medium- to
high-density sediment gravity flow deposits which, at
least when they contain fossils or are interbedded
with other units with fossils, are of marine origin.
Alternatively, these may represent waning stages of’
traction flows. Some of the thicker massive beds of
very fine to fine sandstone may include very rapidly
sedimented deposits from fluvial discharges on deltas
or grounding-line fans, where they form highly
sediment-charged plumes of suspended sediment as
they enter sea. Icebergs are most likely the source of
most lonestones.

FACIES 4 - MODERATELY- TO WELL-SORTED
STRATIFIED FINE-GRAINED SANDSTONE

Moderately- to well-sorted fine sandstones, which
exhibit low-angle cross-bedding and cross-lamination
or are planar thin-bedded to laminated, characterize
Facies 4 (Fig. 3.2 1, ] & k). This facies is relatively rare,
but where it occurs it includes possible hummocky
cross-stratification (HCS) where laminae have a similar
convex upward shape. However, it is difficult to assign
unequivocally in the narrow core. Compositionally,
these sandstones are rich in quartz and locally contain
coal grains dispersed along laminae or constituting
distinct laminae. Very fine, medium and coarse sand
occurs locally. These units are most commonly associated
and interbedded with sandstones of Facies 5. Some
intervals exhibit penecontemporaneous soft-sediment
folding and microfaulting. Facies 4 sandstone is also
locally weakly bioturbated.

The delicate laminations preserved in this facies are
indicative of dilute tractional currents with quiescent
periods represented by mudstone. Their association with
other marine facies, the low-angle discordances, and the
presence of possible HCS infers a marine setting within
or about storm wave base.
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Fig. 3.2 - k) Well-sorted, finc-
prained, finely laminated,
sandstones of Facies 4 at
003.40-664.82 mbsf inter-
bedded with moderately sorted
medium- to coarse-grained
sandstones of Facies 5. Facies
4 occurs between 663.60 and
664.64 mbsf exhibiting cross-
stratificationand angular clasts
lying flat on bedding plancs.
cies 5 sandstones have
dispersed clasts and intervals
where clasts are concentrated
into matrix-supported con-
alomerate.

Fig. 3.2 - I) Moderately to well
sorted, fine- to medium-grained
sandstones of Facies 5 at205 48-
207.90mbsf, showing horizontal
Jamination (first and third runs),
ripple cross-lamination (firstand
third core sections) and cross-
bedding (second core section).
Ripple forms in the first core
section appear symmetrical
possibly indicating formation by
waves or combined-current
flows. Soft-sediment deforma-
tion structures such as
microfaulting, loading and
folding are common, but most
striking are the fluid escape. dish
and pillar structures in the third
run where a thin bed of coal
fragments has been disrupted
during the fluid escape process.

Fig. 3.2 - m) Moderately to
well sorted, fine- to medium-
grained sandstones of Facies 5
at 557.18-556.59 mbsf end
showing strong to weak
horizontal lamination and
cross-bedding. Some laminae
in the top two core sections
have vague upward curvature
and low angle-discordances
that may be indicative of
hummocky cross-stratification.

Fig. 3.2 -n) This is an example
of the sandstone of Facies 5
where it is more massive at
433,51-434.94 mbsf, and
where stratification is shown
by gravel concentrations with
very diffuse contacts.
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FACIES 5 - MODERATELY SORTED STRATIFIED OR
MASSIVE FINE- TO COARSE-GRAINED SANDSTONLE

Facies 5 represents moderately sorted medium-
grained sandstone (Fig. 3.2 1, m, n, o & p) thatis locally
fine- or coarse-grained. Beds are commonly planar- or
cross-stratified, but they may contain apparent HCS or
can appear massive. They have abundant to dispersed
very coarse sand and clasts, some of them angular.
Locally, fragmental coal laminae and beds are common.
Some massive beds appear amalgamated where they
are defined by clast layers that are concentrated at one
horizon, but then become progressively dispersed
upward while the matrix remains the same sand size
over the apparent contact. They could also be caused
through variations in one flow. Facies 5 sandstone is
also locally weakly to moderately bioturbated and
contains marine macrofossils. These sandstones contain
isolated intervals of soft-sediment deformation and
local lonestones that show evidence of either being
dropped, or are outsized.

Marine currents are the most likely depositional
mechanism for this facies, perhaps on a shoreface to
about storm-wave base, with local hiatuses marked by
gravelly layers. Coarse-tail graded units may also
originate from sediment gravity flows or may represent
waning flow stages of traction currents. The facies may
appear massive because of uniformity of grain size.
The environment was under the influence of icebergs
due to the presence of lonestones; some of the massive
beds perhaps may be from iceberg turbation.

Facies 5* is designated to represent the sandstones of
LSU 16.1 and 18.1, which are part of the bedrock
sandstone of the Beacon Supergroup. This subfacies is
composed of dominantly medium-grained, well sorted
sandstone, with minor fine- and coarse-grained sandstone
(Fig. 3.2q). This facies lacks both gravel and mud. This
designation has been assigned on the basis that it closely
resembles Facies 5 of the younger succession both in
sedimentary textures and structures. However, there are
some differences in detail, such as:

1. the laminated medium-grained sandstones have
dominantly horizontal or parallel lamination in which
individual laminae are very well sorted and some are
cross-bedded at both small-scale (0.1-0.2 m sets) and
larger (<0.5+ m). These are interpreted as having
been deposited under unidirectional water flow;

2. very delicately laminated, medium- or fine-grained
sandstones with laminae defined by grain-size
variation. Each lamina is almost exclusively one
grain-size fraction (mainly medium sand) and most
laminae are horizontal/parallel, but some are inclined,
and a few clearly form parts of cross-sets. Some
intervals show low-angle bedding discordances or
low-angle ripple cross-lamination. These intervals
are thought to have been deposited by wind,
representing probable wind-ripple lamination;

3. massive medium-grained sandstone occurs over short

intervals (<0.15 i, typically), being internally
unstratified with unilform grain-size distribution. Such
intervals are interpretedas possible acolian grainfiow
deposits, or as products of liguefaction;

4. some intervals of medium-grained sandstone,
commonly less than 1 m thick, are described as being
“destratified”, locally showing colour-mottling and
possible dish structures. This sand may have
experienced soft-sediment deformation by
liquefaction, or bioturbation (which is less likely) or
tectonic deformation associated with fracturing and
breceiation (which is thought to be even less likely).
Overall, Facies 5% is thought to represent a sub-

humid to semi-arid continental setting with some fluvial

activity (Zephemeraly and periods of sand reworking by
the wind.

FACIES 6 - STRATIFIED DIAMICTITLE

Stratified diamictite comprising Facies 6 is clast-rich
to clast-poor and sandy or muddy. This facies most
commonly exhibits no apparent clast orientation,
althoughclasta-axes are locally aligned with stratification
(Fig. 3.2 1 & 5). It occurs only in the upper 370 m of the
core. The stratification style is mostcommonly laminated
and thin bedded, which varies from weakly- to well-
defined. Stratification is formed by mudstone, siltstone
and very fine (o very coarse sandstone strata which vary
in their mud content. Strata are also produced by
increasing mean sand size from fine-grained in the
diamictite matrix to medium-grained in the laminae, or
by varying proportions of mud. Clasts are angular to
rounded and locally are mainly of dolerite. Facies 6
commonly grades into or out of massive diamictite, and
thinner beds of the facies are locally interstratified with
conglomerates, sandstones, massive diamictites and
mudstones. Soft-sediment deformation is locally strong.
Stratified diamictites are not bioturbated, but some
include marine macrofossils.

The poorly sorted character and presence of outsized
clasts in some areas allow alternative interpretations of
this facies. The diamictic character may originate from
debris flow deposition combined with ice-rafting that
also introduces clasts. Some units, especially those that
grade into and out of massive diamictites, may result
from direct rain-out of ice-rafted debris that is acted on
by currents to produce lamination of the matrix.
Alternatively, subglacial tills can exhibit these types of
structures.

FACIES 7 - MASSIVE DIAMICTITE

Massive diamictite of Facies 7 is less common than
stratified diamictite, but it also occurs in the upper parts
of the core. It varies from clast-rich to clast-poor and
may be sandy or muddy (Fig. 3.2r). When the matrix is
sandy, the diamictite locally grades into sandstone by
decreasing clast proportions, whereas, when the matrix



2-0)Massive to weakly
stratified fine-grained sand-
stone of Facies 5 at 637.89-
041.29 mbsf which is locally
interstratified with matrix-
supported  conglomerate
(Facies 9), which in this
example here. is carbonate
cemented.

lig. 3.2-p) A variety of Facies
Sat493.51-494.92 mbsfwhich
is clean, well-sorted quartzose
sandstone fining-upward from
medium- to very coarse-
grained sandstone to fine-
grained sandstone over one
metre or more. The coarser-
grained interval has dispersed
gravel, which is commonly
angular.

Fig. 3.2 - ) Thisis an example of
the special type of Facies 3
denoted as Facies 5* at 886.48-
889.89 mbsf, whichisinterpreted
as part of the bedrock sandstone
of the Beacon Supergroup. This
interval shows very well sorted,
horizontal or parallel laminated,
mediwun-grained sandstone (core
section 4) deposited under
unidirectional water flow; finely
laminated, medium- to fine-
grainedsandstones withintervals
showing low-angle bedding
discordances or low-angle ripple
cross-lamination (core section
3), perhaps deposited by wind:
“destratified” sandstone (core
section 2), locally showing
colour-mottling due to either
liquefaction or bioturbation; and
brecciation (core section 1 and
part of core section 2).

Fig. 3.2 - r) Stratified (Facies
6) and massive (Facies 7).,
sandy diamictite at 82.78-85.29
mbsfinwhichclastsrange from
angular to subrounded and they
show no preferred orientation.
Incore section 1, the diamictite
passes gradationally upward
into stratified sandstone and
mudstone of Facies 2 and 8. A
bivalve fragment occurs in the
diamictite at 83.96 mbsf.
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is muddy, the diamictite locally grades through pebbly
mudstone into mudstone by decreasing clast proportions.
Locally, the mud content of sandy diamictite increases
with the decrease in clast proportions. At the other
extreme, clasts rarely increase in proportion, and the
diamictite locally grades into conglomerate that is
commonly matrix-supported. Where the diamictite facies
docs not grade from underlying units, the lower contact
issharp and commonly loaded or soft-sediment deformed.
Most commonly, clasts have no apparent orientation,
bul rarely a-axes have an apparent preferred sub-
horizontal orientation. Clast shape ranges from angular
to rounded. Thinner beds of this facies commonly are
interstratified with mudstones, sandstones and stratified
diamictites. Marine macrofossils and one leaf are included
in sediments of this facies.

Of all of the facies, this one is the most likely to be of
subglacial origin, but at least at this initial stage of
interpretation, none are interpreted to be of that origin.
Beds that show gradations into other types of facies are
more attributable to rain-out processes from floating ice
or amalgamated debris-flow deposits. Some of the
intervals do contain marine macrofossils, and this facies
is commonly bounded by sequences that also contain
evidence of submarine deposition.

FACIES 8 - RHYTHMICALLY INTERSTRATIFIED
SANDSTONE AND SILTSTONE

Very fine and fine sandstone occurs rhythmically
interstratified with mudstone, where the sandstones are
most commonly massive and have sharp upper and
lower contacts. As Facies 8, these sediments may grade
into mudstone which may include discrete siltstone
laminae that range from one-grain thick up to 1 mm thick
with sharp contacts (Fig. 3.2 e & r). Lonestones are
presentand locally deform laminae beneath, but outsized
clasts may also occur locally as one-grain-thick granule
laminae. Commonly, Facies 8 is either included within
intervals of Facies 2 or occurs above or below them;
diamictites are alsolocally thinly interbedded with Facies
2. Soft-sediment deformation occurs within many
intervals.

This facies is intimately associated with marine
sequences. Its rhythmicity in sandstone-mudstone and
mudstone-siltstone couplets is indicative of very highly
turbid overflow plumes originating from fluvial
discharges into the sea that produce cyclopsam and
cyclopel deposits. They have a close association with
diamictites, commonly in intervals overlying them.

FACIES 9 - CLAST-SUPPORTED CONGLOMERATE

The clast-supported conglomerate of Facies 9 is
massive and poorly sorted, with a matrix of poorly
sorted, very fine- to coarse-grained sand (Fig. 3.2t,u, v
& w). Generally, there appears to be no preferred clast
orientation, and some units include angular clasts among

the more common subangular to subrounded types.
Units of this facies most commonly have sharp lower
contacts but locally grade up from sandstones through
matrig-supported conglomerate into the clast-supported
conglomerate. However, this facies commonly grades
upward into matrix supported conglomerate by
decreasing clast proportions. Internally, Facies 9 may
erade normally from cobble to small-pebble
conglomerate.

The coarse nature and presence of subangular to
subrounded clasts indicate that thesc deposits were
deposited by or were redeposited from fluvial discharges.
This facies may be submarine by association with marine
sequences. The sediment may have been transported in
suspension in turbulent subglacial conduit discharges.
Alternatively, it could represent high density, gravity-
driven, mass flows or redeposited conglomerates,
especially where it grades into matrix-supported types.
Iceberg rafting could contribute the angular clasts.

FACIES 10 - MATRIX-SUPPORTED CONGLOMERATE

Facies 10 is matrix-supported conglomerate that is
commonly massive and very poorly sorted (Fig. 3.2 ¢, t
& ). Its characteristics are similar to those of Facies 9,
butclasts are fewer and are dispersed within matrix sand.
The conglomerates appear to have higher proportions of
angular clasts than do clast-supported varieties. As
described under Facies 9, this facies may grade to clast-
supported conglomerates and arise transitionally from
sandstone by an increase in clast proportions. They most
commonly show coarse-tail, fining-upward grading but
also, the reverse occurs with the coarse-tail coarsening
upward.

The dispersed nature of clasts in a sandy matrix and
trends in grading indicate this facies was deposited from
high-density mass flows. It may have been redeposited
from a mixing of fluvial or shallow-marine facies close
to source. Alternatively, it may represent the waning
flow stage of traction currents or locally, higher in the
core, they may have been deposited from suspension
after transport in turbulent subglacial conduit discharges.

SEQUENCE STRATIGRAPHY

Preliminary results of a sequence stratigraphical
analysis of CRP-3 drill core, identify 23 depositional
sequences. While the term “sequence” has a specific
usage and is applied to genetically-related unconformity
bounded packages of strata that are inferred to have
accumulated during a cycle of relative sea-level change
(Vail, 1987), we apply the term here to repetitive
assemblages of facies that are bounded by sharp erosion
surfaces. In previous studies of CRP drill core, we have
adapted the use of sequences within glacimarine settings
toinclude those sediments thataccumulate during cycles
of glacier advance and retreat that may also occur in
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Fig. 3.2 - s) Crudely stratified
sandy diamictite of Facies 6 at
87.98-88.43 mbsl, which
inctudes an older sedimentary
clast containing bryozoans.

Fig. 3.2 - t) Well rounded clasts
occur in matrix- o clast-
supported dolerite conglomerate
(Facies 9 and 10) at 813.98-
817.40 mbsf. Clasts range up to
boulder size, they have no
apparent preferred orientation,
and they include some quartz
pebbles and one angular
sandstone  cobble  (core
section 1), which indicate
admixtures from different
sources.

Fig. 3.2 - u) Clast- and matrix-
supported conglomerates of
Facies9and 10at 147.05-147.47
mbsf. Clasts are up fo cobble
size. they are angular to rounded,
and they show no preferred
orientation. The matrix is muddy,
poorly-sorted. medium-grained
sandstone. Stratification is
tocally developed by particle size
changes; a vein is filled with
white carbonate that includes
clasts and matrix from the
conglomerate.

Fig. 3.2 - v) Crudely stratified.
matrix-supported conglomerate of
Facies 9 at 150.55-150.98 mbsf
with clastsranging fromangular to
rounded and showing no preferred
orientation. The conglomerate is
interbedded with thin, fine- 10
medium-grained  sandstone
showing soft- sediment de-
formation.

Fig. 3.2 - w) Massive, matrix-
supported, medium- to small-
pebble conglomerate of Facies 9 at
228.61-229.04 mbst with
randomly oriented clasts that are
angular to rounded. The matrix is
poorly-sorted medium-grained
sandstone.

Initial Report on CRP-3
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concerl with relative sea-level changes. Twenty-three
sequences of probable early Oligocene age were identified
in CRP-3 above 480.27 mbsf (IFig. 3.3).

Wehave notidentified sequencesin the stratigraphical
inlerval between 480.27 and 823.11 mbst. We observe
that the lower part of the cored interval undoubtedly
contains repetitive packages of conglomerate and
sandstone. However, due to the complex nature of the
repetitions, we did not consider it possible to established
a sequence framework at the time of writing the /nitial
Reporr. We anticipate that integration of the
sedimentological and physical properties data will
eventually enable asequence framework to be established
forthe lower part of CRP-3 for publication in the Science
Report.

Our sequence analysis follows the approach applied
by Fieldingetal. (1998: in press). Thelithostratigraphical
description and facies analysis of the core sediments
presented in this volume is used here as the basis for the
inlerpretation of depositional cyclicity. Thus, the
described lithofacies are used to construct the sequence
architecture and enable environmental changes within a
sequence to be evaluated.

STRATIGRAPHICAL ARCHITECTURE OF
DEPOSITIONAL SEQUENCES

Sequence Bounding Surfaces

Surfaces bounding CRP-3 sequences are sharp,
unweathered, sub-planar surfaces that cut across
mudstone or sandstone facies of the underlying
sequences, and mark abrupt facies dislocations between
these underlying strata and superjacent diamictites and
conglomerates (Fig. 3.4a). The surfaces locally exhibit
minor cm-scale erosional relief, load casting and
sedimentary injection. Where major facies dislocations
occur across sequence boundaries, significant erosion
and time missing is inferred for the underlying sequences.

Vertical Organisation of Intrasequence Facies

The recognition of vertically-stacked. cyclical facies
successions bounded by sharp erosion surfaces that mark
prominentlithological dislocations, allows the upper480.27
mbsf of the cored interval to be subdivided readily into
sequences. Two styles of sequence architecture are
recognised on the basis of these facies stacking patterns.

Sequences 1-14 typically comprise a four-fold
lithological architecture termed Seguence Motif A, which
includes the following Facies Assemblages in ascending
stratigraphical order (Figs. 3.5 & 3.6):

(Al) A sharp-based, poorly-sorted coarse-grained basal
unit (2-20 m thick) typically overlies the sequence
boundary, comprising either massive diamictite
(Facies 7), pebbly-sandstone (Facies 3) and/or
matrix-supported conglomerate (Facies 10). The
matrix-supported conglomerates are dominated by

subangular to subrounded, poorly-sorted pebbles
and cobbles, and in many cases comprise crude
coarse-tail, fining-upwards beds of up to 3 m thick.
Massive diamictites are clast-poor and vary {rom
sandy- to muddy diamictite units up to 6 m in
thickness. Both diamictite and conglomerate beds
may grade in and out of poorly-sorted pebbly
sandstones and muddy sandstones containing
dispersed clasts (Facies 3). Typically these facies
show soft-sediment deformation and contain a
sparse macro- and microfauna.

(A2) The boundary between Facies Assemblage Al and
A2 is typically gradational, but in some cases may be
abruptly gradational. This unit comprises broadly
fining-upwards interval (up to 25 m thick) of poorly-
sorted muddy sandstone (Facies 3), interstratified
sandstone and mudstone (Facies 2), rhythmically-
interstratified sandstone and mudstone (Facies 8) and
fine sandy mudstone and mudstone (Facies 1, 2).
Poorly sorted sandstones may display normal grading,
coarse-tailfining-upwards grading and become better
sorted at their tops. Interstratified sandstone and
mudstones may be massive but in many cases display
local normal and reversed grading, planar stratification
orripple lamination. The rhythmically-interstratified
sandstones and mudstones are often associated with
lonestones, dropstones and outsized clasts. Typically
this overall fining-upwards unit also displays an up-
section increase in fossil material and bioturbation
passing up to massive and locally laminated sandy
mudstone and mudstone (Fig. 3.4b). Outsized material
decreases in abundance upwards.

(A3) The transition from Facies Assemblage A2 to
Facies Assemblage A3 is abruptly gradational.
This interval comprises a mudstone (up to 20 m
thick) (Facies 1) that passes gradationally upwards
into a regressive muddy sandstone, poorly sorted
sandstone (Facies 3) and into a well-sorted
sandstone (Facies 4) (up to 20 m thick).

(A4) In some cases an upper interval of interstratified,
well-sorted, massive. to cross-stratified sandstone
occurs (Facies 4, 5) (2-10 m thick). This facies
assemblage comprises numerous tractional
sedimentary structures such as low-angle planar
cross-stratification, ripple lamination, high-angle
planar cross-stratification, parallel-planar
lamination and possible swaly and hummocky
cross-stratification (Fig. 3.4c). The transition
between Facies Assemblage A4 and underlying
Facies Assemblage A3 may be abruptly gradational,
or exhibit minor erosional relief.

Sequences 15-23 typically comprise a two-fold
lithological architecture, termed Sequence Motif B, which
includes the following Facies Assemblages in ascending
stratigraphical order (Fig. 3.5 & 3.6):

(B1) A sharp-based, poorly-sorted, coarse-grained unit
(2-20 m thick) comprising clast, or matrix-
supported pebble/cobble conglomerate (Facies 9,
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Fig. 3.4 - a) Photo of sequence boundary at 444.44 mbsf, base of Sequence 2 1. Erosion surface truncates well-sorted. stratified sandstone (Facies
5. white), and is overlain by a matrix-supported pebble/cobble conglomerate (Facies 10: black). Note large dolerite bounder above contact.
b) Bioturbated. fractured. massive to weakly laminated mudstone with dispersed clasts (Facies 1) is assigned to the HST of Sequence 2. Note

burrows in top right corner. ¢) Well-sorted. low-angle cross-stratified. planar cross-stratified and possibly hummocky cross-stratified sandstone
(Facies 5) typical of the RST.
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10}, pebbly-sandstone and/or granular sandstone
(Facies 3) that are often arranged into superposed
stacks of graded beds. The conglomerates are
dominated by subangular to subrounded, poorly-
sorted pebbles and cobbles, and in many cases
comprise crude coarse-tail, fining-upwards beds of
up to 3 mthickness. Conglomerate beds may grade
in and out of poorly-sorted pebbly sandstone and
muddy sandstone containing dispersed clasts
assigned to Facies 3.

(B2) A fining-upwards/gradational transition intc an
interval (up to 25 m thick) of well-sorted stratified
(sometimes cross-stratified) sandstone (Facies 4
and 5). This facies assemblage comprises numerous
tractional sedimentary structures such as low-angle,
planar cross-stratification, ripple lamination, high-
angle planar cross-stratification, parallel-planar
lamination and possible swaly and hummocky
cross-stratification.

Although Sequences 15-18 have been classified as
Motif B, they are somewhat transitional between the two
motifs and may contain poorly-sorted muddy sandstone/
sandy mudstone (Facies 3) and mudstone (Facies 1) in
their upper parts. It is important to note that the two
sequence motifs outlined above are idealised motifs that
encapsulate the two main styles of sequence architecture
observed in Sequences 1-23. While type examples for
each motif are shown infigure 3.5 (Sequence 2 for Motif
A and Sequence 21 Motif B), we acknowledge that minor
variations in architecture occur within every sequence.
These variations can be seen from the vertical facies
successions for the individual sequences shown in the
depositional history section (Fig. 7.4) and on the
100m/page logs in appendix 3.1.

SEQUENCE STRATIGRAPHICAL INTERPRETATION

The paleoenvironmental interpretation of the
lithofacies, and hence the environmental changes
recorded in the sequences, are based largely on multiple
criteria such as grain size, depth palacoecology of
constituent faunal assemblages, ichnofabrics,
sedimentary structures, and intra-sedimentary
deformation features. However, given the paucity of
depth-diagnostic fauna/flora and sedimentary structures
in both CRP-1, CRP-2/2A, and CRP-3, it has been
necessary to assume that grain-size changes reflect
changes in depositional energy, and therefore, broadly
correspond to changes in palacobathymetry and glacial
proximity. Such a contention appears to be valid for
proximal and distal glacial facies that have beenidentified
on multiple criteria other than grain size (Powell et al.,
1998; in press), yet show a strong correspondence with
variations in sediment calibre. Definitive faunal and
sedimentological evidence for water-depth changes over
much of CRP-3 are absent. However, many parts CRP-
2/2A contained features supporting a nearshore
interpretation for coarse-grained sediments and a more

distal offshore marine setting for fine-grained sediments.
We use the same grain size/depth relationship here,
because the top 350 m of CRP-3 exhibits a very siimilar
sequence architecture to that of CRP-2/2A. It should be
noted that the following sequence stratigraphical
interpretation, while supported by many of the Cape
Roberts Science Team, does not reflect the views of all
sedimentologists on the project.

Sequence Boundary Formation

The authors of the CRP-2/2A sequence stratigraphy
reports suggested that sequence boundaries coincided
withglacial surfaces of erosion (GSE) thatrecord periods
of local glacier advance across the sea floor during
glacio-eustatic sea-level fall (e.g. Fielding etal. 1998 in
press). It is suggested here for CRP-3 that sequence
boundaries may represent the distal equivalents of GSEs,
in cases where the grounding line was proximal but
Jandward of the drillsite (Motif A). Alternatively, they
may have formed under paraglacial conditions and
represent the distal effects of glacial advance and/or a
relative fall in base level in a shallow-marine deltaic
setting (Motif B). In contrast to the traditional Exxon
definition of the sequence boundary, which was
developed from studies of non-glaciated continental
margins (e.g. Vail, 1987), GSEs and their more distal
correlative conformities do not necessarily mark a
basinward migration and downward shift of the shoreline
during falling relative sea level. Rather, they may be the
product of erosion caused by either debris flows spilling
off the front of proglacial grounding line fans and deltas
and/or the direct grounding of advancing glacierice onto
the sea-floor. The latter process has probably notoccurred
in CRP-3 as there is no evidence so far to support ice
contact and sub-glacial processes. It is important to note
that GSE formation can also occur independently of
glacio-eustatic sea-level oscillations and produce an
unconformity of only local areal extent.

Notwithstanding these added complications inherent
at glacimarine basin margins, we view the Motif A
sequence boundariesrecorded in the cored intervalabove
306.26 mbsf (Fig. 3.3) as primarily reflecting glacier
advance in concert with a eustatic drawdown of base-
level. Such a contention is supported by the recognition
of sedimentological evidence for palacobathymetric
deepening and shallowing cycles within sequences. That
grounded ice periodically approached the site of CRP-3
is consistent with the location of the drillsite near the
palaco-Mackay Valley, close to the western margin of
the West Antarctic Rift System.

The basal portions of Motif B Sequences 14-23
represent positions significantly basinward of the glacial-
maximum grounding line, which may have been
subaerial. These sequences display sharp lower
boundaries, with superjacent shallow-water
conglomerate facies that are interbedded with, or form
graded bases to, overlying sandstones. The absence of
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diamictite and the occurrence of sharp-based graded
conglomerate/sandstone beds in association with well
sorted stratified sandstones leads us to interpret these
sequence boundaries as current-scoured in a shallow
submarine environment, perhaps delta front. The graded
conglomerates themselves are the products of waning
flow and may have been deposited as debris flows or by
tractional currents during phases of increased glacial
meltwater discharge and sediment supply to the coastline.
Thus, we view the graded coarse-grained deposits
overlying the sequence boundary as transgressive and
probably deposited during climatic amelioration and
relative base-level rise. In this case the sequence
boundaries mark transgressive surfaces (e.g. ravinement
surfaces) superimposed on the subaerial unconformity,
or its submarine conformity.

Lowstand and Transgressive Systems Tracts
(Facies Assemblage A1, A2 & B1)

The coarse-grained basal units of the sequences
comprise massive diamictite, clast- and matrix-supported
conglomerate and/or interstratified poorly-sorted
sandstone (Facies Assemblages Al and B1). Conformably
overlying thisfacies assemblage, in Sequences 1-13 (Motif
A), is a lower interval (up to 30 m) of massive to weakly
laminated/bedded, poorly-sorted sandstone and muddy-
sandstone, and occasionally with rhythmically-stratified
mudstone and sandstone that typically passes upwards
into a weakly bioturbated, sparsely fossiliferous muddy
sandstone to mudstone facies (Facies Assemblage A2).

The diamictic facies are consistent with acombination
of glacimarine processes, including melt-out and rainout
during ice withdrawal, and proglacial debris-flow
deposition with ice rafting. Conglomerate facies are also
consistent withice proximal and/orice distal glacimarine
sedimentation and paraglacial marine delta front
deposition (Morif B). Conglomerate facies probably
represent short-flow fluvial deposition, deposition
associated coastal delta outflow, and redeposited fluvial
conglomerates onadeltafront. Distinguishing proglacial
sediments deposited during ice advance from proglacial
sediments deposited during retreatis inherently difficult,
as the sedimentological characteristics of these deposits
are identical in modern glacial environments. Therefore,
the coarse-grained basal facies (Fig. 3.4a) are considered
to have a polyphase origin representing ice-proximal
(Motif A) and ice-distal proglacial deposition (Motif B)
during advance and withdrawal of glacier ice from a
shallow marine setting. In the case of Motif B sequences,
CRP-3 wasin anice-distal setting and fluctuations in ice
front were probably subaerial. The generally fining-
upwards texture of basal coarse-grained units suggests
that they are more likely to be the product of a retreating
ice margin rather than an advancing one.

Consequently, we assign basal diamictite and
conglomerate facies (Facies Assemblages A1, and B1)

o both the lowstand systems tract (LST) and the
transgressive systems tract (TST) (Figs. 3.5 & 3.6). Itis
generally not possible to identify the LST/TST boundary .
However, given the paucity of facies that could be
readily interpreted as subglacial origin, it is suggested
that the basal diamictites comprise a predominantly
transgressive record of glacial retreat. Typically,
diamictite clast fabrics are weakly oriented or random,
suggesting alarge component of rainout debris which, in
many cases, may have been remobilized in subsequent
gravity flows as evidenced by syndepositional soft-
sediment deformation structures, intraclasts, and clastic
intrusion features. Rhythmicaily stratified facies that
occur immediately above coarse-grained Facies
Assemblage Al within the base of Facies Assemblage
A2 are considered ice proximal, yet more distal than
Facies Assemblage Al. They are the product of
suspension from turbid sediment-charged plumes that
are associated with subglacial streams discharging near
grounding line fans (Powell etal., 1998). Upper portions
of TSTs (Facies Assemblage A2) display clear fining-
upwards trends and are sometimes capped by a sparsely
fossiliferous and bioturbated sandy mudstone (Fig. 3.6B;
e.g. Sequences 2 and 3) corresponding to a zone of
maximum water depth, the glacial minimum, and lowest
sedimentation rate in a cycle.

Highstand Systems Tracts (Facies Assemblage
A3, B2)

Facies Assemblage A3 comprises weakly bioturbated
and sparsely fossilifereous sandy mudstone and mudstone
that passes up-sectioninto poorly-sorted sandy facies. We
suggest that this regressive mudstone to sandstoneinterval
results from sediment infilling during the highstand and/
orearly fall of sea-level. Accordingly, this facies succession
is assigned to the highstand systems tract (HST). For
Sequences 15-23 (Motif B), whichlack mud, such shoaling
trends are more difficult to identify, but may be evidenced
by an increase of well-sorted, sometimes cross-stratified,
and possibly hummocky cross-stratified quartz sandstones
(Facies Assemblage B2).

Highstand systems tract deposits are interpreted as
forming during the late rise, stillstand and early fall of a
relative sea-level cycle (e.g. Vail, 1987; Posamentier et
al., 1988). In offshore locations the downlap surface
(DLS) marks the base of a HST, which is broadly
coincident with the level of maximum palaeo-water
depth termed the maximum flooding surface (MFES). At
seismic scale the MFS represents a change from
retrogradational to progradational cross-sectional stratal
geometries (e.g. van Wagoner et al., 1988, 1990). In
CRP-3 drill-core sequences, itis not possible to evaluate
downlap. Nevertheless, the TST/HST boundary is placed
at an abruptly gradational transition between fining-
upwards sandstone facies and mudstone facies (MotifA)
or well-sorted sandstones (Motif B) in most sequences.
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Fig. 3.5 - Idealised sequence motifs observed in CRP-3 and interpreted controls on depositional architecture.

Regressive Systems Tracts (Facies Assemblage A4, B2)

Morif A Sequences 2, 3, 5, 8 and 14, and Motif B
Sequences 15-23 include in their upper parts a shallow-
marine facies succession of probable innermost shelf to
shoreface origin, which is often sharp-based. These
facies include moderately- to well-sorted, stratified fine
sandstone, and moderately sorted, stratified or massive
medium to coarse sandstone. They display a variety of
tractional sedimentary structures (Fig. 3.4c), including
planar bedding and lamination, ripple cross-lamination,
high-angle cross-stratification, low-angle cross-

stratification, and probable hummocky cross-
stratification collectively indicative of shallow-marine
environments above wave base. The occurrence of sharp-
based, shallow-marine sands at the top of sequences, the
strongly progradational character of the succession, and
the subsequent truncation by overlying sequence
boundaries, are all consistent with sediments deposited
during a period of falling relative sea-level, or forced
regression (Fig. 3.5). We tentatively interpret these
regressive sandstones as forming in a proglacial deltaic
and/or shallow-marine deltaic environments during ice
advance and/or a drawdown of base-level.
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Fig. 3.6 - Type examples of Sequence Motif A and Sequence Motif B.

Strata deposited during gradual or stepwise forced
regression accumulate as a basinward-descending and
offlappingseries of wedges, bounded below by anabruptly
gradational (e.g. Naish & Kamp, 1997; Naish et al., in
press a) or erosional downlap surface (e.g. Plint, 1988)
and above by a subaerial unconformity (oftenremoved by
marine ravinement), which corresponds to the sequence
boundary. Naish & Kamp (1997) have referred to this
distinctive stratal package as the regressive systems tract
(RST), and view it as the logical counterpart to the
transgressive systems tract. Inmany cases, itisnotpossible
to locate the lower boundary of the RST precisely, where

the contact with the underlying highstand systems tract is
gradational, but typically it corresponds to an abruptly
gradational transition from mudstone to sandstone. The
upper bounding surface of the RST, the subaerial
unconformity which is often marked by fluvial channel
incision or delta abandonment, passes into a correlative
submarine unconformity landward of the lowstand
shoreline, where it marks the base of the lowstand systems
tract (LST). In CRP-1 and CRP-2/2A the upper bounding
unconformity of the RSTis marked by the GSE. However,
in CRP-3 this boundary may be the product of current
erosion and may appear conformable in many cases.



84 Initial Report on CRP-3

DISCUSSION AND IMPLICATIONS FOR ANTARCTIC
GLACIAL HISTORY

Twenty-three cycles of local advance and retreat,
and/or meltwater discharge of the Mackay Glacier in
concert with relative sea-level fluctuations during the
early Oligocene can be identified on basis of the
preliminary facies and sequence stratigraphical analysis
of the CRP-3 drill core. Although punctuated by
significant unconformities, the cored interval may be
relatively more complete than CRP-1 and CRP-2/2A
owing to the lack of evidence of ice grounding.
Nevertheless some sequences may be the amalgamated
product of several severely truncated sequences. Broad
constraints on the amplitudes of palaeobathymetric
fluctuations reveal cyclical changes in water depth from
shoreface to shelf water depths, perhaps of 50 m
magnitude.

Preliminary magnetostratigraphical results (this
volume) imply a thick interval of reversed polarity in the
upper part of the core that may span up to 20 sequences,
implying thatindividual depositional sequences in certain
parts of the core may correspond to Milankovitch orbital
frequencies (eccentricity). Such an interpretation is
consistent with the Milankovitch frequency of sequence
cyclicity established for Sequences 9, 10 and 11 in CRP-
2/2A (Naish et al., in press b), and has several important
implications, notably (A) that the cored interval contains
an incomplete record for the early Oligocene of western
Ross Seawithlarge periods of time represented at sequence-
bounding unconformities, and (B) where sequences are
preserved, they may represent an important ice-proximal
record of orbital control on the early dynamics of the
Antarctic ice sheet, which has significant implications for
understanding the origin of inferred Oligocene global
eustatic sea-level change (¢f: Zachos et al., 1996).

The upcore transition from shallow-marine deltaic
Morif B sequences to ice-proximal glacimarine Motif A
sequences implies a progressive increase inice influence
inthe region of the drillsite and may record a progressive
climatic deterioration during the early development of
the East Antarctic ice sheet. Further chronostratigraphical
analyses must be undertaken for the CRP-3 Science
Results volume in order to evaluate the stratigraphical
architecture for sediments below 480.27 mbsf and the
depositional frequencies inherent in this important ice-
proximal Antarctic record.

HIGH-FREQUENCY ANALYSIS OF
PHYSICAL PROPERTIES PERIODICITIES IN
FINE-GRAINED SEDIMENTS

INTRODUCTION

The following is a pilot study to search for periodicities
in fine-grained sediments of CRP-3, which might have
been controlled by deterministic (i.e. nonrandom) forcing

processes. Cyclicities recorded at various scales in
sedimentary successions arc instrumental in
understanding periodic changes in the depositional
environments, as a possible responsc to external forcing.
Periodic orbital perturbations of the Earth, ranging trom
10 k.y. to 100 k.y. (Milankovitch cycles: eccentricity.
obliquity and precession, Berger & Loutre, 1994) have
a direct and important effect on the climatic changes at
a global scale; the resulting variations i climatic
conditions are very likely a possible cause of changes in
sedimentary environments and sedimentation patterns
(Fischer, 1986; Fischer et al., 1990; Fischer & Bottjer,
1991; de Boer & Smith, 1994; House, 1995). This
suggested link between perturbing astronomical factors
and cyclicity in the sedimentary successions can therefore
be used to refine and uliimately to calibrate existing
timescales. In cases where biostratigraphical and
magnetostratigraphical frameworks do not provide
chronological constrains or are poorly defined, the
recognition of non-randorn orbital-climatic periodicitics
in the sedimentary record may be used to give estimates
of the duration of these stratigraphical intervals and
ultimately to suggest a complementary orbital forcing
timescale (House, 1995).

Physical properties of selected intervals of the
CRP-1 and CRP-2/2A cored successions were previously
analysed to see if their fluctuations could represent a
sensitiverecord of high-frequency periodicities (Niessen
etal., 1998; Cape Roberts Science Team, 1999; Claps et
al., in press). The results were sufficiently promising to
encourage us to test the CRP-3 core using a similar
approach to search for cyclic patterns.

At the time of this writing, biostratigraphical and
magnetostratigraphical analyses on CRP-3 are not yet
complete, therefore the absence of an age-model will
limit the final interpretation in terms of the time duration
of the periodicity window investigated. Moreover, we
emphasise that the results presented here represent a
preliminary study to explore the feasibility of asystematic
search for cyclicity through the entire cored succession,
with the possible integration of other data sets when
these become available.

METHODOLOGY
Data Acquisition

We applied spectral analysis techniques to short
arrays of data extracted from the low-field magnetic
susceptibility and porosity analysis of the core (see
Chapter 2). Physical properties were measured
continuously along the core at the drill site laboratory,
with a constant sampling interval of 2 cm (Niessen et al.,
1998). The magnetic susceptibility was measured using
a Bartington MS-2 magnetic susceptibility metre
connected to a loop sensor of 80 mm internal diameter.
The acquired values were later corrected for loop-sensor
and core diameter to obtain a normalized data series.
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Wet bulk density was measured from attenuation ol a
gamma-ray beam transmitted from a radioactive source
through the core-centre and the underlying carrier. The
results were calibrated for the different core diameters to
equalize the final values, which were then converted into
porosity values.

Intervals Analysed

Two depth series were analysed in this study, which
cover the intervals between 60.99 and 83.10 mbsf (part
of LLSU 1.3 and LSU 1.4) and between 120.20 and
144,45 mbst (LSU 3.1). The first interval (between
c¢. 60.99 and 83.10 mbsf) consists of sandy mudstone
and very fine sandstone, with gradational contacts and
variable proportions between the two lithologies. Locally
sandy beds with parallel and ripple-cross laminations,
fromcmtodm-scale, are present. Clasts (mainly dolerite)
are present, butthey are commonly concentrated in beds.
The second interval (between c¢. 120.20 and 144.45
mbsf) consists of sandy mudstone, vaguely stratified in
places, with dispersed clasts (primarily of dolerite).
Weak carbonate cementation zones occur in a few places.
Bioturbation affects the succession only locally and at a
small scale.

The character of the sedimentation appears to be
quite uniform throughout the two intervals tested.
Sedimentological evidence, such as absence of major re-
deposited units or breaks in the succession, suggests that
no important hiatuses are likely to be present in these
intervals. For these reasons we assumed that
sedimentation was continuous and that the sedimentation
rate had remained relatively constant for an appreciable
time span.

In the cases where the analysed intervals showed
discontinuities due to fractures, unconsolidation or poor
recovery of the core, the physical properties might have
been yielded anomalous values. Similarly, igneous clasts
or zones of carbonate cementation scattered through the
core might have altered the original signal, introducing
anomalously high peaks. In these cases the values were
not taken into consideration and were substituted by
interpolation. After “cleaning” and “filtering” the original
logs, the data were resampled with the same 2-cm
constant rate.

The logs of the low-field magnetic susceptibility and
porosity exhibit a very strong cyclic signal, and provide
an unique opportunity for testing the existence of high-
frequency cycles in the sedimentary record. This is
clearly shown in figure 3.7 by the existence of various
orders of long and short wavelength cyclicity bundled
together in a complex hierarchy.

Spectral Analysis
To perform high-frequency analysis on a

stratigraphical data set, we apply a combination of two
different spectral algorithms, each one performing a

specific task with particular advantages (Pestiaux &
Berger, 1984; Hinnov & Goldhammer, 1991 Reijimeret
al., 1994). Using this approach, problems concerning the
treatment of stratigraphical data can be tested, and a
beftter control against possible mathematical artifacts
and the presence of variable amplitude noise levels can
be obtained. To prevent possible alteration of the signal
amplitude in parts of the function, and to obtain the
highest level of precision during processing, some
conditions must be checked before running the
appropriate algorithms. First, the effect of long-term
trends, which can cause a shift of the real amplitude in
parts of the series, should be compensated for and
eventually subtracted (linear trend and mean correction,
Diggle, 1990). Then, itmust be verified that the statistical
properties of the time series remain unaltered by shiftsin
the sampled interval origin (stationary condition).

We processed the data series using two spectral
estimators {(Paillardetal., 1996). Because each processing
routine is sensitive to a specific character of the time
series, this approach permits a better resolution of the
major properties of the original signal. The Maximum
Entropy algorithms (ME, Press et al., 1989) is a very
powerful algorithm designed to fit the sharp spectral
peaks in the signal, giving a high-frequency resolution
within the range of autoregressive models selected in the
analysis, together with a good control on the regularity
of the guasi-periodic frequency. These advantages may
sometimes be diminished by the lack of a statistical
confidence estimate and some non-linearity in the
evaluation of spectral lines, and can therefore produce
undesirable spurious results. To test the statistical
significance of the spectral values, we used the ME
methodin conjunction with the Blackman-Tukey routine
(BT). a very stable procedure for processing time series
(Blackman & Tukey, 1958). This algorithm estimates
the autocorrelation function from the data series, weighted
by a Tukey or Welch window (Harris, 1978) to discard
possible bias, and computes the Fourier transform to
obtain the power spectrum. Its design enables an
estimation of some a priori random-noise models, like
those originating by low-order autoregressions (Hinnov
& Goldhammer, 1991), which are likely to be
incorporated into the depth series when dealing with
stratigraphical data. The spectral peaks are tested against
two orders of autoregression and only the values passing
the two noise levels are taken into consideration and
labelled with the appropriate value. The combination of
these techniques permits a better reconstruction of the
most important spectral features and therefore ensures a
highdegree of significance when interpreting the results.

The spectra presented in this study display the power
values, expressed in arbitrary units, on the y-axis while
the x-axis refers to frequencies in cycles/metre, from
low-frequency (long periodicities, on the left side) to
high-frequency (short periodicities, on the right side).
Peaks that are statistically significant (passing the 95%
confidence level) and which exceed the noise levels
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(given by the two first orders of autoregression, but not
shown here) are converted in length of periodicity incm,
while the others remained statistically meaningless and
are disregarded. If the analysis obtained by the ME and
BT routines show similar values, then the number used
for labelling the spectral peak is normally detected by

the ME algorithm, since it provides a higher level of

resolution.
INTERPRETATION OF THE SPECTRAL PEAKS
The data series investigated in detail for the

lithological intervals are displayed in figure 3.7. The
results of the frequency analysis for each

lithostratigraphical interval are briefly described, with
the highest power peaks expressed in cm.

Interval 60.99-83.10 mbsf

We processed the magnetic susceptibility data series
using the MEalgorithm (with length of the autocovariance
series equals to 20%): the most prominent peaks
correspond to periodicities of 580, 160 and 80 cm (Fig.
3.8). All these spectral lines are well above the noise
levels tested by the BT routine (with length of the
autocovariance series equals to 30%, Fig. 3.8), which
confirms the obtained values, with a shift of the lowest
frequency from 580 to 590 cm.
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Fig. 3.7- a) The low-field magnetic susceptibility and porosity data series of the interval between 60.99 and 83.10 mbsf (part of LSU 1.3 and LSU
1.4), plotted versus depth. b) The low-field magnetic susceptibility and porosity data series of the interval between 120.20 and 144.45 mbsf (LSU
3.1), plotted versus depth.
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Two outof three of these peaks agree well with those
computed for the porosity data series in the same intervals,
with dominant spectral power concentrated at 252, 155
and 73 cm. We obtained these values by calculating the
ME spectra (with length of the autocovariance series set
to [5%, Fig. 3.9) and then checking the stability against
noise levels by applying the BT algorithm (with length
of the autocovariance series equals to 40%, Fig. 3.9),
which shows a dispersion of energy around 155 cm
(171-141 cm). The only difference between the two
spectra resides in the abrupt shift of the dominant low-
frequency line from 580 ¢cmin the magnetic susceptibility
series (o 252 cm in the porosity one.

Interval 120.20-144.45 mbsf

The most likely spectral features of the magnetic
susceptibility data series are displayed in figure 3.10,
which shows the results of the ME processing. The
spectral components wereresolved by setting to 17% the
length of the autocovariance series, and reveal peaks at
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Fig. 3.8 -~ a) Maximum Entropy spectral analysis of the magnetic
susceptibility data series of the interval 60.99 - 83.10 mbsf (length of
the autocovariance series is 20%). The highest peaks are labelled and
point to the most powerful single frequency lines, at 580, 160 and 80
cm. b)Blackman-Tukey spectral analysis of the magnetic susceptibility
data series of the interval 60.99 - 83.10 mbsf (length of the
autocovariance series is 30%). This algorithm indicates the statistically
significant broad groups of periodicities above the noise levels.

970 and 330 ¢m. Two low-power peaks are also present
around 130-100 ¢m. The stability of these peaks is
confirmed after testing the same series by BT analysis.
with peaks at 1 000, 330 and two close peaks at 135-105
cm (with the length of the autocovariance series set to
30%, Fig. 3.10).

We processed the porosity data series for the same
intervals, using both spectral estimators: two major
peaks in the ME analysis (by setting the length of the
autocovariance series to 15%) occur at 750 cm in the
low-frequency side of the spectrum and at 135 cm in the
high-frequency one (Fig. 3.11). In the BT analysis (with
lenght of the autocovariance series equals to 30%) the
same 750 and 130 cm spectral lines are present, while a
broad side-lobe shifted towards the leftmost side of the
spectra occurs at 99 cm (Fig. 3.11). The comparison
between the two analysed data series highlights a major
shift of the lowermost frequency from 970 to 750 cm, a
peak at 330 cm that characterises only the magnetic
susceptibility series, and the presence of common peaks
between 130 and 100 cm.

0.67:\,

) 0.4{:‘.\//A

0 1 2 3 4 5

6 N R R . -
i - 252¢m Q -
5+ ) s
: “\ a
49 -
il 3
3 ‘“ !} v 171-141 cm :
a i “{1 / i
2, xﬂ 73 cm
‘J\" Wj\ - 3
E i 1/\ j -
1 l by =
I ;
- \/ W:
0 1 2 3 4 5

frequency (cycles/m)

Fig. 3.9 - a) Maximum Entropy spectral analysis of the porosity data
series of the interval 60.99-83.10 mbsf (length of the autocovariance
series is 15%). The dominant peaks are displayed and refer to the
periodicities at 252, 155 and 73 cm. b) Blackman-Tukey spectral
analysis of the porosity data series of the interval 60.99-83.10 mbsf
(length of the autocovariance series is 40%). This algorithm indicates
the statistically significant broad groups of periodicities above the
noise levels.
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Itshould be pointed out that the processed data series
appear to be almost noise-free, and only a few spectral
lines fall below noise levels. These latter are, therefore,

regarded as not real periodicity, but as the product of

highly-periodic quasi-random noise.
DISCUSSION

The high power and the quite narrow frequency band
of the detected periodicities point to a clear cyclic
forcing process, which should have controlled both the
magnetic susceptibility and porosity fluctuations in the
stratigraphical records. Since in the spectra many of the
peaks occurred at quite similar frequencies, it is possible
to summarize the most likely spectral features of the
analysed physical properties (magnetic susceptibility
and porosity) in the two intervals, as they are computed
fromthe ME algorithm. Cyclic oscillations in the interval
60.99-83.10 mbsf occur with the following periodicities:
from 580 to 252 c¢m, at 160-155 cm, and at 80-73 cm,
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Fig. 3.10 - a) Maximum Entropy spectral analysis of the magnetic
susceptibility data series of the interval 120.20-144.45 mbsf (length of
the autocovariance series is 17%). Two high-power spectral peaks are
present in the left-side of the spectra at 970 and 330 cm, while two
dispersed low-energy peaks span from 130 to 100 cm. ) Blackman-
Tukey spectral analysis of the magnetic susceptibility data series of the
interval 120.20-144.45 mbsf (length of the autocovariance series is
30%). This algorithm indicates the statistically significant broad
groups of periodicities above the noise levels.

while in the interval 120.20-144.45 mbsf they span the
following periodicities: from 970 (o 750 cm, at 330 ¢m
and between 130 and 100 cm.

The spectral analysis proves clearly the existence of
arcgularcyclic pattern in both the magnetic susceptibility
and porosity records of these lithostratigraphical intervals
and allows us to discard a stochastic mechanism as
controlling their fluctuations. Therefore, questions arise
on the nature of the periodic forcing mechanism.

If we compare the periodicities expressed in cm cach
against the other and compute the relative ratios, by
normalizing the values to the highest frequency in the
spectra, the obtained ratios refer to hierarchies of
decreasing wavelength from low to high frequency. The
application of this method is of considerable significance
because then the frequency lines in the spectra point
directly to the ratios between the hierarchic levels of the
cycles (Fischer et al., 1991; Hinnov & Goldhammer,
1991; Claps & Masetti, 1994; Claps et al., in press). The
samereasoning can be applied to the time duration of the
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Fig. 3.11 - a) Maximum Entropy spectral analysis of the porosity data
series of the interval 120.20-144.45 mbsf (length of the autocovariance
series is 15%). Two periodicities appear dominant in the processed
spectra and refer to the values of 750 and 135 cm. b) Blackman-Tukey
spectral analysis of the porosity data series of the interval 120.20-
144.45 mbsf (length of the autocovariance series is 30%). This
algorithm indicates the statistically significant broad groups of
periodicities above the noise levels.
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orbital perturbations. The values predicted for the
Milankovitch orbital cycles during the Cenozoic are as
follows: 19-23 k.y. for the precession, 41-54 k.y. for the
obliquity and 95-123 k.y. for the short-term eccentricity
cycles (Berger, 1984; Berger & Loutre, 1994). When
these time durations are normalized to the shortest
periodicities of the orbital perturbations (the precession
cycles), the relative ratios are:

eccentricity
6.5-4.2

obliquity precession
2.8-1.8 1

Whenthe peaksdetected in the magnetic susceptibility
series are normalized to the highest frequency, the ratios
for cach interval appear as follows:

interval 60.99-83.10 mbsf

wavelengths 580 cm 160 cm 80 cm
ratios 7.2 2 1
interval 120.20-144.45 mbsf

wavelengths 970 cm 330 cm 130 cm
ratios 7.5 2.5 1

The matches between these observed ratios and
those obtained from the Milankovitch orbital forcing
periodicities (short term eccentricity, obliquity and
precession cycles) are good when considering that the
values 2 and 2.5 fall within the range of the obliquity/
precessionratio. Some difference occurs when the values
7.2-7.5 are related to the eccentricity/precession ratio,
giving a slightly higher value.

As far as porosity is concerned, the ratios for each
interval appear as follows:

interval 60.99-83.10 mbsf

wavelengths 252 cm 155 cm 73 cm
ratios 34 2.1 1
interval 120.20-144.45 mbsf

wavelengths 750 cm 135 cm

ratios 5.5 1

Althoughacyclic patternisrecognizable for porosity,
the ratios computed for both the two intervals do not
always show a clear correspondence with the orbital
ratios. Nevertheless the ratio 2.1 in the interval 60.99-
83.10 mbsf and the ratio 5.5 in the interval 120.20-
144.45 mbsf might berelated respectively to the obliquity
and eccentricity orbital perturbations. Moreover some
of the peaks (e.g. at 155 and 73 cm in the interval 60.99-
83.10 mbsf) have approximately the same values with
respect to the magnetic susceptibility series.

CONCLUSION

The analysis carried out in this preliminary study
allow tentative conclusions on the nature of cyclic patterns
recognized in CRP-3:

- the magnetic susceptibility and porosity records studied
in two sclected intervals of the CRP-3 succession
display a clear cyclic signal;

- the spectral analysis of the data series demonstrate a
deterministic control of the physical property records,
and this suggests an external forcing mechanismdriving
the deposition of the lithostratigraphical intervals
tested;

- the magnetic susceptibility record in particular
demonstrates that controlling periodicities are in tune
with the Milankovitch orbital perturbations, and some
of these periodicities are echoed by the porosity record.

This quantitative approach suggests that fluctuations

of the physical properties provide a sensitive tool for
recording high-frequency periodicities. This pilot study
should, therefore, encourage further analysis to be carried
on other intervals of the CRP-3, and cross-correlated
with other sets of parameters. Moreover, it will offer a
broader and better understanding of the effect of
deterministic external forcing mechanisms on the
sedimentation in the marine and glaciomarine
environments at the margin of the Antarctic Ice Sheet
during the Cenozoic.

DIAGENESIS

INTRODUCTION

In this preliminary study we evaluate macroscopic
diagenetic features recorded throughout CRP-3. The
main purpose is to provide a comprehensive description
of these features to be compared to those recorded in
CRP-2/2A. CRP-3 consists of 823 m of Cenozoic
sedimentary strata, representing Victoria Land Basin fill
deposited on Devonian Beacon sandstone associated
with a shallow mafic intrusive body and clastic or
cataclastic injection material.

DIAGENETIC FEATURES WITHIN THE CENOZOIC
SEDIMENTARY SEQUENCE (0-823 MBSF)

The main macroscopic diagenetic features recorded
throughout the Cenozoic sedimentary sequence include:
carbonate concretions and nodules associated with
skeletal material, carbonate cementation, pyrite, “black
stains” within the matrix of coarse lithologies, mineral-
fills in veins and fractures.

Carbonate Cementation Associated with Skeletal
Material

Carbonate cement, the most common precipitant
throughout the core, displays different main diagenetic
fabrics. Calcium carbonate occurs as fringing and patchy
cementsassociated with shell debris, as pervasive cement
inall lithologies, as microcrystalline and/or sparry calcite-
fills in fractures and veins, and as carbonate-cemented
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“nodules” within sandstone lithologies.

Carbonate cementation is rare in the upper 120 mbsf
of the core, where it usually occurs as light-coloured
patches, one to several cm across. Sparse carbonate
patches appear to be associated with the skeletal material
at depths of 54.23, 56.05, 59.60, 64.42, 86, 98.20 mbsf.
Shells (especially bivalves, and, to a lesser extent,
brachipods, gastropods, serpulid tubes; see section on
Macrofossils) mainly occur as fragments and show all
degrees of preservation, from well preserved, partially
dissolved, to totally dissolved (solution-moulds)
(Fig. 3.12a).

Carbonate cementation increases below 120 mbsf,
and becomes extensive below 239 mbsfin all lithologies
(Fig. 3.12 b & ¢). In such cases, the precipitation of
calcium carbonate is related to fossil shell material.
Below 120 mbsf carbonate cementation occurs as a
diagenetic process associated with shell debris that
producesfossiliferous concretions and nodules. Incipient
diagenesisisindicated by corrosion and partial dissolution
of the calcareous biogenic tests (macrofossils) at different
depths (120-122.40, 124.50-127.80, 128.60, 130.55,
130.66,137.21-137.25,140.70, 144.50, 157.73, 165.30-
169.50, 184.85-188.62, 190.50-190.74, 192.62-194.39,
200.20-201.50, 215.75 and 216 mbsf). As mentioned
above, mainly bivalves show a wide variety of
preservational stages ranging from well preserved,
partially dissolved, to solution moulds cemented by
calcitic cements (Fig 3.12b). Heavily corroded tests may
be internally cemented by sparry calcite; in some cases,
the moulds are filled by fine drusy calcitic cement
(solution-cavity fill), as previously recorded for carbonate
fossiliferous concretions and nodules throughout CRP-
1 and CRP-2/2A (Claps & Aghib, 1998; Baker & Fielding,
1998; Taviani & Claps, 1998; Cape Roberts Science
Team, 1999; Aghib et al., in press).

Below 330mbsf, the sedimentary sequence is virtually
barren of foraminifers and macrofossils. A single
gastropod mould was recorded at 359.11 mbsf within
muddy, well stratified sandstones (LSU 9.1). Below this
depth, no carbonate concretions and nodules containing
shell debris were recorded.

Carbonate-Cemented Sandstones

Extensive carbonate cementation occurs in sandstone
lithologies as nodules in greenish muddy sandstones and
in light-coloured clean sandstones. Carbonate-cemented
nodules, 1 to 40 mm across, were first observed within
coarse both uncemented sand and fine-medium muddy
sandstone, at a depth around 234.83 mbsf. These were
previously recorded for CRP-2/2A below a depth of
500 mbsf (see Cape Roberts Science Team, 1999; Aghib
et al., in press).

From 239 to 280 mbsf, the carbonate-cemented
nodules are dispersed within the sandstones. Below

280 mbsf, where carbonate cementation increases, the
nodules range in size up to 4 cm, often coalesced to form
well-cemented horizons (Fig. 3.12g). They were
recovered at various depths, usually in muddy greenish
sandstones that ranged from well- to poorly-sorted and
{rom fine- to coarse-grained (see section Description of
the sequence). From a depth of 540 to 789.77 mbsf, the
sandstones show an unusual “greenish” colour, probably
due to the presence of clay minerals (smectite?).

Light-coloured sandstones are well-sorted, clean
and the original stratification is defined and enhanced by
the carbonate cementation (Fig. 3.12f). These were
recovered particularly in two intervals (380-570 mbsf
and 605-610 mbsf).

No evidence of shell material was recorded
throughout the carbonate-cemented sandstones, which
might be considered barren of calcareous macro/
microfossils. Detrital coal grains are common however,
and occur in millimetric layers and/or dispersed
throughout the carbonate-cemented sandstones.
Macroscopic evidences of coal/carbonate replacement
were recorded at different depths in the core at 658.54,
661.10, 719.70, 735.48, 737-737.48, 741.48-743 .40,
748.36, 754.54-756.15, 757.90, 761.70, 770.32 mbsf
(Fig.3.12 h & 1). ‘

Although the source of the carbonate for cementation
has yet to be ascertained, we saw no evidence of
dissolution affecting biogenic tests in terms of incipient/
late stage of diagenesis, however, a biogenic origin of
the carbonate can be still considered one possibility.
Macroscopically, similar cements from lithologies in
CRP-2/2A display a fabric composed of a first-stage
calcite rim around grains and a late-stage pervasive
calcite precipitate (Aghib et al., in press). In the same
example, calcitic cementation occurs within detrital
grains of coal particles that seem to be partly consumed,
suggesting organic carbon-carbonate diagenesis where
coal mightact as the nucleus for their formation (Lamothe
et al., 1983; Aghib et al., in press). A second possible
source of carbonate for cementation and nodule formation
might be Cambrian/Precambrian marble that occur
below the Beacon Supergroup in this section of the
Transantarctic Mountains. The possiblerole of carbonate-
rich (hydrothermal?) waters moving from these rocks
along the rift-fault system and into the Oligocene basin-
fill sediments is the subject of future research for the
CRP-3 Science Results volume.

Black Stains within Coarse Lithologies

Blackish stains within the clayey matrix of pebbly/
cobble dark conglomerates were observed from a depth
of 182.00 mbsf. In smear slides, the black stain seems to
be composed of a fine-grained matrix with abundant
dispersed organic matter, often associated with fine-
grained pyrite framboids (Fig.3.12d).
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Fig. 3.12 — Close-ups from CRP-3 core showing some macroscopic diagenetic features associated with carbonate cementation (scale bar 1 cm).
a) Large carbonate concretions containing partially dissolved serpulid tubes (61.20 mbsf); b} diffuse patchy carbonate cementation containing
afragmentof bivalve (120.27 mbsf); ¢) gastropod mould partially cemented by sparry and drusy carbonate (359.11 mbsf); ) pebbly conglomerate
showing “blackish stains” and evidence of carbonate cementation around grains (377.42 mbsf); e) strongly carbonate cemented pebbly
conglomerate (663.70 mbsf); f) light well-sorted clean sandstones where the original stratification is enhanced by the carbonate cementation
(519.50 mbst); g) “nodular” carbonate-cemented sandstones, passing from sparse | cm in size carbonate-cemented nodules dispersed in the
sandstones to coalesced nodules (238.12 mbsf); i) nodular carbonate cementation around detrital coal grains (770.30 mbst); i) diffuse carbonate
cementation within layers containg abundant detrital coal fragments (757.90 mbsf).

Mineral-Fills in Veins and Fractures

In the upper 120 mbsf, there are fractures and veins
(hairline) filled by calcite. Their first occurrence is at
18 mbsf, and they recur downcore; their orientation
varies from horizontal to vertical withrespect to bedding,
ranging in size from less than 1 mm to 10 mm wide.
Hairline fractures were observed, especially in fine-
grained lithologies, and are filled by finely
microcrystalline calcite cement. Below 120 mbsf, calcite
mineral-fills begin to be intensely developed along
fractures and microfaults/faults, especially in the intervals
at the depth of 229.50-233.50, 232-233.50, 260.60-

261.40,263.20-270.50,538.80-539.30 (within adolerite
boulder), 788.97-789.77 mbsf. Calcite-filled veins and
fractures often display a halo of diffused cementation,
several centimeters wide within the host lithologies
(Fig. 3.13a). The fill fabric consists of different
generations of fringing calcitic cements and subsequent
sparry/drusy-calcite crystal growth (Fig. 3.13 b, c & d).

Pyrite
Distinct authigenic pyrite phases are recognized

within the CRP-3 sedimentary sequence. Finely divided
pyrite is present in a range of morphologies. It occurs as



92 Initial Report on CRP-3

submicroscopic crystals and framboids dispersed within
the matrix i all lithologies, from a depth of 18 mbsf,
becoming more abundant below 100 mbsf. Inaddition to
that, pyrite occurs as infillings associated with a thin
light-coloured caleite or possibly siderite rin in f-cm-
wide sedimentary dykes, in silt/sand lithologies at
differentdepths below 84.90 mbsf. A third occurrence is
pyrite as a cement phase, rinnming grains and around
later-formed carbonates (calcite), suggesting a tentative
paragenesis with subsequent generations of cements
(Fig.3.13 e & f).

Pyrite might form during an early stage of diagenesis,
followed by a later phase of extensive carbonate
cementation. Below a depth of 280.00 mbsf, in fine and
very fine sandstones, detrital coal fragments are abundant
and are partially replaced by microcrystalline pyrite,
suggesting bacterially-mediated redox reactions in
organic-rich detrital grains (Berner, 1984). An early
stage of diagenesis related to pyrite formation was also
recorded for CRP-2/2 A (see Cape Roberts Science Team,
1999).

Zeolites

Zeolites occur replacing possible volcanic clasts as
much as 10 mm long below 743.64 mbsf.

DIAGENETIC FEATURES BELOW 823 MBSF

These diagenetic features and mineralogical
components are related to the Devonian Beacon sandstone
basement and are associated with breccias and clastic/
cataclastic injections.

Calcite mineral-fills of fractures/faults are present
within the Beacon sandstones and within the intrusion,

associated with clastic/cataclastic injections. The
fractures within the highly brecciated upper contact
between Beacon sandstones and the igneous
intrusion(from 898.90-901.30 mbsf; see sections on
Facies Analysis and Core Fractures) are likely a product
of hydrothermal fracturing and are thus discussed in the
related chapter. Below the igneous intrusion, at the lower
contact with the altered Beacon sandstones, calcitic-fills
are also present and mineralizations occur only as
millimetric patches of sulphide minerals (Zn? sphaleritc?)
dispersed within the Beacon sandstones below the depth of
922.60 mbsf (Fig. 3.13g). The occurrence of sulphide
mineralizations might indicate hydrothermal fluid
circulation (see section on lgneous Intrusion in the
Petrology chapter).

SUMMARY OF RESULTS AND FUTURE RESEARCH

Previous studies described the diagenetic features of’
CRP-1 (Baker & Fielding, 1999) and CRP-2/2 A, located
along a transect east of CRP-3, and from CIROS-1 on the
western edge of the Victoria Land Basin (Bridle &
Robinson, 1990). Carbonate cementation associated with
shell material occurring virtually in all lithologies
suggestsaclearrelationship between selective dissolution
of calcareous biogenic tests and precipitation of
authigenic carbonate as previously described by Claps
& Aghib (1998) and by Aghib et al. (in press) in CRP-]
and CRP-2/2A. The carbonate-cemented sandstones
form a 400-m-thick sedimentary sequence and might
represent all stages of cementation within sandy
lithologies, ranging from sparse centimetric carbonate-
cemented nodules, to abundant millimetric/centimetric
carbonate-cemented nodules, to well-cemented
sandstones. The carbonate cementation might be related

Fig. 3.13 — Photos from CRP-3 core showing some macroscopic diagenetic features (scale bar 1 cm). &) Calcite mineral-fills showing carbonate
diffusion from the vein to the host lithology (454.10 mbsf): b and ¢) calcite-fills develop along fractures/niicrofaults showing two phases of
cementation (b at 250.37 mbst; c at 407.13 mbsf); d) calcite-fills developed around coal grains {76 1.30 mbsf); e) pyrite framboids within a hairline
calcite fracture (410.13 mbsf); f) pyrite cement within coal grains (718.68 mbsf); g) millimetric “spots™ of sulphide mineralizations dispersed
within sandy lithologies and in fractures (922.70 mbsf).
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to an organic carbon-carbonate diagenesis, as suggested
by carbonate cementation within the detrital coal
fragments, as reported in Aghib et al. (in press) for
carbonate-cemented sandstones from CRP2/2A. A
hydrothermal origin might also be possible considering
the tectonic setting of the site and the possible presence
of marble below the section penetrated by CRP-3.
Anotherarea of future research will be the correlation
ol diagenetic features versus depth with high-resolution
core physical properties (see Section on Physical
Properties from on-site core measurements). The
diagenesis appears therefore unrelated to a simple
increasing overburden, the diagenetic process affecting
the sediments are therefore related to the fluid flow
migration and their evolution within the sediments. The
variations throughout the sequences are confirmed by
the complex trend of the high-resolution core physical
properties. Therefore, asystematic study of the diagenetic
fronts may provide insight on the significance of the
reflectors and may thus help their reinterpretation.

CLAST FEATURES:
STRIAE, SIZE AND ROUNDNESS

INTRODUCTION AND DESCRIPTION

The CRP-3 core has clasts present throughout its
entire length, ranging in size from millimetres (mm) to
1.2 metres (m) in diameter. Although we removed
thirteen whole-round core samples of clast-rich intervals
for three-dimensional fabric analysis and clast-shape
analysis, we will present the results from this work in the
CRP-3 Science Report volume. Characteristics such as
size, composition and roundness have been included
routinely as part of the core log descriptions, but other
features such as striae on clasts have been less frequently
noted.

We document here striated clasts (e.g. Fig. 3.14)
found in the interval from 350 mbsf to the base of the
Cenozoicsection (Fig. 3.15). This interval is interpreted
to represent largely shallow-marine sedimentation with
markedly less glacial influence than in the upper 300 m
(see Sequence Stratigraphy section). The distribution of
striated clasts is sparse, sporadic and is not restricted to
any particular depositional facies. The presence of striae
is largely determined by the lithology of the clast. Those
most commonly striated are fine-grained, indurated
mudstone, but these are rare. A few other sedimentary
clasts and occasional dolerite clasts also carry striae.

QOut-sized clasts are also plotted (Fig. 3.15). We
define these as clasts 0.1 m or more in diameter and 100
times larger than the mean diameter of the enclosing
sediment; they range up to 0.77 m in cored length. We
have chosen to plot only clasts in non-conglomeratic
sediment, as itis difficult to see how these can have been
transported to their presentsite by non-rafting processes,
e.g. traction currents or sediment-gravity flows. Out-

AR

Fig. 3. 14 - Striated mudstone clast from 738.40-738.42 mbsf. Core is
45 mm in diameter.

sized clasts also occur in conglomerate beds, but these
might have been transported by non-rafting processes.
Possible mechanisms for the emplacement of the out-
sized clasts in the sandstone beds include rafting in tree
roots, kelp or sea- or glacier-ice.

INTERPRETATION

Weinterpretthe striated clasts, which are also facetted
and sub-rounded, to be the result of abrasion in the basal
ice of a glacier, and introduced into the marine
environment by glaciers calving atthe coast. This supports
ice-berg rafting as the mechanism for transporting the
outsized clasts. Although the number of striated clasts is
small, only a small proportion of the clasts have exposed
surfaces and are of lithologies in which striae form and
survive. We suggest therefore that the small number of
stones reported here represents the “tip of an ice-berg”,
and document a substantial glacial influence in the
transport of sediments into the marine environment.
These observations suggest to us that glaciers were
present and actively calving debris-laden ice at sea level
during a considerable proportion of time and perhaps
even most of the time represented by the core to a depth
of ¢. 780 mbsf.

ROUNDNESS CHARACTERISTICS OF CLASTS IN
THE INTERVAL FROM 770 TO 823 MBSF

The interval from 789.77 to 805.60 mbsf in the
CRP-3 coreisdescribed as adolerite (cataclastic) breccia
(LSU 14.1). This unusual interval is dominated by
breciated boulders and clasts of which ¢. 95% are of
dolerite. The rock shows evidence of intense shearing
and is described as having fractured, off-set and veined
clasts separated by a fine-grained cataclastic matrix
(sheared, recrystallised, foliated claystone) with abundant
slicken-lined surfaces, with a green fibrous mineral on
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some surfaces.

To investigate the origin of the texture of the sheared
dolerite breccia further, we described clast roundness to
show the trends above, within and below the breccia.
This was achieved by visually estimating clast roundness
in the cut face of the core using the visual roundness
chart of Krumbein (1941). Whole clasts larger than
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the underlying LSU 15.1, (805.60-813.41mbsf) and
LSU 15.2, (813.41-822.87 mbsf). These data are

presented as histograms displaying percent frequency of

clasts in each of nine roundness categories (Fig. 3.15).
DESCRIPTION

‘The histograms for the upper two intervals (771.70-
773.40and 773.60-776.45 mbsf) display broad roundness
distributions with average roundness values of 0.5
(rounded). Interestingly, both contain angular and well-
rounded tails, indicating a mix of fluvially rounded and
glacially influenced sediment (two striated clasts are
reported at 775.55 and 775.80 mbsf).

The next two intervals (782.80-787.18 mbsf and
787.82-789.77 mbsf) both show a slight shift to a sub-
rounded average, but still retain a modal roundness peak
of 0.5. The roundness distribution also has a slightly
narrower spread, with few clasts in the angular and well-
rounded categories.

The most significant change occurs with the transition
to the sheared dolerite breccia (789.77-805.60 mbsf) and
a marked shift of both the modal peak and the average
roundness to subangular (0.34). Almost 23% of clasts
(both dolerite and less common quartzose sandstone) fall
into the very angular and angular categories. This appears
to be the result of pervasive deformation from shearing
having fracturedand offsetclasts. Nevertheless, asignificant
proportion (15%) falls into the rounded category. Several
dolerite clasts display a rough surface texture, despite an
overall rounded appearance. Some have striae that could
beinterpreted as glacial, but the rough texture and common
slicken-lined and tectonically polished surfaces make a
tectonic origin more likely. Interestingly, the larger dolerite

clasts appear 1o be better rounded than smaller clasts.
Further work is needed to verify this.

LL.SU 15.1 (805.60-813.41 mbsf) below the dolerite
breccia also has a modal peak and average roundncss
(0.31)inthe subangularcategory, with27% very angular
and angular clasts. This appears (o be related to the high
proportion of quartzose sandstone in the unit, which is
typically more angular. This unit does not display the
pervasive deformation of the sheared dolerite breccia
but slicken-lined clasts are still common.

The lowestinterval, LSU 15.2(813.41-822.87 mbsf),
is described as a poorly-sorted dolerite-dominated
conglomerate, It shows a return to the broad roundness
distribution seen in the intervals above the sheared
dolerite breccia, with a modal peak in the rounded
category and average roundness of 0.48 (sub-rounded).
The presence of angular and well-rounded clasts suggests
a mix of fluvial and perhaps talus-derived sediment.

INTERPRETATION

The intense tectonic deformation evident in the
dolerite breccia (LSU 14.1) is also indicated by the
fractured and offset clasts clearly visible in the core face.
However, the interval also contains a significant number
of rounded and even well-rounded clasts. It is possible
that some crude rounding could occur due to tectonic
deformation processes. However, the combination of
well-rounded clasts, the mix of lithologies, and apparent
faint stratification suggest that the interval is a
sedimentary deposit thathas been subsequently modified
by tectonic events, masking some of its original
characteristics.
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Appendix 3.1

1:500 SCALE CORE LOGS

Core logs on a scale of 1:500 summarising lithology, showing clast variation and diagenetic features. Inferred
depositional environment is also shown, along with changes in sca level and ice margin. The basis for these
interpretations is presented and discussed in the Lithology and Sedimentology chapter.
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4 - Petrology

INTRODUCTION

Forthe initial petrological characterisation of samples
from CRP-3, we followed the practices adopted in
previous CRP investigations (Cape Roberts Science
Team, 1998, 1999). The primary division for
investigations was based on grain size, corresponding to
clasts (larger than 2 mm in diameter), sand grains and
mudrocks. In addition to the down-core distribution of
clasts, which were logged for clast type, number and
dimensions, separate studies were also carried out on the
different lithological clast types, which were subdivided
into pre-Devonian basement clasts, sedimentary clasts
(probably representing the Beacon Supergroup) and
volcanic clasts (Ferrar Supergroup). As well as visual
examination, each of the clast groups was described
petrographically to better characterise the groups and to
confirm macroscopic identifications. Unlike previous
studies for the Initial Reports, uncovered, unstained thin
sections were used to characterise the sand-grain fraction
in sandstones. The modal counts, while still qualitative,
are believed to be more accurate than those obtained
previously using smear slides. Finally, XRD
measurements, using an automated diffractometer
system, were used to identify the types and distribution
of clay minerals in sieved mudrock-fraction splits of
fine-sediment samples; these were also separately
analysed by XRD for their bulk mineralogy. Together,
these methods were used mainly todocument the provenance
and downhole provenance variations in CRP-3.

DISTRIBUTION OF CLASTS

Petrological and distribution data collected on clasts
from CRP-2/2A (Talarico et al., in press) indicated that
their downcore modal and compositional variations
provide a potential tool for unravelling the complex
interplay between tectonic, volcanic and glaciomarine-
sedimentary processes during the formation of the
Victoria Land Basin and the uplift of the Transantarctic
Mountains (TAM) in Cenozoic time. For instance, a
pilot frequency analysis (in preparation) on clast
population from CRP-2/2A (Sequences 9, 10, and 11)
outlined periodicities possibly driven by Milankovitch
orbital variations (100 Kaand 21 Ka). These preliminary
results pointed to a previously undocumented but
significant climatic influence on clast distribution. The
CRP-3 clast dataset may potentially enlarge the
application of this pilot study to a larger distribution-
data population, thus providing further constraints on
environmental interpretations.

An investigation of the distribution of clasts in CRP-
3 was performed following the same procedure adopted
in CRP-2/2A. We logged and counted 27 778 clasts on
the basis of both lithology and grain size in the ¢. 823-m-
thick Cenozoic section of CRP-3. This study also included
sampling and thin-section examination of all lithologies
to improve their characterisation (see sections below on
Basement, Volcanic and Sedimentary Clasts for further
detailed petrographical information).

The total number of clasts per unit length shows
major variations from 0-10 counts per metre for mud- or
sand-rich intervals (e.g. LSU 1.3) to >150 counts per
metre fordiamictite units (e.g. LSU 2.1) and conglomerate
units (e.g. LSU 12.3). Sharp variations across lithological
boundaries are commonly present, as well as within-unit
fluctuations.

Wedistinguished five main lithological groups. Their
main petrographical features and clast dimensions can
be summarised as follows:

1) Dolerites s.1.. Generally medium-grained and fresh
and common in all units. However, a few scattered
occurrences of deeply altered granules and small
pebbles were noted in LSU 3.1, 5.1, 6.1, 11.1, 12.4,
13.1 and at the bottom of LSU 15.2. Dolerite clasts
show the widest range in size, ranging from granule
to boulders as much as 2 m across;

2) Sedimentary rocks. These include atleast 4 lithological
types (see section on Sedimentary Clasts): quartz-
arenites, poorly-to moderately-sorted sandstone, grey
to black siltstones, and coal; these clasts mainly
belong to the small-pebble class, apart from coal
fragments, which mainly occur as granules;

3) Granitoids. These consist mainly of biotitethornblende
monzogranites, with minor occurrence of
leucotonalite, mostly represented within the granule
class (fragments of quartz and/or pink feldspar
crystals, and lithic fragments);

4) Volcanic rocks and sub-volcanic rocks. This group
includes very fine-grained dolerite, non-vesicular
basalt and amygdale-bearing altered basalt. All of
these varieties mainly form granules to small pebbles;

5) Metamorphic rocks. A variety of metamorphicrocks,
ranging from basement rocks such as orthogneiss,
paragneiss and marble, to low-grade metasedimentary
rocks of various origins are represented in this class
(see section on Basement Clasts). All of these rock
types only occur as small pebbles.

The distribution of these different lithological types
is schematically shownin figure4.1. Both granitoids and
dolerites are ubiquitous, with dolerite persistently forming
the dominant lithology throughout the core. In contrast,
all other lithologies show a more restricted distribution.
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Sedimentary clasts show a wider distribution and are
significantly more abundant below 150 mbsf. Coal fragments
arc very rarein the upper 150 m of the cored succession; only
one occurrence was detected at 43 mbsf (LSU 1.2). In
contrast, coalis persistently present from 159 mbsf downcore,
and very abundant, particularly in LSU 7.1 and in the lower

Volcanic and very fine-grained dolerite clasts are
abundantand persistentin the upper 0-150 mbsfinterval,
but they form a sparse clast population below 150 mbsf,
with dominantamygdale-bearing altered basalts. Further
information on the distribution of different volcanic
varieties is given in the section on Volcanic Clasts.
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Fig. 4.1 - Distribution of main lithologies occurring as granule to boulder-grade clasts throughout CRP-3 core. Continuous lines indicate abundant
(>15-20% total number of clasts) contents and persistent occurrence; dotted lines show intervals characterised by impersistent and/or very low
occurrences. Small dots indicate the occurrence of few clasts (1-5); large dots, the occurrence of several clasts (>20).

GHI: granitoids: FD: fine- to medium-grained dolerite: Vol: very fine-grained dolerite and non-vesicular basalts; Sed: sedimentary rocks; Met:

metamorphic rocks. See text for further comments and discussion.
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part of LSU 12.5.

Metamorphic rocks are definitely the least abundant of all
represented lithologies and form scattered occurrences
throughoutthe core (sectionon Basement Clastsand Fig. 4.2).

The analysis of distribution patterns of clasts allows
preliminary provenance inferences and some constraints
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on the uplift and erosional history of the Transantarctic
Mountains. In agreement with conclusions drawn on
provenance of clasts from drillcores CRP-1 (Talarico &
Sandroni, 1998)yand CRP-2/2A (Talaricoetal., in press),
preliminary petrographical data from CRP-3 confirm a
local source, with the Cambro-Ordovician crystalline
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basement, the Jurassic Ferrar Supergroup intrusive and
volcanic suites, and the Devonian to Triassic Beacon
Supergroup {Taylor and Victoria groups) acting as the
major parent rock-units.

As demonstrated for CRP-2/2A (Talarico et al., in
press), the compositional variability of clasts provides
clearevidence of anevolving source area that documents
stages of the erosional-tectonic evolution of the sector of
the Transantarctic Mountains facing the CRP drilling
sites. Unroofing of the deeper basement rocks should
have occurred after an initial phase of erosion that
primarily affected the uppermost part of the basement
(ncar-Kukri peneplain zone) and the overlying cover
rocks (the Taylor Group, the Ferrar Dolerite and,
subordinately, the Kirkpatrick Basalt).

CRP-3 modal and compositional data indeed echo
the same trends detected in the lowermost part of
CRP-2/2A, providing another critical tie-boundary at c.
150 mbsf (which corresponds to seismic reflector p, see
section on Correlation of Seismic Reflectors). Similarly
to the boundary located at 307 mbsf in CRP-2/2A, the
¢. 150 boundary in CRP-3 points to a relatively rapid
provenance change from a lower clast assemblage
sourced mainly from the Beacon Supergroup (including
the Weller Coal Measures) and the Ferrar Supergroup
(including the stratigraphically upper Kirkpatrick Basalt),
to an upper clast assemblage mainly derived by Ferrar
Supergroup rock units. It is noteworthy that the influx of
detritus derived from granitic basement rock units,
although impersistent and with variable, generally low
proportions, was continuous throughout most of the
depositional record, suggesting that the sub-Kukri
basement was exposed even in the earliest part of the
sedimentary history of western Victoria Land Basin at
CRP-3.

BASEMENT CLASTS

As in previous drilltholes (MSSTS-1, CIROS-1,
CRP-1, CRP-2/2A) on the western edge of the Victoria
Land Basin (Hambrey etal., 1989; Cape Roberts Science
Team, 1998a, 1998d; Talarico & Sandroni, 1998; Talarico
et al., in press), the CRP-3 borehole provides clear
evidence of a multi-component source for the supply of
granule- to boulder-sized clasts to the Cenozoic
sedimentary sequences in the McMurdo Sound. This
varied provenance closely mirrors the present-day on-
shore geological units of the Transantarctic Mountains
in southern Victoria Land, and among these units, those
comprising granitoid and amphibolite-facies
metasediments of the early Paleozoic Ross Orogen are a
major component.

We focus on the preliminary petrographical
examination of pre-Devonian basement clasts and clasts
of metamorphosed sedimentary rocks within the lower
Oligocene-?Late Eocene strata of the CRP-3 drillhole. It
includes the description of all clasts belonging to the

granule, pebble and cobble grain-size classes, and some
inferences concerning the most likely source-rock units.
Sampling, macroscopic observations, and preliminary
petrographical analyses (polarized-light microscopy)
were performed following the same procedures and
sample management adopted for CRP-1 and CRP-2/2A
(Cape Roberts Science Team, 1998b, 1998c, 1999).

RESULTS

Clastcounts in CRP-3 (see section on Distribution of
Clasts) indicate that basement clasts are highly variable
throughout the cored interval, but basement clasts are
systematically less abundant than other lithologics
{particularly dolerite and sedimentary rocks). In terms
of dimension, finer pebbles (diameters <l cm) and
granules generally prevail over larger-sized clasts, which
are very few and unevenly scattered (Fig. 4.2).

Granule-sized debris mainly consist of quartz and
lesser feldspar, but pebble-sized clasts offer asignificantly
wider range of lithological types. The main lithological
types can be grouped into two major groups: granitoids
and less common metamorphic rocks.

Figure 4.2 shows the lithological range, distribution
and position of the different rock types within the
lithostratigraphical units identified in the CRP-3 core.
Forty samples representative of all lithological types
were collected and are listed in table 4.1. The table
includes information on the lithology, the most relevant
petrographical features (namely, textural, microstructural
and alteration data), the most likely source-rock units in
the crystalline basement of South Victoria Land, and
stratigraphical position.

Granitoid pebbles consist of dominant grey, biotite-
bearing monzogranite, pink biotite-hornblende
monzogranite and biotite-bearing leucomonzogranite
(Fig. 4.3). Minor lithologies include: actinolite-bearing
leucotonalite, biotite-muscovite leucogranite, biotite
porphryry, foliated biotite leucomonzogranite, and
biotite-hornblende microdiorite. Preliminary
microscopicexaminationrevealed thatall granitoid types
show a variably developed low- to very-low-grade
metamorphic alteration; allanite, zircon/monazite, apatite
and rare tourmaline were found to be the most common
accessory minerals in all granitoids.

The group of metamorphic clasts includes bothrocks
of igneous (namely granitic) derivation (mylonitic biotite
with or without garnet orthogneiss, hornblende-bearing
biotite orthogneiss) and metasedimentary rocks,
including muscovite-tourmaline quartzite, biotite-
bearing meta-quartz arenite, biotitetcalcite meta-
siltstone, biotite-clinoamphibole meta-marl, calcite-
clinoamphibole-biotite-metafeldsarenite, graphite-
bearing marble, sillimanite-biotite paragneiss, and
calcite-biotite schist.

Microscopic examination of selected metamorphic
clasts suggests that these rocks reflect a rather wide
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Tab. 4.1 - Basement clasts in Cenozoic sedimentary strata recovered by CRP-3 drilthole: list of sampled clasts and preliminary petrographical data,
Note: lithostratigraphical unit designation follows figure 3B-1 of section on Description of Sequence. Mineral abbreviations according to Kretz,
(1983). G.H.I.C.: Granite Harbour Igneous Complex: K.G.: Koettlitz Group; B.S.: Beacon Supergroup: $.G.: Skelton Group.

Sample Box Top Bottom Lithology Main petrographical features Inferred
code {mbsf)  (inbsf) provenance
TAL2 8 30,61 30.63 grey Bt-bearing monzogranite equigranutar ([1ne-grained). hypidiomorphic G.H.IC
TAL4 13 43,57 43,58 pink Bt-Hbl bearing equigranular (medium-grained), hypidiomorphic G.H.ILC.

monzogranite
TALS 5 5025 50,27 Act-bearing leucotonalite heterogranular (fine- Lo medium-grained). hypidiomorphic, alterated G.H.I.C.

TALII 34 107.32 107,36 Bt-bearing leucomonzogranite heterogranular (finc- to medium-grained), hypidiomorphic. stightly GHIC.

foliated fabric, strongly alterated

TALIG 42 132,19 132.21 Ms-Tur bearing quartzite equigranular (fine-grained). subpoligonal granoblastic texture, slightly K.G.

foliated

TAL22 53 166,18 166,20 mylonitic Grt-Bt leuco- heterogranular (line- 10 medium-grained), gneissic texture (mm-scale K.G.

orthogneiss compositional layering) with nun-sized feldspar porphyroclasts

TAL23 54 168,73 168,79 Bt-bearing monzogranite inequigranular (fine- to coarse-grained). hypidiomorphic, slightly G.H.IC.

altered

TAL26 57 176,03 176,09 pink Bt-Hb! monzogranite tnequigranular {fine- to coarse-grained}, porphyritic, mm-sized feldspar G.H.1C.

phenocrysts and fine-grained allotriomorphic groundmass

TAL27 57 178,41  178.44 pink Bt-Hbl monzogranite equigranular {(medium-grained), hypidiomorphic, altered G.H.IC.

TAL36 70 21698 21724 grey Bt-bearing inequigranular (fine- to medium-grained). hypidiomorphic, sub-solidus G.HIC.

leucomonzogranite deformational microstructures, altered

TALA4] 74 22798 228,01 Bt-bearing meta-quartz arenite equigranular (fine-grained), interlobate granoblastic B.S.? {contact

metamorphosed?)

TAL42 75 231,78  238.80 mylonitic Bt leuco- heterogranular (fine- to medium-grained). gneissic texture (mm-scalc K.G.

orthogneiss compositional layering) with mm-sized feldspar porphyroclasts

TAL43 83 25638 256,40 pink Bt-Hbl monzogranite inequigranular (fine- to medium-grained). hypidiomorphic, altered G.H.LC.

TAL57 109 33531  335.35 pink Bt-Hbl monzogranite inequigranular (fine- to medium-grained). hypidiomorphic, altered G.H.IC.

TALSS 109 337,19 337.23 a) Hbl-bearing Bt orthogneiss; a) heterogranular (fine- to medium-grained). gneissic texture (mm-scale a) K.G.

b) Bt-bearing metasiltstone compositional layering) with ribbon-like quartz aggregates: b) B.S.? (contact
b) very fine-grained to fine-grained. grain size and compositional metamorphosed?)
layering, Bt and Opm spots

TAL59 110 337.57 337.6]1 Gph-bearing marble inequigranular (fine- to medium-grained). grain size layering, K.G.

interlobate granoblastic

TALG2 118 37024  370.27 grey Bt-bearing granite equigranular (imedium-grained), hypidiomorphic G.HIC.

TAL75 135 442,79 442,83 Bt-bearing meta-quartz arenite fine-grained, Bt spots B.S.? (contact

metamorphosed?)

TAL78 145 482,52 48254 grey Bt granite equigranular (medium-grained). hypidiomorphic G.H.IC.

TAL79 146 488,61 488.63 grey Bt granite equigranular (medium-grained). hypidiomorphic G.HIC.

TAL82 157 536,60 536,62 red porphyry mafic and feldspar phenocrysts set within a very fine-grained altered G.HI.C?

groundmass

TALB3 161 35470 55476 Sil-Bt paragneiss fine-grained. compositional layering, granolepidoblastic K.G.

TAL84 163 561.54 561.58 black Czo/Ep-Cal-Bt very fine-grained, compositional layering. interfobate granoblastic B.S.? (contact

metasiltstone metamorphosed?)

TAL8S 163 56191 561,97 pink Bt monzogranite equigranular (fine-grained). hypidiomorphic G.HIC.

TAL92 173 605,77 60580 Bt-Ms leucogranite equigranular (fine-grained). hypidiomorphic G.H.IC.

TAL96 179 627,17 627.20 dark grey porphyry feldspar phenocrysts set within a very fine-grained altered groundimass GHIC?

TAL97 179 628,06 628.08 foliated Bt leucomonzogranite beterogranular (fine- to medium-grained), gneissic texture with num- G.HIC.

sized feldspar porphyroclasts and quartz ribbons

TAL98 179 628,69 628,71 Cal-Bt schist very fine-grained, compositional Tayering. lepidogranoblastic S.G.?/B.S.?

(contact
metamorphosed?)

TAL99 182 641,50 641.52 Bt-Hbl microdiorite equigranular (fine-grained), hypidiomorphic/sub-ophitic G.HIC.

TALIOO 182 64450 64452 Bt orthogneiss heterogranular (fine- to medium-grained), interlobate granoblastic and ~ G.H.IC.%/K.G.?

quartz ribboas

TAL103 190 675.63 G75.65 grey Bt-bearing monzogranite inequigranular (fine- to medium-grained), hypidiomorphic. sub-solidus G.HI.C.

deformational microstructures

TAL109 199 71329 713,31 Bt-Hbl monzogranite equigranular (medium-grained). hypidiomorphic. altered GHIC.

TALIIO 205 734.67 73471 Leyerd Bt-Cam-Qtz metamar] very fine- (o fine grained, compositional and grain size layering, S.G.2/B.S.?

granoblastic Cal-rich layers. lepidogranoblastic Bt-rich layers (contact
metamorphosed?)

TALI12 206 738.45 73848 pink Bt-Hbl granite equigranular (coarse-grained), hypidjomorphic. altered G.H.I.C.

TALT13 210 756,16 756.19 Cai-Cam-Bt meta-feldsarenite very fine-grained. compositional layering, interlobate S.G.?/B.S.?

lepidogranoblastic (contact
metantorphosed?)

TALI18 215 77496 774,99 Bt meta-sandstone very fine-grained, compositional layering. interlobate S.G.7/B.S.?

lepidogranoblastic (contact
metamorphosed?)

TALI19 217 781,93 781,97 Bt meta-sandstone very fine-grained, compositional layering, interlobate S.G.7/B.S.?

lepidogranoblastic (contact
metamorphosed?)

TAL121 218 78556 78563 light grey porphyry feldspar phenocrysts set within a very fine-grained altered groundmass G.HIC.?

TALI25 225 815.23 81525 grey Bt granite equigranular (medium-grained). hypidiomorphic GHIC.
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Fig.4.3 - Photomicrographs of the principal basement rock types in CRP-3 core. a) Pink biotite-hornblende granite (738.45 mbsf), hypidiomorphic
texture with altered alkali feldspar (Kfs) phenocrysts, saussuritized plagioclase (PI), chloritized biotite flakes (Bt) and interstitial quartz
(Qtz):b) sillimanite-biotite paragneiss (554,70 mbsf): the foliation is defined by the preferential dimensional orientation of biotite and sillimanite,
matrix minerals include K-feldspar, plagioclase and quartz; ¢) contact-metamorphosed metasiltstone (561.54 mbsf): randomly oriented flakes of
biotite indicate a static recrystallization typical of low-grade contact metasedimentary rocks: d) calcite-bearing biotite schist (628.69 mbsf): the
foliation is defined by biotite and muscovite fine-grained lepidoblasts.

spectrum of metamorphic conditions. Orthogneisses,
sillimanite-biotite paragneiss (Fig. 4.3) and marble show
mineral assemblages and microstructures consistent with
upper amphibolite-facies regional metamorphic
conditions. In contrast, meta-quartz arenite and
metasiltstone are characterised by mineral assemblages
indicative of biotite-zone (low-grade) conditions, with
either decussate, spotted microstructures diagnostic of
contact metamorphism, or oriented fabrics indicative of
syn-tectonic recrystallizations, most likely related to
regional metamorphism (Fig. 4.3).

PROVENANCE

Preliminary petrographical investigations indicate
thatseveral basement lithologies were involved as sources
of basement clasts in the Cenozoic sedimentary strata
recovered in the CRP-3 drillhole. Asin CRP-1 and CRP-
2/2A (Talarico & Sandroni, 1998; Talarico et al., in
press), most of the basenment pebbles were supplied by
source-rock units belonging to the Cambro-Ordovician
Granite HarbourIgneous Complex, whichis the dominant
component in the local basement (Gunn & Warren,

1962; Allibone et al., 1993a, 1993b). Like CRP-1 and
CRP-2/2A, the ubiquitous occurrence of undeformed
biotitethornblende monzogranite pebbles throughout
the cored interval apparently reflects the dominance of
these lithologies in the onshore basement. Preliminary
data concerning the other, less common and impersistent,
granitoid varieties are also consistent with a local
provenance.,

Metamorphic rocks such as biotite-sillimanite
paragneiss and biotite-garnet orthogneiss are also known
to be a common metasedimentary lithologic type in the
amphibolite-facies Koettlitz Group south of Mackay
Glacier (Grindley & Warren, 1964; Williams et al.,
1971; Findlay et al., 1984; Allibone, 1992; Turnbull et
al., 1994). Petrographically similar orthogneiss types
were also found in CRP-1 and in CRP-2/2A. CRP-3 is
apparently devoid of Ca-silicate rocks, which were
found to be relatively common in the two previous CRP
drillholes. In contrast, clasts of contact-metamorphosed
terrigeneous-sedimentary rocks and of foliated low-
grade metasediments are rather abundant, even if
scattered throughout the core below c. 228 mbsf.

Theoccurrence of low-grade metasandstone showing
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foliated fabrics is notheworthy as the onshore exposures
of these rocks are very limited and restricted to arcas
between the Skelton and Koettlitz Glaciers, about 200
km south of the CRP-3 drilisitc (Skelton Group; Grindley
& Warren, 1964).

The provenance and primary geological setting of
contact-metamorphosed sedimentary rocks remain
uncertain. Apart from the thermal-metamorphic
overprint, these rocks show a broad lithological and
petrographical similarity with comparable rock types
occurring in the Beacon Supergroup. In such case, the
contact-metamophic overprint could berelated to thermal
and hydrothermal processes which accompanied the
emplacementand cooling of Ferrar Supergroup intrusive
and sub-volcanic suites. However, a provenance from
presently unknown post-Jurassic (?Paleogene)
secdimentary sequences deposited on down-faulted blocks
within the Victoria Land Basin cannot be excluded.

VOLCANIC CLASTS

METHODS

We studied volcanic material in CRP-3 at two
differentscales. Volcanic clasts, with sizes ranging from
granule to boulder, were investigated by classical
petrographical methods, including thin-section
examination. Sand to silt fractions were also collected
regularly and analysed by means of smear slides for the
presence of glass shards, in order to record the volcanic
activity coeval with the deposition.

Both coarse- and fine-grained materials were sampled
for further geochemical and mineralogical analyses.

VOLCANIC CLASTS

Volcanic clasts are medium- to fine-grained black to
grey mafic rocks. Their shape varies from subangular to
subrounded. They are generally massive, although
vesicular fragments with vesicles filled with secondary
minerals are also common. The abundance of vesicular
clasts seems to increase downcore.

All the sampled clasts share the same mineral
assemblage: major minerals are plagioclase and
clinopyroxene, whereas pigeonite, K-feldspar,
orthopyroxene and quartz are also found in most of the
specimens. Ilmenite and magnetite are ubiquitous
accessory minerals. Alteration is significant and affects
mainly pyroxenes and the groundmass. Clasts in which
the original mineral assemblage is totally replaced by
secondary minerals are uncommon.

The above mineral assemblage is known to be typical
of the Ferrar Supergroup rocks that display a subalkaline
affinity and have a Jurassic age (Elliot et al., 1995; Kyle,
1999). These rocks crop out as sills (Ferrar dolerite), lava
flows (Kirkpatrickflows), and pyroclastic deposits (Mawson
Formation, Kirkpatrick Basalt pyroclasts) (Fig. 4.4)
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Fig. 4.4 - Schematic stratigraphical relationships for rocks cropping
out in southern Victoria Land. Ages from Elliot et al. (1986). Roland
& Worner (1996), McIntosh (in press). Turnbull et al. (1994). GHIC:
Granite Harbour Igneous Complex, KG: Koettlitz Group.

throughout the Transantarctic Mountains. Consequently,
rocks of the Ferrar Supergroup could be the main source
of volcanic detritus in CRP-3. Fragments showing a
mineral assemblage (olivine, alkali pyroxene or
amphibole) typical of the McMurdo volcanic group
(M*MVG) (Cape Roberts Science Team, 1998b) are not
represented in any of the CRP-3 specimens.

Textural and grain-size features observed in thin
sections enabled us to divide all the sampled clasts into
three groups. Table 4.2 gives a list of the sampled clasts,
core depth and group attribution. The number of elasts in
each different group does not reflect the relative
abundance of these clasts in the core.

Group I consists of medium to fine-grained
holocrystalline rocks, with subophitic texture (Fig. 4.5a).
Plagioclase is the most abundant phase, forming
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subhedral crystals (maximum length = 2 mm);
Composition, estimated by optical methods, varies from
oligoclase to labradorite. In some crystals, sericite
extensively replaces crystals. Augitic clinopyoxene is
subordinate and forms subhedral and anhedral crystals
(maximum length =4 mm); in most samples it is largely
alterated to smectites. Pigeonite is minor as well and
appears associated with clinopyroxene as subhedral
crystals. Both rhombohedral and cubic Fe-Ti oxide are
present in most samples. Less frequently, only acicular
ilmenite crystals with a leucoxene coating are found. In
most samples, fine-grained quartzo-feldspathic
intergrowths are visible in interstices between plagioclase
and pyroxene crystals.

In fine-grained clasts plagioclase is euhedral,
pyroxenes tend to be acicular and a very fine-grained
cryptocrystalline matrix is quite often deeply altered to
sericite and clay minerals.

Group II is made-up of medium- to fine-grained
hypocrystalline rocks with textures varying from
intergranular to intersertal (Fig. 4.5b). We can consider
these rocks aphyric, since crystals sizes are almost
constant. Plagioclase is the most abundant phase and
forms a complex network of acicular crystals with
pyroxene. The composition of plagioclase ranges from
oligoclase to labradorite. Clinopyroxene crystals are
rarely preserved, being frequently transformed to
smectite. Sometimes relics of the original clinopyroxene
are preserved only at the core of the large prismatic
crystals. Pigeonite is rare, while orthopyroxene occurs
as single-prismatic, euhedral crystals. Anhedral quartz
is present as discontinuous segregations. The interstitial
material ranges from very fine-grained cryptocrystalline
matrix, in which Fe-Ti oxides and pyroxene microlites
replaced by smectites are barely recognisable, to a very
rare, palagonitised brown glass that embodies tiny
plagioclase and pyroxene aggregates. Group Il clasts are
generally non-vesicular, even though we detected some
irregularly shaped vesicles filled by secondary minerals
(carbonate, chalcedony, cristobalite, zeolites).

Group III includes aphyric and weakly porphyritic
clasts, generally hypocrystalline with rare holohyaline
terms. These rocks show alow vesicularity, even though
in some specimens amygdales filled with secondary
minerals form as much as 30% of the rocks (Fig. 4.5¢).
Inthese clasts we observed few hypidiomorphic andesine
to labradoritic plagioclase and augitic clinopyroxene
phenocrysts. Sometimes anhedral quartz forms
discontinuous segregations (¢. 1 mm across), but more
than 90% of the rock comprises a quenched matrix
(Fig.4.5d) consisting of acicular crystals of plagioclase
and feathery microlites of clinopyroxene. These are
arranged as a felt-like network, whose interstices are
occupied by blocky Fe-Ti oxides, cryptocrystalline clay-
altered material, and more rarely, brown palagonitic
glass. Inthe more vesiculated, scoriaceous clasts, portions
with clear brown glass without microlites become
predominant.

Tab. 4.2 - Main textural characters, sizes and group attribution of
volcanic clasts in CRP-3.

Depth Clast size Crystallinity - Texture Grain size  Group
femy)
nd helocrystaliine, subophitic medium I
ad ine, subophitic medium-fine i
nd . subophitic medium-fine 1
33,60 8 holecerystaliine, subophitic medium-fine 1
42,70 nd holacrystalline, subophitic medium-fine 1
47,46 nd holocrystalline, subophitic medium-fine I
70,09 2 holocrystalline, subophitic medium I
73.80 t hypocrystalline, variolitic very fine I
73.90 i hypocrystalline. intersertal fine I
91.18 >4 holocrystalline, subophitic fine 1
105,39 1.5 hypocrystaltine, variolitic very {ine 1
149.70 35 hypocrystalline, intersertal fine il
150,08 0.5 hypocrystaline, intergranuiar medium I
151,43 3 hypocryslalline, variolitic very fine i
163.26 >2 glassy. amypdatoid. palagonitic nr
165,91 1.5 holocrystaitine, subophilic medium 1
178,77 25 hypocrystalline, intersertal fine il
178,79 1.5 hypocrystalline, intergranutar fine I
182,26 <l hypocrystalline. inergranular fine i1
18391 4 hypocrystalline, intergranular fine H
184,34 4 hypacrystalline, intersertal finc 11
208,88 <3 hypocrystalline, intergranular medium i
235,97 2 hypocrystalline, intergranular medinm 1
248,70 1.5 holocrystaitine, subophitic fine 1
251,52 1,5 holocrystaitine, subophitic, altered {ine I
263,11 15 holocrystattine, subophitic fine 1
264,34 1,5 holocrystaltine, subophitic medium-fine I
292,04 >3 holocrystaltine, subophitic medium-fine I
306,59 I glassy, amygdaloid, palagonitic n
307,91 >3 hypocrystaliine, intergranular medium I
313,96 >4 hypocrystaliine, intergranular medium I
328,40 nd holoerystattine, subophitic, altered fine 1
337,34 nd holocrystalline, subophitic fine I
344,61 4 holocrystailine, subophitic, altered medium-fine I
369,91 <} holocrystalline, subophitic medinm 1
370,18 2 hypocristalline, hyalopilitic very fine I
372,50 >4 hypoerystalline, intergranular fine I
375,76 >4 holacrystaltine, subophitic medium I
377.46 <i holocrystalline, subophitic medium-fine 1
37770 >3 hotocrystalline, subophitie medinm-fine I
386,83 <1 hypocrystalline, intergranuiar medium 1
387,05 4 hypocrystalline, intergranular medium i
414,15 1.5 hypocrystalline, variolitic, amygdaloid very fine oI
415,43 1.5 holocrystalline, subophitic medium-fine I
423,32 i holocrystalline, subophitic fine I
43923 <l holacrystalline, subaphitic medium I
441,85 LS hypocrystailine, variolitic very fine I
450,49 4,5 hypocrystalline, intergranular fine I
462,76 0.6 holocrystalline, subophitic fine I
464,71 25 hypocrystalline, intergranular, vesicular medium I
469,24 4 hypocrystaliine, variolitic, amygdaloid very fine I
479,03 <1.5 hypocrystaliine, intergranular fine I
480,55 1 glassy, palagonitic i
49546 3 holocrystailine, subophitic medium 1
516,71 4 hypocrystalline, intergranutar fine 11
544,37 4 hypoeristalline, hyalopilitic very fine 1
548,30 1 holocrystatline, subophitic medium-fine 1
562,13 2 hypocrystalline, variotitic, amygdaloid very fine 11
568,26 1.3 hypocrystalline, variofitic, amygdaloid very fine 1
570,54 5 glassy, palagonitic 11
578,16 2 holocrystatline, subophitic fine I
580,34 <l hypocrystalline, variolitic, amygdaloid very fine I
593,28 2 holocrystalline. subophitic medium 1
605,33 1 holocrystalline, subophitic fine I
625,08 2 hypocrystalline, intergranular, vesicular fine 11
627,11 >4 hypocrystailine, varolitic very fine I
635,89 2 hypocrystailine, intergranutar fine I
653,66 15 glassy, amygdaloid 11
665.09 1S5 holocrystalline, subophitic medium T
671,44 2 holocrystalline, subophitic fine 1
683.64 | holocrystalline, subophitic medium 1
690,40 3.5 glassy, amygdaloid, palagonitic I
727,61 3 hypocrystalline,intersertal, vesicular fine 11
735,01 1.5 hypocrystalline,intersertal, vesicular fine I
738.71 1 holocrystalline, subophitic fine I
769,30 3 holocrystalline, subophitic fine I
788,20 >4 holocrystalline, subophitic fine I
789.59 25 hypoerystalline, intcrsertal fine 11
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Fig. 4.5 - Photomicrograph of CRP-3 selected clasts: a) medium-grained group I clast with subophitic texture; b) medium-grained group II clast
showing acicular plagioclase and clinopyroxene and intergranular texture: ¢) amygdaloid texture in a vesicular glassy clast of group Il1: )

plagioclase phenocryst and quenched crystals in a clast from group 1.

PRELIMINARY CONCLUSIONS ON VOLCANIC-
CLAST PROVENANCE

The above textural differences are related to cooling
rate and perhaps to different emplacement mechanisms.
Subophitic textures are typical of intrusive magmatic
bodies as sills, but may be found as well in the inner
portions of thick lava flows that undergo a very slow
cooling. Intersertal to intergranular textures, with a
variable abundance of interstitial glass, are quite common
in lava flows or can be found in the external portions of
dykes and sills. Glass-rich volcanics and quenched
crystals indicate a high cooling rate, such as for those
associated with magma chilled by contact with water or
country rocks.

Hence, we can use textural characteristics of the
clasts to infer their possible relationship with Ferrar
Supergroup outcrops on land. As a matter of fact, clasts
of group I showing subophitic textures should have been
derived by the erosion of Ferrar sills that intrude the
basement and Beacon sedimentary cover at different
levels (Fig. 4.4).

Clasts of group I could represent the external patt of
these sills, but more probably they are eroded fragments
of the Kirkpatrick lava flows. Itis worth noting the close
correspondence among some CRP-3 clasts, that show
distinctive single orthopyroxene crystals, and the Mount
Fazio Chemical Type (MFCT) lavas described in Mesa

Range by Elliot et al. (1995), that display this similar but
unusual character. The MFCT lavas are thought to occur
in the lower part of the Kirkpatrick volcanic succession.

Clasts of group I1I possibly derive from the external
portions of the Kirkpatrick lava flows. Features observed
in the least vesicular clasts belonging to this group seem
to match those of Scarab Peak chemical type rocks
(SPCT) that, following Elliot et al. (1995), cap the
Kirkpatrick succession in the Mesa Range area.
Alternatively, glassy portions could be pillow-lavas
fragments derived from the middle part of the Kirkpatrick
group (discrete horizons between lava flows; Roland &
Worner, 1996). Finally, the glassy scoriaceous clasts
may be derived from pyroclastic or volcanoclastic
deposits that form the lower part of the Kirkpatrick
succession (Fig. 4.4, Kirkpatrick Basalt pyroclasts,
Mawson and Exposure Hill Formations) (Elliot et al.,
1986).

GLASS SHARDS

A very small number of volcanic glass shards was
detected in smear slides of most of the sand-silt fractions
of CRP-3 (Tab. 4.3). They are very scant (maximum of
10 shard per smear slide), display angular to subangular
shapes and have sizes ranging from 30 to 200 wm. Small
grain size, flake-like shapes and very low abundance
impede easy recognition and an accurate evaluation of
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modal abundance in thin sections (see section on Sand
Mincralogy).

The more abundant type is brown to light brown
glass (sideromelane); colourless and light-green
(evolved?) varieties are less common. Most of them
appear to be fresh; palagonite and clay-mineral alteration
are uncommon. Some glass shards embody small opaque
grains (Fe-Ti oxides?) or feldspar fragments, whercas
vesicles are rare.

On the whole, glass fragments found in CRP-3 show
petrographical features similar to those found in CRP 2-
2/A, where lapilli and glass shards, with alkaline
compositions typical of M‘MVG rocks, were found
above 320 mbsf. However, size and abundance of glass
fragments at CRP-3 are significantly different from
those of the upper portion of CRP2/2A: these instead
maich the pattern found in the lower section of the same
site (below 320 mbsf), where glass shards are almost
absent and magmatic affinities are still undefined.
Nevertheless, since the compositional data, whichremain
the critical diseriminating factor to indirectly infer the
age of the volcanism, are not available for CRP-3 glass
shards, hypotheses on theirorigin could still be formulated
on the basis of textures, size, and abundance. The small
size of the glass shards and their scarcity indicate a distant
source, whatever their origin. If the shards are a distal air-
fall deposit, the alkaline volcanism, active in northern
Victoria Land since 48 Ma (Tonarini et al., 1997), can be
postulated as a possible source. Conversely, since shards
show low or no vesiculation and their outlines seem
mainly controlled by fracture surfaces rather than by
broken bubble walls, an origin by fragmentation processes
driven by a violent water/ice-magma interaction can
alternatively be inferred. In this case glass shards may
indicate volcanic activity coeval with deposition in which
external water is involved (subglacial eruptions?) or may
representerosion and reworking of older phreatomagmatic
deposits interlayered with the Kirkpatrick succession
(Elliot et al., 1986).

SEDIMENTARY CLASTS

We present here a preliminary petrographical
investigation on selected sedimentary-clast samples from
CRP-3. In terms of grain size, all specimens studied
belong to the pebble group. They can vary from rounded
to subangular. We recognised six principal lithological
categories: quartzarenite, feldspathic arenite, feldspathic
wacke, siltstone, claystone and coal clasts. The majority
of the clasts belong to the quartzo-feldispatic group. The
main petrographical features are summarized as follows:
1) Quartzarenites. These consist of moderately sorted

sandstone. Quartz grains vary from coarse tomedium

in size and from rounded to well rounded in shape.

Grains are compositionally represented mainly by

quartz, some of which have small inclusions; minor

components are fine-grained fragments of altered
plagioclase, potassium feldspar, and metamorphic-
rock fragments. The cementaround the detrital quartz
grains consists of awell developed phase of authigenic
quartz.overgrowth, with the grain surface often marked
by a thin layer of inclusions (probably iron oxides).
Locally, some interstitial clay/silt matrix is present,
mainly mica derived from plagioclase alteration.

2) Feldspathic arenites. These consist of very poorly
sorted sandstone. Grains vary in size from fine to
medium and from angular to subrounded in shape.
Theclay componentis dispersed throughoutthe matrix,
together with silt particles. Grains are dominantly
represented by quartz; othercomponents are potassiuim
feldspar and plagioclase (altered in carbonate and
micas). Lithic fragments of dolerite and basement
rocks are common. Both biotite and muscovite flakes
are present and show deformation and kink structures.
Intergrowths of chlorite and muscovite in the form of
roselte-shaped clusters of plate-like crystals (possibly
from the alteration of plagioclase) are present in some
specimens, either attached to detrital quartz grains or
as growths in the pore voids.

3) Felspathic wackes. These consist of very poorly
sorted sandstone. Grains vary in size from fine to
very fine and from angular to very angular in shape.
Grajns are dominantly represented by quartz; other
components are potassium feldspar and plagioclase
(often altered to carbonate and micas). Lithic
fragments of dolerite and basement rocks are also
present. The matrix is represented by abundant clay
components, which in cases can become dominant in
percentage. Silt particles are also common.

4) Siltstones. These are represented by dominant silt-
sized grains, mainly subangular to angular in shape
and within a clay matrix. Quartz and plagioclase
grains are also present, ranging in size from fine- to
very fine-grained. Plagioclase grains show a variable
degree of alteration to mica. Metamorphic rock
fragments may also be present.

5) Claystones. These are represented by an unresolvable
clay matrix. The sand- and silt-sized detrital
component is characterized by quartz grains (from
very fine tomedium size) and rare plagioclase grains,
many of which show a diffuse alteration to micas and
carbonate. In some, cases a thin isopachous carbonate
rim surrounds the quartz grains.

6) Coal fragments. These can vary in size from granules
to pebbles and, in shape, from subrounded to angular.
The majority of the specimens have adetrital origin, but
a few have a flakey appearance. At the macroscopic
level they appear to still be unlithified, suggesting an in-
situ coalification process at a shallow burial depth. The
detrital coal clasts commonly show an amorphous
microstructure; in some cases, microfractures and cracks
(possibly induced by dessication or compression) filled
by clay components are present. Detrital components
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Tab. 4.3 - Occurrence and estimated abundance of glass shards in CRP-3,

Depth Dim.
{mbsf}) 15U Grain size Abundiwaee Type ()
2,00 11 dinmictite \ brown 0,10
6.00 1.1 dizimictite AX brown 0.20
940 f1 diamictite N hrown .05
9.86 1.1 diamictite X hrown 0.06
16,10 [ diamictite XX brown 0.20
16,75 1.2 wuddy sandstone N brown 0.05
32,55 1.2 muddy sandstone N brown 0.05
33,14 1.2 muddy sandstone X brown 0.13
3940 12 muddy sandstone X brown 6,05
15545 4.1 fine sandstone \ brown 01s
155.55 4.1 fine sandstone N hrown 0,05
15591 BN fine sandstone [ brown
15593 4.1 fine sandstone X brown G403
157,79 5. sandy siltstone il
172,96 52 muddy sandy pebble conglomerate [ brown
177,17 53 medium sandstone r-? brown
179.39 5.3 saody siltstone and very fine and fine sandstone X brown 0.05
181.28 5.3 sandy siltstone and very fine and fine sandstone X brown 0.05
185,13 6.1 muddy fine grained sandstone X hrown, green 0,07
187.05 6.1 muddy fine grained sandstone i
187.07 6. muddy fine grained sandstone a
18921 6.1 sittstone Qa
189,21 6.1 siltstone A
190,17 6.1 muddy very fine sandstone XX colourless. brown 0.10
190.33 6.1 muddy very fine sandstone X brown 0.07
192.84 6.1 muddy very fine sandstone XX colourless, brown 040
19397 6.1 muddy very fine sandstone -7 brown
195,84 6.1 muddy very fine sandstone X colourless 0.0
196.04 6.1 muddy very fine sandstone i
200,71 6.1 muddy very fine sandstone a
201,13 6.1 muddy very fine sandstone @
201.97 6.1 muddy very fine sandstone a
230,00 7.2 fine sandstone X brown 0,05
4,67 7.2 medium sandstone X brown 0.05
239,19 72 medium sandstone X brown 0,05
242,30 7.2 siltstone X brown 0.05
289.99 74 pehble boulder conglomerate X brown 0.05
310,50 8.1 muddy fine sandstone X brown 0.05
3100 8.1 muddy fine sandstone X brown 003
320,60 8,1 sandy siltstone r? brown, colourless
321.50 8.1 sandy siftstone XX hrown. colourfess 0.05
333.22 9.1 sandstone fine X brown 0.05
364.10 9.1 medium to fine sandstone a
373.84 9.1 medium to fine sandstone XX brown, colourless 0.30
384.70 9.1 medium to fine sandstone X brown 010
385,30 9.1 medium to fine sandstone a brown
391.00 9.1 medium to fine sandstone v-? brown
398.50 9.1 medium to fine sandstone a
401,84 9.1 medium fo fine sandstone -7 colouriess
405.80 9.1 medium to fine sandstone eolourless, green
40623 10,1 sandy siltstone X colourless. brown 0.05
4(08.65 1.1 sandy siltstone X colourless, brown 05
413,07 0.1 silistone XX brown, green 0.10
419,90 [ medium to fine sandstone n
42321 t1.1 medium to fine sandstone n
423.26 F1.1 medium to fine sandstone ereen
428.80 FE1 o coarse to fine sandstone brown, colourless
436.06 LD coarse to fine sandstone X brown 0,10
43990 HET medium sandstone brown. green
440,26 P11 medium sandstone X brown 0.10
443,03 11 pebble to cobble conglomerate X brown. lgrth. green 0.05
47577 (2.3 fine sandstone a
480.51 123 muddy sandstone fine to coarse a
480,67 123 muddy sandstone fine 1o coarse X brown 005
480,72 123 muddy sandstone fine to coarse a
481,13 123 muddy sandstone fine to coarse -7 brown
481.70 12,3 fine 1o coarse sandstone a
483,78 12,3 fine to coarse sandstone a
486,03 [2.3  fine to coarse sandstone X brown 0.10
489.75 12,3 fine to coarse sandstone a

a: absent. r-

Girain size as reported in core Jog

7 very yave of dubtous. X <5 per smear slide, xx:>3 per smear slide
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Tab. 4.3 - Continued
Depth Dinm.
{mbsf} ESUE Grain size Abundance type (i
490.50 (23 fine lo conme saadstone i ‘
300,80 12,3 samdstone v brown
50100 123 sandstone [ colourless, vesicultar
SHLTO {23 fine towedium sandstone a
518.20 123 fine 1o medium sandstone a
522.99 12,3 muddy sasdstone very fine A hrown, colurless 0.05
527.09 12,3 very fine sandstone [ hrown
539.70 12,4 pebbly medium grained sundstone - brown
543,00 124 fine sandstone NN brown 0. 10
543.01 124 line sancdstone a
544.05 124 fine sandstone 4
54471 124 [ine sandstone Qa
346,98 124 fine sandstone Bl
550.95 124 fine sandstone \ light brown 0.03
354,60 124 fine sandstone a
560,22 12,5 sandstone a
560.60 12,5 sandstone il browa, vesicular
561,60 125 sandstone a
569.42 12,5 sandstone a
381.82 12.6  sandstone N brown 0,05
581,98 12,6 swndstone X brown 0.03
383,75 12,6 sandstone a
590.00 [2.6 sandstone a
596.74 12,6 sandstone X brown 0.04
601,323 12,60 sandstone X brown (.05
606.10 12,7 sandstone a
609,52 12,7 sandstone a
612.40 130 sandstone -7 brown
617.60 31 sandstone a
619.93 31 sandstone brown
62043 13,0 sandstone -7 dark brown
625,144 13,1 sandstone [ dark brown
629.24 131 sandstone a
63181 13,1 sandstone a
: 634.72 13,1 sandstone -7 brown
! 638.23 131 sandstone a
G38.30 13,1 sandstone a
042,08 13,0 sandstone a
y 644.03 131 sandstone -7 colourfess
| 647.77 121 sandstone a
654,80 13 sandstone X Jlight-brown 0.03
65530 131 sandstone r-? brown
658.47 J2,1  sandstone a
658.90 13,1 sandstone -7 brown. palagonitic
666,03 13,1 sandstone X brown 0,05
666.50 J3.1 sandstone X brown. green 0.05
677.67 13,1 sandstone a
683,86 130 sandstone a
G91.11 [3.1  sandstone X brown. colourless 0.05
692,73 13,1 sandstone a
696,38 [3.f  sundstone X light brown 0.05
70112 [3.1 sandstone @
702.48 13,1 sandstone a
70483 13,4 sundstone -7 brown
706,98 {31 sandstone X brown 0.05
710.65 13,1 sandstone X brown. green 0.03
715.03 13,1 sandstone a
71741 t3.1 sandstone r-7 brown. figth brown
720.97 {3, sandstone a
72546 13,1 sandstone a
73128 13.1  sandstone a
733.67 £3.1  sandstone a
733,32 13,1 sandstone XX brown, palagonitic 0.10
735,601 13,1 sandstone XX brown 0.05
03 13,1 sandstone a4
; 13,1 sandstone r-? brown
13,1 sandstone a
131 sandstone r-? brown
13,1 sandstone X colourless. vesicular 0.05
13.]  sandstone X brown 0. 10
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are scattered through the compacted organic matter.

At the time of this writing and on the basis of the
lithological characterization of the sedimentary clasts from
CRP-3, we can conclude that quartzarenite, siltstone and
coal clasts are likely derived from various formations of
the Beacon Supergroup that crop out in the Transantarctic
Montains, where all these described lithologies are well
represented. The feldspathic arenites and wackes are
presumed, on account of the dolerite fragments that they
contain to have been eroded from older Cenozoic strata
on the maring of the Victoria Land Basin.

(mainly quartz) in the silt and very fine sand-size range

X-RAY MINERALOGY
SEDIMENT BULK MINERALOGY

In orderto generally characterize the bulk mineralogy
of the sediments overlying “basement” in CRP-3, we
analyzed 30 “fast-track” samples using a Rigaku
Miniflex+ x-ray diffraction (XRD) systen at the Crary
Science and Engineering Center (CSEC). Two samples
from the intrusion within “basement” also were analyzed,
but those results are discussed separately below. The
materials were analyzed, and the diffraction patterns
were processed with JADE 3+ software, using procedures
described in the CRP-1 Initial Report (Cape Roberts
Science Team, 1998, p. 84-85).

Sample locations and the minerals identified in each
sample are listed in table 4.4. Quartz is the dominant
phase in each sediment sample, with feldspars
(plagioclases and lesser amounts of K-feldspars) present
in most samples. Illite is present in most samples above
c. 143 mbst, and a variety of clay minerals (including
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Fig. 4.6 - Swratigraphical profile of feldspar/quartz XRD peak intensity
ratios for bulk sediments from CRP-3. Eachratio plotted is the average
of three separate peak intensity ratios. The feldspar considered in these
ratios is predominantly plagioclase.

mixed-layer clays and smectite) is present below
¢. 620 mbsf. Other minerals show low-intensity peaks
on the XRD patterns, suggesting low abundances, and
occur in only one or a few samples; these include au gite,
which is a detrital phase, pyrite, which is a diagenctic
product, and analcinmie, which is identified with less
confidence and may be a product of in sifu alteration.

The data generated by these analyses cannot be used
quantitatively to determine the abundances of the various
minerals present. However, comparing the intensities of
two XRD peaks (one chosen foreach mineral of interest)
can provide a useful qualitative indicator of variations in
the relative abundances of those two phases through a
stratigraphical section. The same peak area ratios have
been calculated for CRP-3 samples as were used (o
determine total feldspar/quartz and K-feldspar/quartz.
ratios for the CRP-1 and CRP-2/2A Initial Reports
(Cape Roberts Science Team, 1998, p. 84-83). The
resulting stratigraphical profiles of feldspar/quartz and
K-feldspar/quartz peak-intensity ratios are shown in
figures 4.6 and 4.7, respectively.

The feldspar/quartz ratio profile (Fig. 4.6) shows
relatively high values in the upper portion of the section
(above c. 140 mbsf), generally low but variable values
from c. 140 to c. 600 mbsf (with a single-point peak at c.
400 mbsf), and an increase to more consistent values
below 600 mbsf. The K-feldspar/quartz ratio profile
(Fig. 4.7) has a very different structure, with low values
through most of CRP-3, and higher values only present
atc. 257-408 mbsf and below ¢. 750 mbsf. One potential
reason for these compositional variations is changes in
sediment grain size, since feldspar/quartz ratios tend to
decrease as grain size decreases (Blatt, 1992). Such a
grain-size control does not appear to have been a major
influence on these curves, however, because most “fast-
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Fig. 4.7 - Stratigraphical profile of K-feldspar/quartz XRD peak
intensity ratios for bulk samples from
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Tab. 4.4 - Minerals identitied by x-ray diffraction analysis in bulk samples from CRP-3.

Depth (mbsf) Minerals Present

Quartz, plagioclase (albite and anorthite), K-feldspar (orthoclase, sanidine, microcline), illite, augite

Quartz, plagioclase (albite and anorthite), K-feldspar (orthoclase and sanidine), chlorite to chlorite/illite

Quartz, plagioclase (albite and anorthite), K-feldspar, mixed-layer clays (chlorite/illite or smectite/illite)
Quartz, plagioclase (albite and anorthite), mixed-layer clays (chlorite/illite or smectite/illite), 7K-

Quartz, plagioclase (albite and anorthite), K-feldspar (sanidine), smectite, illite/smectite mixed-layer

22.25 Quartz, plagioclase (albite and anorthite)
44.18 Quartz, plagioclase (albite and anorthite), K-{eldspar (?sanidine)
63.00
82.35 Quartz, plagioclase (albite and anorthite), K-feldspar (orthoclase), illite
106.40 Quartz, plagioclase (albite and anorthite), K-feldspar (orthoclase and sanidine), illite
123.65 Quartz, plagioclase (albite and anorthite), K-feldspar (orthoclase, sanidine, and microcline), illite
141.23 Quartz, plagioclase (anorthite), illite, minor pyritc, ?minor calcite
142.40 Quartz, plagioclase (albite)
162.14 Quartz, plagioclase (albite and anorthitc)
190.79 Quartz
210.00 Quartz, plagioclase (anorthite), ?anorthoclase, ?mixed-layer chlorite/illite, analcime-C
232.47 Quartz, plagioclase (albite), K-feldspar (orthoclase and sanidine), illite
257.10 Quartz, plagioclase (albite), anorthoclase
278.53 Quartz, minor calcite
311.16 Quartz, ?plagioclase, mixed-layer clays (?chlorite/illite)
332.04 Quartz, anorthoclase, 7mixed-layer clays
359.29 Quartz, plagioclase (albite), Ymixed-layer clays
408.61
mixed layer clays
457.40 Quartz, ?plagioclase
500.26 Quartz
56443 Quartz, plagioclase (albite and anorthite)
584.47 Quartz
621.75 Quartz, mixed-layer clays (chlorite/illite or smectite/illite)
640.72 Quartz, mixed-layer clays (chlorite/illite or smectite/illite), minor plagioclase
656.54 Quartz, plagioclase (albite and anorthite), mixed-layer clays (chlorite/illite or smectite/illite)
697.40
731.38 Quartz, plagioclase, mixed-layer clays (chlorite/illite or smectite/illite)
751.43
feldspar
781.42
clays
798.03

Quartz, plagioclase (albite and anorthite), illite, smectite, ?illite/smectite mixed-layer clays

track” samples were taken from zones with a significant
sandstone component. As a result, the grain size of the
bulk sediment analyzed does not appear to vary
significantly between samples, thereby minimizing the
possibility that the patterns observed in figures 4.6 and
4.7 are primarily aresult of grain-size changes downcore.

A second possible explanation for the patterns seen
infigures 4.6 and 4.7 is achange in sediment provenance
during the period of deposition. The possible role of
changes in sediment source can be evaluated by
comparing the variations in bulk mineralogy, sand-
fraction composition (see Sand Mineralogy section) and
coarse-clast composition (see Basement Clasts section)
downcore. This comparison indicates relatively
consistent patterns of variation in all three compositional
parameters, which aids in interpreting the bulk
mineralogical data. Above c¢. 200 mbsf, the feldspar/

quartz ratio of the bulk sediment is relatively high, the
feldspar/quartz ratio in the sand fraction is relatively
high, and the clast population contains significant
abundances of Ferrar Dolerite detritus relative to Granite
Harbor Intrusives and sedimentary clasts. All of these
lines of evidence suggest that Ferrar Dolerite exposures
were a significant sediment source during deposition of
the upper 200 m of CRP-3, and contributed feldspar-rich
detritus that raised the feldspar/quartz ratio of the bulk
sediment. The abundance of rounded quartz grains in the
sand fraction has been interpreted to indicate that the
lower Beacon Supergroup (the Taylor Group) was also
a significant sediment source; the combination of
abundant recycled quartz and little K-feldspar from the
Ferrar Dolerite, therefore, produced the low K-feldspar/
quartzratios found in the bulk sediment above 200 mbsf.

From ¢. 200 to ¢. 600 mbsf, the feldspar/quartz ratio
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Tab. 4.5 -Minerals identified by x-ray diffraction analysis of clay-sized fractions of samples from CRP-3.

Depth (mbsf) Minerals Present

44.18
190.79
257.10

Chlorite, illite, quartz

408.65
697.40
781.42
798.03

Chlorite, illite, ?illite/smectite mixcd-layer clays, 2minor kaolinite, quartz, plagioclase, calcile

Chlorite, ?llite, mixed-layer clays (?chlorite/illite and ?illite/smectite), quartz, plagioclase
?Chlorite, illite, illite/smectite mixed-layer clays, ?kaolinite, quartz, plagioclase

Smectite, smectite/chlorite mixed-layer clays, illite, quartz, ?calcite, ?chlorite

Smectite, mixed-layer clays (smectite/chlorite and smectite/illite), ?chlorite, ?illite, quartz

Smectite, illite/smectite mixed-layer clays, quartz, plagioclase, ?chlorite

of the bulk sediment is relatively low but variable (with
asingle~-point maximum at ¢. 410 mbst), the K-feldspar/
quartz ratio of the bulk sediment is low (except for a
single-point maximum at c. 410 mbsf), feldspar and
volcanic lithic-fragment abundances are relatively low
and quartz abundances are relatively high in the sand-
grain counts, whereas clast populations are variable.
However, clasts of Granite Harbor Intrusives and
sedimentary lithologies generally are more abundant
than clasts of Ferrar Dolerite. These compositions suggest
that the Ferrar Dolerite was a relatively less important
sediment source during deposition of this interval than it
was during deposition of the upper 200 m of CRP-3.
Although the bulk mineralogy, sand-grain compositions,
and clast abundances have not been compared in detail,
it is interesting to note that the maxima in bulk feldspar/
quartz and K-feldspar/quartz at ¢. 410 mbsf correspond
to an increase in the feldspar/quartz ratio of the sand
fraction, and to a brief increase in the abundances of
Granite Harbor Intrusive and Ferrar Dolerite clasts
relative to sedimentary clasts (which are predominantly
quartz sandstones). Thus, these three compositional data
sets provide a consistent picture of a relatively short-
term change in sediment provenance that spans the
complete spectrum of grain size; the causes of this short-
term change, however, are unknown at this time.
Below ¢. 600 mbsf, the feldspar/quartz ratio of the
bulk sedimentincreases to consistently intermediate values,
the abundances of feldspar and volcanic-lithic fragments
increase while the abundance of quartz decreases in the
sand fraction, and clast compositions are variable. The K-
feldspar/quartz ratio also increases, but only below ¢. 750
mbsf. We interpret the changes in sand-fraction
composition as recording a shift in sediment source, from
the quartzose Taylor Group to the more feldspathic Victoria
Group of the Beacon Supergroup. Changes in the bulk
mineralogy are consistent with this proposed shift.

CLAY MINERALOGY

The clay-sized fractions separated from seven CRP-
3 “fast-track” samples were analyzed by x-ray

diffractometry at CSEC, with the goal of determining
the clay-mineral assemblages present through the
stratigraphical section. After sieving at 63 mm, the clay-
sized fraction was separated by settling, with settling
times calculated from Stokes’ Law. The decanted clay-
sized fraction was then concentrated by incomplete
evaporation, an aliquot of the clay/water suspension
(< 5 ml) was placed on an aluminum disk, and the water
was evaporated, producing a texturally oriented mount.
Each sample was placed in an ethylene glycol-saturated
atmosphere for 12 hours prior to analysis. Samples were
scanned over the range 2-35° 20 in steps of 0.01° 20, with
a scan time of 2 sec/step. The x-ray diffractograms were
processedusing JADE 3+ software, and also by comparison
with standard references (Chen, 1977).

The minerals identified in each clay-sized sample
are listed in table 4.5; no attempt is made here to
determine either relative or absolute abundances of the
various phases present. Chlorites, illites, quartz,
plagioclase and a variety of mixed-layer clays occur
consistently in the assemblages above c. ‘410 mbsf,
whereas smectites, smectite-bearing mixed-layer clays,
and quartz occur consistently in the assemblages below
650 mbsf. Chlorites and illites are typical detrital clay
minerals, generally produced by physical weathering
with little or no chemical alteration (Chamley, 1989).
As a result, these clay minerals generally dominate
modern high-latitude sediments, where the clays have
experienced little chemical weathering (Griffin et al.,
1968). Both minerals could be provided by erosion of
Beacon Supergroup and basement rocks exposed in the
Transantarctic Mountains. In contrast, smectites
generally are produced by chemical weathering, and
form by hydrolysis in environments with slow movement
of soil-water (Chamley, 1989). As a result, smectites
generally are not abundant in modern high-latitude
sediments and soils (Griffin et al., 1968; Chamley,
1089), exceptin areas where volcanic rocks are important
sediment sources. In such areas, the volcanic rocks can
yield considerable smectite, even under polar conditions
(Ehrmann et al., 1992; Ehrmann, 1998b).
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The clay-mineral assemblage present above
c. 410 mbsf suggests a predominance of physical
weathering in the sediment-source regions, consistent
with the evidence for glacially influenced deposition in
the upper part of CRP-3. The shift to smectite-bearing
assemblages below ¢. 650 mbsf may be explained in one
of three ways: 1) that weathering conditions in the
sediment source arcas were wetter (and perhaps
somewhat warmer) during deposition of the interval
below ¢. 650 mbst, 2) that the older sediment sources
included volcanic rocks that were not present during
deposition of the younger part of CRP-3, or 3) that
diagenetic processes preferentially produced smectite in
the deeper part of CRP-3. As discussed previously, the
bulk-sediment mineralogy and the sand-fraction
composition both suggest that Victoria Group rocks
supplied detritus to the older section at CRP-3, based on
increased abundances of feldspar and felsic-volcanic
grains. Although cold-climate weathering of such grains
might produce some smectite, it is also possible (and
perhaps more likely) that the appearance of smectites
records a shift to climates more favourable for chemical
weathering. If the change in clay mineral assemblages
doesrecord aclimatic shift, then this change may correlate
with a similar compositional change that has been
recognized in Southern Ocean cores and CIROS-1
(Ehrmann & Mackensen, 1992; Ehrmann et al., 1992;
Ehrmann, 1997; Ehrmann, 1998a), and that lies just
above the Eocene/Oligocene boundary (dated at
33.7 Ma on the timescale of Berggren et al., 1995). The
palaeoclimatical and chronostratigraphical significance
of this compositional change will be examined more
closely in future studies. Finally, the appearance of these
smectite-rich clays during microscope examination is
reminiscent of the appearance of diagenetic clays found
in other settings (see Calcareous Nannofossil section).
This possible mechanism of formation will be evaluated
by future studies of the clays using scanning electron
microscopy.

BULK MINERALOGY OF THE INTRUSION AT 901.48-
919.95 MBSF

Two samples from the intrusion within the
“basement” at CRP-3 were analyzed for bulk mineralogy
by XRD, using the same techniques as those employed
to determine bulk-sediment composition. The samples
analyzed are from 903.34 and 915.42 mbsf. The upper
sample, taken from the altered and brecciated edge of the
intrusion, contains quartz, feldspar (?especially K-
feldspar), illite, chlorite, mixed-layer clays (probably
smectite/illite and illite/chlorite forms), siderite, and
Mg-calcite. The lower sample, taken within the body of
the intrusion, contains quartz, magnesite, smectite,
mixed-layer clays (probably smectite/illite forms),
7kaolinite, 7Mg-calcite, and ?serpentine group minerals.

SAND GRAINS

The modal composition of the sand fraction in CRP-
3 samples was examined to determine the range of sand-
sized mineral and lithic grains present, to estimate their
relative proportions, and to provide initial information
on provenance and temporal variations. Previous studies
in the arca described sand grains and provenance of
samples from the MSSTS-1 and CIROS-1 drill holes,
both situated ¢. 80 km to the south, and in CRP-1 and
CRP-272A, situated <1.5 km east of CRP-3 (Barrett et
al., 1986; George, 1989; Smellie, 1998, in press). Like
those authors, we report a varied provenance that
resembles the local geology of the Transantarctic
Mountains (TAM) in southern Victoria Land, including
granitoid and metamorphic rocks of an Upper
Precambrian-lower Palacozoic ‘basement’, quartzose
sedimentary rocks of the Devonian—Triassic Beacon
Supergroup, and sills, dykes and lavas of the Jurassic
Ferrar Supergroup (dolerite and basalt). A major
difference with the previous studies, however, is a
complete absence in CRP-3 of grains derived from
alkaline volcanic rocks of the Cenozoic McMurdo
Volcanic Group.

METHODS

For CRP-3, we selected ¢. 110 sandstone samples,
which were impregnated with epoxy resin prior to making
uncovered, unstained thin sections. Sampling intervals
generally varied from ¢. 5-10 m, but only a few samples
were suitable for counting at depths above 180 mbsf
owing to substantial muddy matrices in those sandstones.
We selected 71 samples for modal analysis for this
report. One hundred grains were counted in each sample,
exclusive of matrix (<30 Lim), using the Gazzi-Dickinson
point counting method. The modal data are summarised
in table 4.6. Because of the low count total and lack of
staining, the point counting results reported here should
be regarded as qualitative. In particular, it was not
practical to discriminate between plagioclase and alkali
feldspar during counting and only total feldspar was
recorded. However, because of the greater certainty of
grain identifications compared to working with smear
slides (¢f. Cape Roberts Science Team, 1998, 1999), the
CRP-3 modes are probably more reliable estimates of
the sandstone modal compositions than those reported in
previous Initial Reports of the project.

RESULTS

The CRP-3 sandstone samples range in grain size
from very fine to medium/coarse but they are
predominantly fine- to very fine-grained (c. 70% of
samples). However, the proportion of these finer samples
is lower than in previous CRP drill holes (e.g. 85% of
counted samples in CRP-2/2A were fine- or very fine-
grained; Cape Roberts Science Team, 1999). Thereis no
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Tab. 4.6 - Qualitative detrital modes of sandstones in CRP-3, based on counts of 100 sand grains
per sample and using unstained thin sections.

mbsf Qr Qa Qlot Flot P v Ls L Qp Other
2432 6 67 73 8 17 0 0 0 0 2
67,06 9 54 63 21 12 2 1 0 0 ]
89.5 5 60 65 21 11 1 I 0 0 |
177,22 9 69 78 16 I 3 0 0 0 2
183,69 5 83 88 7 2 3 0 0 0 0
202,59 9 80 89 7 0 2 0 0 1 1
201,71 0 84 84 6 1 4 0 0 0 5
226,42 25 44 69 23 6 1 0 0 0 1
2355 10 65 75 5 7 2 0 0 0 1
249,67 26 56 82 9 4 5 0 0 0 0
256,66 17 70 87 7 1 2 0 0 0 3
259,28 Lt 75 86 8 3 2 0 0 0 1
270,97 25 63 88 5 0 7 0 0 0 0
279,68 4 74 78 12 6 2 0 0 0 2
286,17 3 68 71 22 2 2 0 0 0 3
289,22 17 66 83 8 3 2 0 9 1 H
315,77 5 66 8t 16 i 2 0 0 0 0
326,67 10 80 90 6 0 2 0 0 0 2
335,96 13 69 82 9 5 2 0 0 0 2
345,76 34 57 91 6 2 1 0 0 0 0
3487 28 65 93 2 0 I 4 0 0 0
351,88 13 52 65 15 4 0 0 0 2
358,95 9 6l 70 12 9 4 2 0 0 3
369,64 9 68 77 13 4 4 0 0 0 2
375.32 30 61 91 4 3 2 0 0 0 9
383,76 21 63 84 6 1 9 0 0 0 0
387,46 9 78 87 5 2 3 0 0 0 3
390,78 9 62 71 15 7 7 0 0 0 0
396.58 30 52 82 8 5 N 0 0 0 0
405,75 6 65 71 17 3 N 0 0 0 4
413.09 16 56 72 18 8 2 0 0 0 0
415,94 g 69 77 11 0 4 0 0 0 3
422.81 23 68 91 5 1 3 0 0 0 0
426,77 7 76 83 10 1 6 0 0 0 0
437.12 6 78 84 12 3 1 0 0 0 0
445,23 23 64 87 7 t 4 0 0 1 0
449,73 17 77 94 3 0 2 0 0 I 0
455.81 8 80 88 5 2 4 0 0 0 1
460.13 2 75 77 13 7 3 0 0 0 0
473,61 I3 71 84 9 5 2 0 0 0 0
475,34 6 73 79 9 4 7 0 0 I 0
480,68 18 60 78 9 10 2 0 0 0 1
481,22 23 67 90 6 1 3 0 0 0 0
486,03 34 61 95 2 0 2 0 0 1 0
495,15 25 73 98 1 0 1 0 0 0 0
500,21 45 55 100 0 0 0 0 0 0 0
509,36 19 67 86 7 0 6 0 0 0 i
513,17 22 69 91 6 0 1 0 0 0 2
525,36 36 61 97 0 1 2 0 0 0 0
533,26 19 73 92 1 5 2 0 0 0 0
543,87 9 70 79 9 5 7 0 0 0 0
550,03 3 79 82 7 7 3 0 1 0 0
571.8 14 83 97 1 0 2 0 0 0 0
615,37 6 73 79 7 4 10 0 0 0 0
626,18 11 71 82 10 4 4 0 0 0 0
630.38 11 70 81 15 1 3 0 0 0 0
643.11 4 66 70 10 7 13 0 0 0 Q
653,86 4 57 61 25 6 7 0 0 0 1
664,03 2 75 7 12 1 3 1 0 0 6
673.28 3 76 79 11 5 5 0 0 0 0
681.02 2 61 63 16 8 12 0 0 0 1
686.52 6 79 85 8 3 4 0 0 0 0
696,77 1 71 72 19 1 8 0 0 0 0
715,48 2 67 69 8 12 1t 0 0 0 0
724,08 1 57 58 20 9 i3 0 0 0 0
730.87 4 71 75 14 3 6 0 0 0 2
735,39 2 65 67 21 1 10 0 0 0 1
737,35 1 67 68 14 6 11 0 0 0 1
750,02 0 72 72 17 4 5 0 0 0 2
770,26 0 67 67 17 8 7 0 1 0 0
787.66 2 78 80 7 5 6 0 0 0 2

Abbreviations: mbsf - metres below sea floor; Qr - rounded quartz; Qa - angular quartz; Qtot - total quartz:
Ftot - plagioclase and alkali feldspar;
P - pyroxene: Lv - volcanic lithic grains; Ls - sedimentary lithic grains; Lm - metamorphic tectonite grains;
Qp - polycrystalline quartz; other - accessory minerals (see text).
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obvious systematic down-core variation in grain size,
but samples coarser than fine sandstone are almost
absent below 550 mbsf (only one sample). By comparison
with previous studies (Smellie, 1998, in press), the most
important effect of grain-size variations on the modal
data set is likely to be increased data scalter, but the
effect is unlikely to mask major provenance-related
variations.

Mineral types encountered in CRP-3 are essentially
identical to those described in previous CRP reports (see
Cape Roberts Science Team, 1998, 1999). However, no
alkaline pyroxenes or amphiboles, volcanic glass or
{resh alkaline-volcanic lithic grains were encountered in
CRP-3. The modal data are dominated by quartz (Q) and
feldspar (F), which together usually comprise 86-97%
of the mode (mean value ¢. 92%; Fig 4.8). Quartz occurs
as rounded- to well-rounded (Qr) and angular- to sub-
rounded grains (Qa), but the latter (Qa) are dominant and
normally form >60% of the quartz-grain population
(Fig. 4.8). Pyroxene (P) grains are also an important
detrital component. The pyroxene is fresh and abundant
in samples obtained above 180 mbsf, but it is invariably
partially replaced by smectite (or rare carbonate) in
lower samples. In the deepest samples, it is sometimes
hard to distinguish smectite-altered pyroxene from
abundantphyllosilicate cement, butfresh pyroxene relicts
are usually present.

A variety of lithic grains is also present, forming up
to 13% by volume. They include: dolerite; fine basalt;
felsic lava; fine quartz-muscovite and ribbon-quartz
tectonites; granitoids; polycrystalline quartz (Qp);
graphic-textured grains; and a few grains of mudrock or
rare muddy, very-fine sandstone (L.s). Several basalt
types were distinguished, with variably lathy feldspar
(corresponding to Group II volcanic clasts?; see section
on Volcanic Clasts) or curved acicular to feathery feldspar
or pyroxene crystallites (Group IIT volcanic clasts?;
section on Volcanic Clasts),rod-shaped orrarely dendritic
opaque oxide, and/or snowflake-textured devitrified
groundmasses. The felsic lavas are formed of fine
feldspathic or quartzo-feldspathic crystalline mosaics
(chert-like) with scarce feldspar microphenocrysts.
Granitoids are represented by grains of coarse
polycrystalline quartz, and muscovite—quartz and quartz—
alkali feldspar crystalline aggregates. Graphic-textured
grains (i.e. composed of geometrically intergrown quartz
and feldspar) are ubiquitous and may have had a source
either in tholeiitic dolerite or granitoids. Fresh brown
and very rare green and colourless glass grains were
observed in smear slides, but were not encountered in
any of the thin sections examined in the modal study (see
section on Volcanic Clasts). All of the lithic-sedimentary
(Ls) grains are conspicuously muscovite-bearing. A few
may be syn-sedimentary, but Ls grains are generally
very rare.

Allother grain types are presentin trace amounts (i.e.
<<1% of the total mode). They include unaltered pale-
green and pale-brown amphibole (hornblende), brown

biotite, muscovite, opaque grains (typically well rounded
and probably mainly coal), zircon, sphene and garnet.
Other, much less common accessories include bioclastic
carbonalte and silica, and epidote.

Most of the samples are cemented by a combination
of phyllosilicate (rimming grains and as a pore filling)
and/orcarbonate, orelse have a phyllosilicate-rich muddy
matrix.

MODAL VARIATIONS

Quartz contents commence relatively low (60-75%)
in samples below 180 mbsf butrise in samples below thal
depth (Fig. 4.8). A few samples are composed almost
entirely of quartz, and most of the CRP-3 sandstones are
more quartz-rich than any of the samples obtained in
CRP-1 and CRP-2/2A. The proportion of quartz rises to
a peak around 550 mbsf, and falls to lower values in the
samples below that depth. Rounded-well rounded quartz
grains are a conspicuous and characteristic feature of
samples above 550 mbsf, but they rapidly diminish and
become scarce below that depth. Feldspar contents vary
antithetically to quartz, as also found in both CRP-1 and
CRP-2/2A, but Q/F ratios show a slight gradual increase
to 550 mbsf, falling at a steeper gradient thereafter.

Modal data for pyroxene are very variable, probably
as a result of the low total counts for 100 grains (Cape
Roberts Science Team, 1999). They generally form 2-
10% of the mode, but pyroxene may be absentin a few
samples. Conversely, pyroxene is more common (1 1-
17%), and strikingly fresh, in samples above 180 mbsf,
in part of the core dominated by dolerite clasts (see
section on Distribution of Clasts). Other mineral grains
(hornblende, opaque oxide, zircon, sphene, garnet) occur
as 1-4 grains each per thin section. However, whereas
opaque grains and zircon occur throughout the sequence,
sphene and garnet are virtually absentbelow ¢. 475 mbsf
(Tab. 4.7). Biotite occurs as free grains above 375 mbsf,
Below that depth it is found only within quartz crystals.

No modal counts were made for the individual lithic-
grain types, but petrographical observations indicate that
dolerite and basaltic grains are ubiquitous (Tab. 4.8).
They are particularly common above 180 mbsf, and
there is a second zone with conspicuous dolerite grains
between 480 and 530 mbsf. Granitoids and metamorphic
tectonites are sparsely present down to 390 and 486
mbsf, respectively, and essentially vanish below. Finally,
fine-grained felsic lavas also occur throughout the section.
They are sparse above 280 mbsf but show a notable
steady increase below c¢. 550 mbsf; they may be
responsible for the observed increase in counts for total
lithic grains to the base of the CRP-3 sequence.

PROVENANCE
All the grain types observed in CRP-3 have been

described previously from cores recovered at other sites
in the McMurdo Sound region, and they indicate a



126 Initial Report on CRP-3

reriele S
{mbsf)

Qr/Qa Quartz (total)  Volcanic lithic grains
- Oi4 O.l8 40 6IO 8IO 1010 0 114
¢ »
¢
“ .
g ¢ ¢ ‘
o o® oo
5 ., o,
“ % (3
*%° |8
‘
e *e s ‘
‘N [ %6
”0 .0
T ad
L 4
;3!:)\ & ‘:"} } .
s o 1% .
k] L IR 2
g ‘ “
g *® ‘ . * ¢
d * 0 R SRS
> ;’Q, * VS R
i L 4 ’: " " &
L 4 g
R . <

Devo-
nian Dima

Fig. 4.8 - Summary diagram showing selected qualitative detrital modes for sand-grade samples from CRP-3, illustrating variations of
compositional features with depth in the sequence. Note the several changes, present in all three modal parameters, which occur at ¢. 550 mbsf.

Abbreviation: Qr/Qa - ratio of rounded to angular quartz grains.

similar, presumably local (TAM), provenance affecting
all sediments. There is no evidence for a more distant
source. However, whereas CRP-1 sandstones (mainly
Miocene) were derived from a mixture of granitoid and
volumetrically minor metamorphic ‘basement’ rocks
(Beacon Supergroup sediments and Ferrar Supergroup
dolerite), an important petrological transition was
recorded in CRP-2/2A at 307 mbsf (upper Oligocene).
That transition was interpreted by some to record an
importantdownward change from granitoid- and Ferrar-
dominated sediments above to mainly Beacon- and
Ferrar-dominated sediments below, although both ‘types’
alternated in the lower half of the CRP-2/2A sequence

probably due to climatic influences (Smellie, in press;
see also section on Tectonic History). The sandstones in
CRP-3 apparently extend the trends observed in CRP-2/
2A, with a clear continuing influence from Ferrar
Supergroup detritus (dolerites and Kirkpatrick basalts).
Ferrar-derived detritus is particularly important in the
upper 180 mbsf. In addition, the high Qr/Qa ratios of
most samples could indicate a provenance derived at
least partly in the lower Beacon Supergroup (Taylor
Group), in which rounded quartz grains are abundant (cf.
Smellie, 1998, in press). By contrast, Qr/Qa ratios
diminish progressively in samples below 550 mbsf.
There are also significant changes in other modal values
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Tub. 4.7 - Schematic summary showing the down-hole distribution of accessory minerals in CRP-3 sandstones.
mbst hornblende  biotite _muscovite_opaques — zircon  sphene  earnet other
2432 X x? X
67,06 X X X
89.5 X X X X X X epidote?, bioclastic carb
177.22 X X X epidole
183.69 X N X
202.59 X X X X X X
207,71 X X X X N detrital carbonate?
22642 x? X (ingtz) X
235.5 N X X
249.67
256.66 N X X X X N X biaclastic carbonate
259.28
270.97
279.68 X7 X X epidote
286.17 X ? X X ? clinozoisite?
289.22 X X X X X
315.77 x7 X X N biockastic carbonate
326.67 X X X X X
335.96 X X ) X X X X
34576 ? x (in gfz) X X
348.7 X X X X
351.88 X
358.95 X x? X X X epidote
369.64 X X epidote
375.32 X (in qtz) X X X
383.76 X
387.46 X X X X X
390.78 X N
396.58 X
405.75 X X7 X X X X epidote
413.09 X
41594 X X X X x? X
422.81 X x? X X
426.77 X X (in qlz) X X
437,12 X X X X X
445.23 X X (in gtz) X
44973 X X X x? X
45581 X X X X X
460.13 X x (o qtz) X X N X
473,61 X X X .
475.34 N X (in qtz) X X X X X - epidote?
480.08 ? X
481.22 X X {in qtz)
486.03 X X (in gtz)
495,15 x{inqz) x(ingtz) x(inqz) X
500.21 % {in quz) X
509.36 X X
513,17 X X
525.36
533.26 X x {in qtz) x(inqtz) X x {in qtz)
543.87 X X X
550.03 X x (in qtz) X X
571.8 X X X
615.37 X X X epidote
626.18 X X (in giz) X X X
630,38 X X (in qtz) X
643.11 X X (in qiz) X K
655.86 x? X X X
681.02 X (inqtz) x (infsp) X X x?
730.87 X X xX? epidote?
737.35 X X X X X
750.02 X X X X X

Abbreviations: mbsf - metres below sea floor: gtz -quartz; fsp - feldspar



128 Initial Report on CRP-3

Tab. 4.8 - Schematic summary showing the down-hole distribution of lithic sand grains in CRP-3 sandstones.

mbs{ Lm felsic Lv Basaltic Lv (1) Basaltic Lv (2} dolerite  graphic  granite Qp

24,32 X X X
67,06 X X X
89.5
177,22 x? X X
183,69 X
202,59 X X X
207,71
226,42 X X
2355 X X X X
249,67
256,66 x? X
259,28 X X7
270,97
279,68
286,17
289,22 X
315,77
326,67
335,96 X
345,76 x?
348.7
351,88
358,95 X
369,64
375,32 X
383,76
387,46 X X
390,78 X
396,58 X
405,75 X
413,09
415,94 x?
422,81
426,77
437,12 X
445723 X X X X X
449,73 X X
455,81
460,13
473,61
475,34 X
480,68
481,22
486,03 X
495,15
500,21
509,36
513,17
525,36
53326
543,87
550,03
571,8
615,37
626,18
630,38 x?
643,11
655,86 X
681,02 X
730,87
737,35 X
750,02 x?
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Abbreviations: Lm - quartz-mica tectonite, ribbon quartz; Lv - volcanic lithic grains; Basaltic Lv (1) - fine basalts
with feathery texture or rod-like opaque oxide; Basaltic Lv (2) - fine basalt with lathy plagioclase;
graphic - graphic-textured quartz-feldspar; Qp - polycrystalline quartz, chalcedony; Ls - mudstone,
sandstone (micaceous).
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coincident with the change to lower Qr/Qa ratios: Q and
Q/F ratios decrease, whereas F and volcanic lithic grains
(Lv) increase (Fig. 4.8).

Some of the modal values of samples from below
550 mbsf in CRP-3 are similar to those in CRP-1 and
CRP-2/2A sandstones derived from granitoids.
Granitoids form a persistent 25% of the clast population
right to the base of CRP-3, and a granitoid source is thus
possible for the sand-grain population (see sections on
Distribution of Clasts and Tectonic History). Conversely,
the upper Beacon Supergroup (Victoria Group) is
composed of sandstones that are more feldspathic, less
quartzose, withfew rounded quartz grains, and containing
a significant proportion of felsic volcanic grains. It is
also possible, therefore, thatthe CRP-3 sandstones below
550 mbst were sourced in the Victoria Group. The trends
observed and the virtual absence of rounded quartz
grains could be interpreted to suggest that large outcrops
of Taylor Group sandstones were not exposed in the
period below ¢. 550 mbsf.

Finally, apartfromrare grains of brownand colourless
glass of uncertain composition (Kirkpatrick Basalt
Group?), the absence of alkaline minerals, tephra layers
andfresh voleaniclithic grains in CRP-3 strongly suggests
that volcanism of the McMurdo Volcanic Group
commenced at ¢. 25 Ma in the McMurdo Sound region
(cf- Bellanca et al., in press; Krissek & Kyle, in press;
Smellie, in press) and did not extend back to Eocene
times, as was formerly inferred (George, 1989).

IGNEOUS INTRUSION

PETROGRAPHY AND RELATIONSHIP WITH
HOST ROCKS

LSU 17.1 comprises a magmatic body, intruded in
the Beacon sandstones, that is deeply altered and
brecciated at its margins.

We carried out detailed lithological observations on
the core and sampling followed by a preliminary
petrographical study of the thin sections and smear
slides related to the intrusion and the hostrocks. The data
we obtained allowed us to recognize the following
intervals:

a) interval between 900.40 and 901.09 mbsf, thickness
0.69 m: this interval includes the hardened portion of
the Beacon sandstone (LSU 16.1) closely superjacent
to the intrusion. In this interval the Beacon sandstone
changes progressively downcore in colour, from pale
red/brown (5YR6/6) to pale purple (5P2/2), and shows
carbonate (Mg or Fe 7) or silica veins and incipient
brecciation. However, there are no significant changes
in the petrography and mineral assemblage of the
rocks;

b) interval between 901.09 and 902.10 mbsf, thickness
1.01 m: breccia with angular and subangular fragments
of the Beacon sandstones (maximum apparentsize 15
cm) and the underlying intrusive rocks, immersed in
a fine-grained brown (7.5YR4/4) matrix.
Petrographically, the brown matrix appears to be
composed of very abundant reddish hematite grains,
smectite flakes, plagioclase microlites and very minor
(and dubious) brown-glass shards. Igneous clasts
(901.80 mbsf) are strongly weathered, although the
rock texture is generally preserved: this is a
hypocrystalline, aphyric rock, with afew (<5%) large
(2-mm) phenocrysts of which only the outlines are
still recognizable. The clasts consist of tabular
sericitised plagioclase and prismatic (augite ?) to
equant (ortho ?) pyroxenes totally replaced by
hematite, clay minerals and carbonate. The
groundmass has a texture varying from intersertal to
intergranular and is composed of altered subhedral
plagioclases (now sericite). Between them, reddish
hematite grains are abundant and probably have
replaced mafic minerals. Interstitial areas with
anhedral feldspars (albite or K-feldspar), smectites,
serpentine and ilmenite needles are also found and
have probably replaced original glass. The absence of
quartz suggests that the glass was not more evolved
than intermediate in composition.The largest
sandstone fragment (901.30-901.45 mbsf) is angular,
shows several carbonate-filled fractures and is
bounded for most of its visible outline by a thin rim
(0.5-1 cm) of chilled magma, pale green in colour.
This indicates that it was formerly in close contact
with the magma; it could be perhaps a portion of host
rocks overhanging the intrusion or more probably a
clast dislodged by the intruding magma.
Petrographical analysis of the rim surrounding this
country rock fragment was carried out through
microscopic examination across the interface at 901.42
mbsf. The chilled margin here shows scattered mm-
sized relic domains retaining a subophitic texture and
partially altered plagioclase laths. These domains are
set within a deeply altered brown groundmass
(smectite?) that also includes lighter-coloured patches
of chlorite + serpentine (?), altered glass (?) and
scattered grains of quartz (xenocrysts).Veins, 1 mm-
thick and consisting of (Mg?) carbonate (fFe
hydroxideinclusions), intersect both matrix and relict
domains. Carbonate also forms a continuous rim
parallel to the contact between the intrusive rock and
the sandstone. There is also a network of thin veins
aligned parallel to the contact within the sandstone
itself. The sandstone is a quartz-arenite consisting of
rounded to subangular grains of quartz grains,
polycrystalline quartz lithic fragments, K-feldspar
and plagioclase, zircon and scattered deformed biotite.
The contact zone consist of a 1- to 3-mm-thick layer
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5 - Palaeontology

INTRODUCTION

We examined six groups of fossils during the initial
core-characterisation phase of CRP-3 drilling: siliceous
microfossils, calcareous nannofossils, foraminifers,
marine palynomorphs, terrestrial palynomorphs
(miospores), and invertebrate macrofossils. Each of
these groups provides the means for biostratigraphical
dating or palaeoenvironmental reconstruction, or both.

Siliceous microfossils, including diatoms, ebridians,
chrysophycean cysts, and silicoflagellates, are the
primary means of biostratigraphical age determination
in the Cenozoic of the Antarctic margin. In addition,
they provide information on the nature of mesotrophic or
neritic surface waters (planktonic), nearshore bottom
conditions (benthic), and offshore transport
(allochthonous benthic) of fine-grained material.

Calcareous nannoplankton inhabit surface waters in
abundance only under oligotrophic nutrient levels, and
thus are an important indicator of the invasion of oceanic
surface-water masses into the Ross Sea. Benthic
foraminifers and invertebrate macrofossils indicate past
seafloor conditions including temperature and substrate
character. In addition, their shells (if well preserved)
contain carbonate that may be used for geochemical age
determination (St), palacothermometry (8'*0) and
seawater carbon chemistry (8'C).

Marine palynomorphs offer the potential for
biostratigraphical age determination and palaeo-
environmental characterisation in the Oligocene and
Neogene. Miospores offer a way to monitor the evolution
of adjacent terrestrial ecosystems in marine sedimentary
rocks. Because of the significant changes in climatic
regime during the Cenozoic, miospore stratigraphy also
can provide age determination. Finally, all of the
microfossils can provide monitors on the intensity and
provenance of sedimentary rock erosion. This is
especially true of the highly resistant palynomorphs.

PATTERNS OF FOSSIL OCCURRENCE

Siliceous microfossils occur within the upper 200 m of
CRP-3 (Fig. 5.1), although high abundance and well-
preserved assemblages are restricted to the upper 67 m.
Within this upper 67 m, two distinct intervals of good
abundance and preservation (3.05 to 16.00 and 33.95 to
66.70 mbsf) are separated by aninterval with low abundance
and generally poor preservation. Sparse assemblages of
highly fragmented, etched or replaced (silicified casts)
specimens of siliceous microfossils are present sporadically
inthe interval from 67 to 193.16 mbsf. Below this level, no
siliceous microfossils were observed.

Calcareous nannofossils are restricted largely to the
upper 194 m of the core, where they occur as sparse
assemblages of low species richness. Four intervals of
nannofossil occurrence are scparated by barren intervals
from 7 to 16, 48 to 77, and 162 to 178 mbsf. Preliminary
count data indicate a significant increase in nannofossil
abundance as a sedimentary component between 100 and
124 mbsf, with a maximum at 114 mbsf and secondary
peaks at 100, 106, and 121 mbsf. Preservation is generally
very good toexcellent, although some of the sparser samples
have significantly degraded preservation. Nannofossils
largely disappear from the section at 193.14 mbsf, although
a single occurrence at 266.27 mbst suggests more samples
below 200 mbsfmay yield fossils upon closer examination.

Foraminiferal occurrence is largely restricted to the
cored interval above 340 mbsf, where slightly more than
half of the samples examined bear these fossils.
Calcareous benthic foraminifers are the dominant form,
withrare agglutinated taxa present only inafew samples.
No specimens of planktonic foraminifers were seen
above 340 mbsf, although a single specimen of
Globigerina sp. was observed from 705.97 mbsf. Four
intervals of benthic foraminiferal occurrence are
separated by barren intervals from 65 to 85 mbsf, 210 to
250 mbsf, and 268 to 310 mbsf. A major peak in
abundance of foraminifers as a sedimentary component
occurs from 106 to 115 mbsf, with secondary peaks at
10.65, 44.12, 45.72, and 162.16 mbsf. Preservation is
generally fair to good, suggesting little diagenetic
alteration.

Macrofossils occur within the finer grain sedimentary
rocks (mudstones and muddy sandstones) throughout
the upper 330 -m of the cored interval (Fig. 5.1).
Macrofossil density in the core varies through this
interval, with an avei‘age of about 7 macrofossils or
macrofossil fragments per 10 metres of core. The
abundance maximum occurs from 120 to 130 mbsf, with
secondary peaks at 190 to 200 and 310 to 320 mbsf.
Macrofossils become rare below 330 mbsf, with only five
specimens between 330 to 540 mbsf. The rest of the cored
interval, below 540 mbsf, is barren of macrofossils with
the exception of a plant stem impression at 730.48 to
730.56 mbsfand a single modiolid mussel at 781.35 mbsf.
Bivalves are the most common macrofossil in the core,
comprising about 80% of the identifiable invertebrate
macrofossil material. Important secondary components
include brachiopods, serpulids, echinoids, and
gastropods. Preservation of the macrofossils is variable,
although almost all of them show evidence of dissolution.
The high frequency of broken shells in some
lithostratigraphical units is attributed to significant
corrosion of the shell material.
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of carbonate-cemented sandstone with subrounded,
coarser-grained quartz, minor K-feldspars
(microclinic) and zircon grains. No microscopic
evidence of high-T contact metamorphism was
detected. Very fine-grained grecnish-phyilosilicate
aggregates (sericitetchlorite intergrowth) occurring
as interstitial phases, could represent a very low-T
recrystallisation of an original clay matrix;

c)interval between 902, 10and ¢, 918.00 mbsf, thickness
15.90 m: this zone includes most of the magmatic
body. It is mainly massive and ranges in colour from
blue-grey (5BG5/1}, in the wpper part, to purple
(5P2/2), in the lower portions. On the whole, the rock
forming the intrusion is highly alterated even i some
differences between different portions related to the
depth seem te exist. The samples from the upper part
{902.13, 903.30 mbsf) tend 1o preserve the original
lexture better although no original mineralogy can be
detected. Petrographical features are similar to those
of the ciasts in zone b {see above), but the plagioclase
in the groundmass tends to be more euhedral, hematite
isless abundant, chlorite and smectite replacing mafic
phases are more abundant than in the upper zone. In
samples from the lower portion of the intrusion
(912.22,913.21,915.00,916.48 mbsf), the texture, as
well as the original mineralogy, is totaily destroyed:
an anastomising web of carbonates, smectites,
probably serpentine, and hematite completely replaces
most of the rock. The intrusion is crossed by several
alteration veins or brecciated horizons filled by brown
fine-grained material similar to that forming the zone
b. A preliminary comparison (by means of smear
slides) of matrix found in veins at different depths,
suggested soeme variability: at 904.05 and 908.08
mbsf{ matrix is mainly chlorite and sericite, wheveas
at 905.20 mbsf smectite and sericite are the most
abundantminerals and hematite and plagioclase grains
are Mminoer;

d) interval between ¢, 918-918.95 mbsf, thickness 0.95
m: breccia with angular and subangular fragments,
frequently deepiy altered. Clasts belong both to the
underlying Beacon sandstones and to the intrusion.
They are immersed in a fine-grained brown (7.5Y R4/
4) matrix mineralogically similar to that observed in
zone b;

e} interval below 919 mbsf; the Beacon sandsione
underlying the intrusion, shows a progressive change
in colour, from purple (3P2/2} to light red/brown
(5YROG/6G), and a decrease of hardness with distance
from the interface with the upper breccia.

CHEMISTRY

Four samples representing different horizons of the
igneous intrusion (at 903.35, 909, 915.33, and
906.96 mbsfywere analysed for major and trace elements
by XRF at Victoria University, Wellington. Results are
reported in table 4.9.

The chemical compositions of these rocks confirm
the occurrence of extensive weathering. as previously
observed in thin sections. In all sampies, major efement
concentrations appear to be strongly modified by
alteration processes as large loss of ignition values (1.OI)
and normative corundum in the CIPW norm (Tab. 4.9)
are detected. Thus, measured concentrations do not
represent the original compositions of the igneous hody
and cannot be vsed o infer magmatic affinity.

However, significant differences exist among
specimens: thesc are consistent with petrographical
observations that indicate a primary cffect of the
weathering processes in the lower portion of the igneous
body at a depth below 909.00 mbsf, although an original
compositional zoning cannot be excluded. Specimens
{rom the Jower portion of the intrusion show highest LLOI
values, anomalously large iron contents and low silica
concentraticns, Highest iron content, assoctated with
the Targest LOL, can be mainly ascribed to the diffuse
occurrence of Fe-carbonate (see also Clay Mineralogy
section) and subordinately to the presence of haematite.
In this case LOI would represent mainly the CO, foss.

Minorand trace clements show ananalogous variability
that can be ascribed (0 re-mobilisation due to alteration.
However, someelements (T1, P, Zr, Nb, Y) that are known
to be less affected by alteration processes can stil} be used
for comparisons with exposed igneous rocks and to infer
the magmatic affinity. In figure 4.9 the samples of the
CRP-3 intrusions are plotted in the classification-
diserimination diagram of Floyd & Whinchester {(1978),
based on ratios of immoebile elements. Even though a
significant scatier exists, they fall inside the subalkaline
field, astride the divide between basaltic and andesitic
compositions. These resultsruleout the parentage of these
recks with the alkaline Cenozoic magmansm and suggest
rather a close correspondence with Jurassic Subalkaline
rocks (Ferrar Supergroup). Also samples of the CRP-3
intrusion show Zr-Nb ratios quite close to those observed
in Ferrar tholeites (Fig. 4.10).

EMPLACEMENT STYLE AND HYPOTHESIS ON
ORIGIN AND AGE

The geometrical relationships outlined above between
the intrusion and the country rock and the petrographical
characterization of the former can be used make
inferences on the emplacement and cooling styles of the
intrusion. The inferred presence of glass inthe magmatic
rock points to relatively fast cooling of the margir: of the
magmatic body, whereas the occurrence of brecciaina
clay-rich zone indicates an important episede of brittle
deformation and hydrothermal alteration at a lower
temperature that must have accompanied or followed
the emplacement. The hydrothermal processes were
sufficiently intense that the outer part of the intrusicn
(zone b and &) was mechanically and chemically
maodified. The lack of significant thermal metamorphic
effects suggests that intrusion occurred in a short time
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Tab. 4.9 - Chemicalcomposition and CIPW norm of CRP-3 igneous
intrusion.

sampie  903.35 mbsf 906.94 mbsf 909 mbsl 915,33 mbs{
Sig2 56,53 34,00 34,29 3852
TiO2 101 097 0,62 0.64
Al203 24.57 2097 1591 15,29
Fe203 4,87 8.33 20,64 18,40
MnQ 0.01 0,06 Gla 0,18
MgO 0.92 123 2.19 2.74
Ca0O 0,57 0,80 2,40 3,78
Nu2() .50 0,63 19 0,12
K20 240 1,88 2,87 360
P203 0,03 013 0,10 0,11
LOI 9,36 10,71 2091 17,46
smn 100,83 99,93 100,23 100,90
CIPW Norm (Fe203/Fe0=0.15)
Q 39,32 3096 1.60 1.09
C 20,09 18,94 837 4,59
or 14,18 12.56 16.96 21,27
ab 4,74 6,03 1,61 1,02
an 2,63 353 11,25 18.03
hy 7,25 14,50 32,75 316
m 0,84 1,67 3.56 318
il 192 2,08 1,18 1,22
ap 0.07 0,34 0,23 a4.25
Trace Element (ppin)

AS 1 12 2 0
Ba 179 198 577 521
Ce 38 05 20 30
Cr 75 73 130 135
Cu 77 S0 HO 93
Ga 22 19 23 24
I.a 13 18 21 10
Nb 7 8 5 4
Ni 36 57 3 a8
Pb 9 16 9 8
RDb 70 75 64 181
Se 47 73 32 53
Sr 84 150 6l 56
Th 3 ) 2 2
} 2 3 1 2
v 149 155 194 183
Y 13 27 34 50
Zn 42 66 584 131
Zr 163 144 95 98

Analysts 'R. Grapes, §.E. Pauerson
(Vietoria Univ. Analyical Facility - Wellington, NZ)

span, The lack of vesiculation appears to exclude
emplacement at shallow depths (e.g. neck or plug). The
process responsible for the peripheral alteration could
have been secondary boiling of the magma.

Evenif chemical composition of the igneous intrusion
points unequivocally to a parcntage in Jurassic tholeiitic
magmalism, its emplacement style shown in the CRP-3
intrusion is rather unusual for Ferrar dolerites. These
normally show only a sharp contact with the host rocks
{Roland & Worner, 1996). In addition, in Ferrar silis an
extended crystallization due to a low-cooling rate

1000 -
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0. 0O
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Subalkaling basalt Detvelt

01 Nb/Y

Fig. 4.9 - Discrimination and classification diagram accerding to
Floyd & Whinchester (1978}, Open circles: CRP-3 igneous intrusion
specimens.

104

Nb

300

Zr

Fig. 4.10 - Correlation plot of Zr vs Nb. Open circles: CRP-3 igneous
intrusion specimens; stippled area and best fitling curve are relative 1o
Ferrar tholeiites of Hornig (1993}

produces very evolved residual liquids and quartz
precipitation. These are lacking in the CRP-3 intrusion.
However, fine-grained rocks with intergranular to
intersertal (extures were also found as clasts in CRP-3
{see Volcanic Clast section) and are known 1o form
margings of some Ferrar siils (Elliot et al., 1995). On the
other hand, some alkaline intrusions show important
hydrothermal aureoles (e.g. Volcan Hills, Armienti et
al., 1994) although chemical composition and mineral
assemblages are very different from those of the
CRP-3 intrusion.
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INTRODUCTION

We examined six groups of fossils during the initial
core-characterisation phase of CRP-3 driliing: siliceous
microfossils, calcareous nanncfossils, foraminifers,
marine palynomorphs, terrestrial palynomorphs
{miospores), and invertebrate macrofossils. Each of
these groups provides the means for biostratigraphical
dating or palacoenvironmental reconstruction, or both,

Siliceous microfossils, including diatoms, ebridians,
chrysophycean cysts, and silicoflageliates, are the
primary means of biostratigraphical age determination
in the Cenozoice of the Antarctic margin. In addition,
they provide information on the nature of mesotrophic or
nerific surface waters (planktonic), nearshore bottom
conditions (benthic), and offshore transport
{aliochthonous benthic) of fine-grained material.

Calcarecus nannoplankion inhabit surface waters in
abundance only under oligotrophic nutrient levels, and
thus are an important indicator of the invasion of oceanic
surface-water masses into the Ross Sca. Benthic
foraminifers and invertebrate macrofossils indicate past
seafloor conditions inclading temperature and substrate
character. In addition, their shells (if well preserved)
contain carbomnate that may be used for geachemical age
determination (Sr), palacothermometry (3'*0} and
seawater carbon chemistry (3'*C).

Marine palynomorphs offer the potential for
biostratigraphical age determination and palaeo-
environmental characterisation in the Oligocene and
Neogene. Miospores offer away tomonitor the evolation
of adjacent terrestrial ecosystems in marine sedimentary
rocks. Because of the significant changes in ¢limatic
regime during the Cenozoic, miospore stratigraphy also
can provide age determination. Finally, all of the
microfossils can provide monitors on the intensity and
provenance of sedimentary rock crosion. This is
especially true of the highiy resistant palynomorphs.

PATTERNS OF FOSSIL OCCURRENCE

Siliceous microfossils occur within the upper 200 m of
CRP-3 (Fig. 5.1), aithough high abundance and well-
preserved assemblages are restricted to the upper 67 m,
Within this upper 67 m. two distinct intervals of good
abundance and preservation (3.05 to 16.00 and 33.95 tw
66. 70 mbsf) are separated by an interval with low abundance
and genezally poor preservation. Sparse assemblages of
highly fragmented, etched or replaced (silicified casts)
specimens of siliceous microfossils are present sporadically
in the interval from 67 to 193,16 mbsf. Below this level, no
siliceous microfossils were observed.

Caleareous nannofossils are restricted largely to the
upper 194 m of the core, where they occur as sparse
assemblages of low species richness. Four intervals of
nannofoss] oceurrence are separated by barren intervals
from 710 16, 48 to 77, and 162 to 178 mbsf. Preliminary
count data indicate a significant increase in nannofossil
abundance as a sedimentary component between 100 and
124 mbsf, with a maximum at 114 mbsf and sccondary
peaks at 100, 106, and 121 mbsf. Preservation is generally
very good toexcellent, although some of the sparser samples
have significantly degraded preservation. Nannofossils
largely disappear from the section at 193, 14 mbsf, although
a single occurrence at 266.27 mbsf suggests more samples
below 200 mbsf may yield fossils upon closer examination.

Foraminiferal occurrence is largely restricted to the
cored interval above 340 mbs[, where slightly more than
half of the samples examined bear these fossils.
Calcareous benthic foraminifers are the dominant form,
withrare aggiutinated taxa present only ina few samples.
No specimens of planktonic foraminifers were seen
above 340 mbsf, although a single specimen of
Globigerina sp. was observed from 705.97 mbsf. Four
intervals of benthic foraminiferal occurrence are
separated by barren intervals from 65 to 85 mbsf, 210 10
250 mbsfl, and 208 to 310 mbsf. A major peak in
abundance of foraminifers as a sedimentary component
oceurs from 106 to 115 mbsl, with secondary peaks at
10.65, 44,12, 45,72, and 162.16 mbsf. Preservation is
generally fair to good, suggesting little diagenetic
alteration.

Macrofossils occur within the finer grain sedimentary
rocks (mudstones and muddy sandstones) throughout
the upper 330 m of the cored interval (Fig. 5.1).
Macrofossil density in the core varies through this
interval, with an average of about 7 macrofossils or
macrofossil fragments per 10 metres of core. The
abundance maximum occurs from 12010 130 mbsf, with
secondary peaks at 190 to 200 and 310 to 320 mbsf.
Macrofossils become rare below 330 mbsf, with only five
specimens between 330 (o 540 mbsf, The rest of the cored
interval, below 540 mbsf, is barren of macrofossils with
the exception of a plant stem Impression at 730.48 to
730.56 mbsfand asingle modiolid mussel at781.35 mbsf.
Bivaives are the most common macrofossil in the core,
comprising about 80% of the identifiable invertebrate
macrofossil material. Important secondary components
include brachiopods, serpulids, echinoids, and
gastropods. Preservation of the macrofossils is variable,
although ahmostall of them show evidence of dissolution.
The high frequency of breken shells in some
lithostratigraphical units is attributed to significant
corrosion of the sheil material.
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Fig. 5.1 - Generalised distribution of fossil groups in CRP-3 based on initial core characterisation. Grey bars indicate known occurrences of fossil
group.
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Marine palynomorphs are a consistent microfossil
componentinthe fine-grained sedimentary rocks through
the upper 257 m of CRP-3. They occur in moderale to
low levels of abundance and diversity throughout this
upperinterval. Their occurrence becomes more sporadic
from about 260 to 332 mbsf. Below this horizon, marine
palynomorphs occur only in isolated samples. There are
two distinctabundance peaks,at521.76and from 78 1.36
to 788.69 mbsf, within a thick sequence of dominantly
coarse-grained clastic sedimentary rocks that appear to
be otherwise barren or nearly barren of marine
palynomorphs on initial examination.

Terrestrial palynomorphs have their greatest
abundance and species richness in the upper 230 m of
CRP-3. Three distinct intervals of relatively high
miospore abundance occur at about 114, 190, and 225
mbsf. Miospore abundance drops to very low levels
between 230 and 300 mbsf, and rises slightly from 300
to 340 mbsf. Below this level, miospores occur at only
trace levels down to 781 to 789 mbsf, where there is a
slight increase. A few specimens have been isolated
from the fine-grain matrix within the dolerite breccias of
the interval designated as the “shear zone”. A few
samples were examined from the upper part of the
Beacon Supergroup sandstones, but proved to be barren.

BIOSTRATIGRAPHY

Initial core characterisation yielded biostratigraphical
information largely for the upper 200 m of the core. Two
biostratigraphical datums in this interval allow correlation
with the better-documented sections of deep-sea Southern
Ocean drillcores. The first appearance datum (FAD) of the
diatom Cavitatus jouseanus occurs at 48 mbsf in CRP-3.
This datum is known to occur in the uppermost part of C12R
inthe Southern Ocean proper, placing it atapproximately
31 Ma. The nannofossil Transversopontis pulcheroideshas
itslastappearance datum (LAD) at 1 14 mbsfin CRP-3. This
LAD occursin the middle of the Blackites spinosus Zone
(mid to lower C12R) in the Southern Ocean, indicating
an age of approximately to 32.4 £ 0.5 Ma. The position
of both these datums in the interval from 48 to 114 mbsf
in CRP-3 indicates a mid early Oligocene age for this
part of the core. In addition, the absence of Hemiaulus
caracteristicus throughout the section that contains
diatoms (0-193.6 mbsf) indicates that this entire interval
islessthanc. 33 Ma, as is shown conservatively in figure
5.1 (the dashed line at 193.60 mbsf in this figure may be
depicted deeper in the section elsewhere in these Initial
Reports).

Two specimens of the pollen Myricipites harrisii
occur at 781.36 mbsf. If these specimens are in place, it
suggests that the base of the Cenozoic sedimentary
section in CRP-3 may be late Eocene in age. This age
determination is based on analogy with the New Zealand
palynological record that records a change upsection in
the dominant florafromaMyricipites harrisii-dominated
one to a Nothofagus brassii-dominated one near the top

of the Kaiatan Stage. Additional work is necessary to
establish whether this palynoflorais in place and canbe
used as areliable age indicator. The same sample contains
an oligotaxic dinoflagellate cyst assemblage dominated
by an unknown dinocyst. Asssociated with this new
species is a specimen of Lejeunacysta similar to those
occurring higher in CRP-3. Since these are new taxa,
their biostratigraphical significance is unknown.

The limited time avaitable at the Crary Science and
Engineering Center (CSEC) for initial core
characterisation precluded a more extensive examination
of fossil assemblages for biostratigraphy. Additional
examination of samples, as well as collection of new
samples, should provide further age constraints.

PALAEOENVIRONMIENT

No palacontological data are presently available
from the basal (“Beacon™) portion of the corehole, and
itis notdiscussed further. There are sporadic occurrences
of marine palynomorphs, macrofossils, and foraminifers
from the lower portion of the Cenozoic section (c. 340 to
780 mbsf). These occurrences suggest that the
sedimentary rocks at the base of the section (c. 705 to
790 mbsf) and from 350 to 525 mbsf are marine in origin.
The interval from ¢. 525 to 700 mbsf is barren of any
fossils other than isolated occurrences of miospores,
yielding no useful information on palacoenvironment.

The presence of dinoflagellate cysts, invertebrate
macrofossils, and benthic foraminifers from 200 to 350 mbsf
indicates marine conditions were consistent over the
depositional site. Both macrofossils and benthic
foraminifers indicate shelfal palacowater depths. Benthic
foraminifersl assemblages suggest arange of 50 to 200 m
water depth, while macrofossils generally suggestarange
of30to 120m. Combining these ranges yields an estimated
water depth of 50 to 120 m for most of this interval.

The presence of siliceous microfossils and calcareous
nannofossils in the upper 200 m of the section indicates
the presence of oceanic waters within the photic zone
during the middle of the early Oligocene. The most
abundant phytoplankton fossils in this stratigraphic
interval, the diatoms, contain arelatively high proportion
of resting spores (e.g., Chaetoceros and Stephanopyxis).
The high relative abundance of ebridians and
chrysophycean cysts in these assemblages indicates a
shelfal depositional environment. The paucity of benthic
diatoms (0-5%) indicates that the photic zone did not
reach the sediment-water interface during deposition,
suggesting that the few benthic diatoms in these
assemblages were washed in from shallower
environments. Alternatively, the sediment-water
interface may have been in the photic zone only
episodically, resulting in small standing crops of benthic
diatoms. Calcareous nannofossil assemblages in the
upper 200 m of CRP-3 indicate episodic invasion of
more oligotrophic oceanic surface waters into the area
during the middle of the early Oligocene. These
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assemblages consisted almost exclusively of species of
Dictyococcites, suggesting significant ecological
exclusion of other taxa known from coeval deposits in
the Southern Ocean.

Estimates of palacowater depth based on benthic
foraminifers and macrofossils suggest a continuation of
mid to outer shelfal conditions. Combined estimates
yicld the same 50-120 m palaeowater depth for the upper
200 mbsf. Dinoflagellate cyst assemblages suggest
similar water-depth ranges. Modioloid assemblages in
the upper part of this interval (c. 5-12 mbsf) suggest the
deeper part of this water-depth range for
Lithostratigraphic Unit 1.

The terrestrial miospore record suggests a fairly
constant vegetational cover for the adjacent landscape
during the deposition of the upper c. 360 m of the section.
The recovered assemblages suggest a low-diversity
Nothofagus-podocarp scrubland. Low absolute
abundance of miospores suggests that this vegetation
was patchy; more stunted vegetation and bare ground is
likely to have prevailed in upland and exposed areas.

SILICEOUS MICROFOSSILS

INTRODUCTION

Siliceous microfossils (marine diatoms, ebridians,
silicoflagellates, chrysophycean cysts, and endoskeletal
dinoflagellates) are the primary biostratigraphical tool
in post-Eocene, southern high-latitude sedimentary
successions. Biosiliceous sediments are particularly well-
known from Southern Ocean deep-sea sections, and are
the main source of taxonomical and biostratigraphical
reference material for siliceous microfossil assemblages
recovered in Cape Roberts Project (CRP) cores. Most
reports on siliceous microfossils from these deep-sea
sections focus on the stratigraphical distribution of marine
diatoms. Important Southern Ocean diatom records are
derived fromsectionsrecovered on DSDP Leg 29 (Hajos,
1976), DSDP Leg 35 (Schrader, 1976), DSDP Leg 36
(Gombos, 1977), DSDP Leg 71 (Gombos & Ciesielski,
1983), ODP Leg 119 (Baldauf & Barron, 1991), and
ODP Leg 120 (Harwood & Maruyama, 1992). Eocene
and Oligocene diatom occurrences for DSDP sites 274,
278,and 511 (from legs 28, 29, and 71) are summarized
in Fenner (1984). Several reports {rom stratigraphical
sections outside.of the Antarctic region also contribute
useful information for interpreting diatom stratigraphy
of CRP cores (Gladenkov & Barron, 1995; Scherer &
Kog, 1996; Schrader & Fenner, 1976; Gladenkov, 1998).

Stratigraphical drilling and piston coring on the
Antarctic shelf to date has provided only a limited
number of reference sections. These sections indicate
significantdifferences between diatom assemblages from
the Antarctic shelf and those from the pelagic realm of
the Southern Ocean (hereafter referred to as “Southern
Ocean” taxa, etc.). Documentation of siliceous-

microfossil floras in Antarctic shelf sections provided a
basic framework for the development of an Oligocenc-
Miocene biostratigraphy for this region. Diatom
biostratigraphy is now sufficiently advanced to allow
application of many datums, but refined zonal schemes
and chronostratigraphical constraints for these
biostratigraphical datums are still under development.
Reference sections for Miocene and Oligocene diatom
biostratigraphical data from the Antarctic shelf include
DSDP Leg 28 cores (McCollum, 1975; Savage &
Ciesielski, 1983; Steinhauff et al., 1987); the MSSTS-
ldrillcore (Harwood, 1986); the CIROS-1 drillcore
(Harwood, 1989); RISP Site J-9 (Harwood et al., I989b),
ODP Leg 119 cores (Baldauf & Barron, 1991; Barron &
Mahood, 1993; and Mahood et al., 1993); and the CR P-1
and CRP-2/2A drillcores (Harwood et al., 1998; Schever
et al., in press). Additionally, parts of the Eocene are
known from glacial erratic boulders collected from
southern McMurdo Sound (Harwood & Bohaty, inpress).

In Antarctic shelf sections, pelagic marker taxa from
the Southern Ocean proper are generally rare and
occurrences are discontinuous. Despite the rare
occurrence of marker taxa, a paucity of
chronostratigraphical calibration for these shelf sections
has forced a reliance on age control from deep-sea
Southern Ocean diatom stratigraphy (e.g. Barron &
Baldauf, 1991; Harwood & Maruyama, 1992; Ramsay
& Baldauf, 1999). Current knowledge provides for the
development of a general biostratigraphical framework,
buthiatuses in these shelf sections lead to the coincidence
of truncated ranges of numerous taxa. Drilling on the
Antarctic shelf, however, as at CRP-1 to -3, holds great
promise for the acquisition of adiatom-based stratigraphy
that could reach an age resolution of less than one
million years for most of the Oligocene and lower
Miocene. This developing zonation includes a mixture
of range zones, partial-range zones, concurrent-range
zones, and interval zones based on first and last
appearance datums. We prefer to use first occurrence
datums, as these limit problems associated with
microfossil recycling that is common in glacially
influenced environments.

METHODS

We prepared samples for siliceous microfossil
analysis at a sample spacing of 1-2 m in the upper 200 m
of CRP-3 (Tab. 5.1, Fig. 5.2). Sampling and slide
preparation focused on the upper 70 m, where diatoms
are abundant and well-preserved; approximately 100
samples were analyzed within this interval. Below 200
mbsf, “fast-track” samples were prepared at an average
sample spacing of ¢. 20 m.

AllCRP-3 samples collected for siliceous microfossil
examination were initially prepared as strewn-slides of
raw sediment. Approximately 1 cc of each sample was
‘gently’ crushed, placed in a 50 ml plastic vial,
disaggregatedin water, stirred, and settled for 30 seconds
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Tab. 5.1 - CRP-3 relative diatom abundance data, 0-100 mbsf.

Top Bottom Abundance Top Bottom Abundance

283 2.86 R 46.84 40.85 R
305 3.06 F= 47.60 47,61 I

301 5,02 ¢ 17.87 47.88 A
6,87 6.88 C 48,43 4844 F
7.83 7.86 A 48,44 48,43 F
813 8.16 C 49,67 49,68 A
K.8R 8.89 C 5047 50,48 C
0,69 9.70 C 50.89 50.90 A
1048 10,49 R 31,56 51,57 C
HLTR 10,79 C 52.54 52.58 F
Pz 1113 C 52,91 52,92 R
P63 11,64 C 54.19 34.20 A
1219 12,20 A 34,54 54,55 A
12,64 12,63 A 54,77 34,78 A
13.72 13,73 A 35,60 55,67 A
14.28 14.29 F 56,16 56.17 C
P46 14,47 C 56,84 56,85 A
13,68 15.69 T 37.7% 37.72 A
15,99 16,00 F 57.80 57.81 A
17.82 17.83 T 58.95 38.96 C
18.02 18,03 R 39,21 5$9.22 A
18.19 18.20 T 59.66 39.67 C
19.10 19,11 T 60,13 60.14 F
19.62 19.63 T 61,10 o1l C
2046 20,47 T 61,70 61.71 C
2130 21.37 T 62,12 62.13 A
22002 22,13 T 62.40 62.47 A
22.27 F 62,98 62,99 A

22,76 T 63.64 63.65 C

24.21 R 64,04 04,03 F

23,09 B 64,4 64.45 C

2595 T 64,57 64.58 F

20,73 T 64.93 64.94 T

2845 R 65,90 65,91 F

28.71 R 66.16 66,17 F

30,51 T 66,56 60.57 R

R 32.21 F 66,70 66.71 I
32,51 32,52 T 68,59 68.60 T
33.21 33.22 T 70.60 70.61 R
33,935 33,90 I 71.27 71.28 T
3457 4.5 R 71,54 71,55 T
33,70 C 72.89 72.91 T
36,61 C 73.01 73,62 T
37.29 A 74.93 74.94 T
537.71 A 76,08 76,09 T
38.78 7 C 77.41 77.12 T
39.34 ek C 77.80 77.81 T
3935 39.36 A §0.33 80.34 T
40,63 40,64 R 80,91 80,92 T
41.00 41.01 C 81,98 81,99 T
41,75 41,76 C 82,34 8233 T
41.76 41.77 T 83.04 83,05 T
43,09 3,10 A 83,40 83.47 T
43.10 43,13 C 87,14 87.15 T
43,70 43,72 F 88,18 88.19 R#
3.72 43.73 C 89,25 §9.26 T

44.18 44,27 F 90,36 90.87 T
44.50 44,32 C 91,91 94,92 B
44.93 44.94 ¥ 92.94 92.95 T
45,63 45,04 F 93,52 93,53 T
46.04 46.03 R 96.06 96.07 T
46,42 46,43 C 98,13 9.14 T

#sedimentary clast sample

(toremove sand). A small aliquot of the supernatant was
pipetted onto a cover slip, allowed to dry, and then
mounted onto a glass slide with Norland Optical Adhesive
#61. As necessary, selected samples and sedimentary
clasts were reacted in H,O, and/or HCI to remove
organic material and carbonate cement, respectively. In
many samples, diatoms were concentrated by sieving at
6 or 10 mm (using nylon screens) or at 25 mm (using
stainless-steel mesh sieves) in an attempt to remove
clay-size particles and to concentrate microfossils. A

few samples were further prepared with density-

separation, using a heavy-liquid solution of sodium

polytungstate (mixed at 2.2 specific gravity).

We determined relative diatom abundance per sample
(Fig. 5.2) from strewn slides of unsieved material,
according tothe criteria outlined below. Total abundance
of diatoms was estimated at 750x magnification. The
amount of fine-grained biosiliceous fragments was also
considered in these estimates, in order to help assess and
interpret intervals of both significant biosiliceous
sedimentation and absence of diatom production.

B =Barren: nodiatom valves or fragments were observed.

T = Trace/Reworked: rare fragments were observed.

R = Rare: | complete valve observed in 5-30 fields-of-
view.

F = Frequent: 1 complete valve observed in 1-5 fields-
of-view.

C = Common: 2-5 complete valves observed per field-
of-view (or “frequent” occurrence with a large
component of the silt- and clay-sized fraction of
biosiliceous fragments).

A = Abundant: >5 complete valves observed per field-
of-view (or “common’ occurrence with most of the
silt- and clay-sized fraction of biosiliceous material).

The abundance of individual taxa (Tab. 5.2) wasalso
estimated at 750x magnification following the divisions
outlined below:

r = Reworked or redeposited.

fr = Fragments: rare fragment(s) of the taxon noted.

X =Present: complete specimens rare (<1 per traverse).

R =Rare: | specimen in 5-30 fields of view.

F = [requent: | specimen in 1-5 fields of view.

C = Common: | specimen in every field of view.

A = Abundant: 2 specimens per field of view.
Siliceous microfossil data collected from CRP-3

include many informal taxonomic designations. These

designations follow those presented for CRP-2/2A (Scherer
etal., in press) and will be formally named and described
in separate publications. Reference to taxa listed in table

5.2 can be found in the literature cited above.

RESULTS

Siliceous microfossils are present in the upper 200 m
of the CRP-3 drillcore in variable abundance (Fig. 5.2)
and preservation. Excellent diatom preservation and
high abundance characterize siliceous microfossil
assemblages in the upper 67 m, except for the interval
between ¢. 17 and 33 mbsf, which contains only a trace
of diatoms. Below this level, the sediments are either
barren or contain poorly-preserved siliceous microfossils
thatare highly fragmented, etched (through dissolution),
orarereplaced as silicified casts. Several intervalsin this
lower zone represent “residual” assemblages that were
once rich in siliceous microfossils (e.g., c. 120-130 mbsf
and c. 190-195 mbsf). These assemblages are interpreted
to have undergone significant diagenetic alteration,
including dissolution and replacement.
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Diatom Zones

Fig. 5.2 - Total diatom abundance for the upper 100 metres of CRP-3,
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plotted against the lithological summary log. Abundance categories are

defined as follows: B = barren: T = trace; R = rare; F = frequent; C = common; A = abundant.

The CRP-3 drillcore recovered a fossil record of
more than 120 marine diatom taxa, 6 silicoflagellate
taxa, 8 ebridian and other siliceous flagellate taxa, and 3
chrysophyte cyst taxa. Diatom assemblages from LSU
[.1, 1.2, and 1.3 (2.85 to 66.71 mbsf) are the most
diverse, well-preserved and abundantin CRP-3. The only

poorly-preserved interval within this section is the upper
¢. 13 metres of LSU 1.2, between 15.68 and 28.44 mbsf
(Fig. 5.2).

Diatom assemblages recovered from CRP-3 are
relatively uniform in composition and are dominated by
marine planktic taxa of the genera Chaetoceros,
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Stephanopyxis, Skeletonemopsis, Kisseleviella, lkebea,
Kannoa, Pseudotriceratium, and Pyxilla. Benthic diatom
taxa occur throughout this interval, but represent <5% of
the total assemblage. This low abundance and their
sporadic stratigraphical occurrence suggest displacement
from an adjacent coastal zone into a depositional setting
inferred to be below the euphotic zone. Based on these
inferences, we interpret paleo-water depths to be greater
than 50-70 mbsf. No significant changes in water depth
were identified from the diatom assemblage data. Diatom
genera associated with freshwater environments were
not encountered in CRP-3.

AGE AND STRATIGRAPHICAL CORRELATION

Several of the diatom taxa in CRP-3 assemblages are
well-documented in Southern Ocean drillcores (Harwood
& Maruyama, 1992). Asindicated previously, however,
most Southern Ocean taxa are rare in CRP-3 and occur
sporadically. Until a biozonation is developed for
Antarctic shelf sediments, correlation and age control
for CRP-3 must be derived through linkage to the
Southern Ocean diatom biostratigraphy.

In CRP-3, the first occurrence (FO) of Cavitatus
Jouseanus occurs between 48.44 and 49.68 mbsf (Tab. 5.2,
Fig. 5.3) and marks the base of the Cavitatus jouseanus
Zone of Scherer et al. (in press). The top of this zone is
identified by the last occurrence (LO) of Rhizosolenia
antarctica, which is noted in the CRP-2A drilicore up to
adepth of 441.85 mbsf (Scherer et al., in press).

The age of the FO of Cavitatus jouseanus has been
determined atseveral Southern Ocean sites, butis applied
in the present study with some caution. In ODP Hole
748B (Kerguelen Plateau), this datum occurs within the
lower part of the calcareous nannofossil Chiasmolithus
altus Zone, within Chron C12n (Harwood & Maruyama,
1992; Harwoodetal., 1992; Wei & Wise, 1992). The age
of this datum is inferred from a position near the base of
C12n at ¢. 30.9 Ma (using the time scale of Berggren et
al., 1995). The FO of C. jouseanus in ODP Hole 744 A
(Kerguelen Plateau) also occurs within the lower part of
the calcareous nannofossil Chiasmolithus altus Zone,
near the boundary between chrons C12n and C12r in
ODP Hole 744 A (Baldauf & Barron, 1991; Barronetal.,
1991, Figure 10). Fenner (1984) questioned the utility of
the FO of Cavitatus jouseanus due to its rare and
sporadic occurrence within the Rhizosolenia oligocaenica
Zone in DSDP Site 274. The record in ODP Hole 748B
also reflects this rare and sporadic occurrence in the
lower range of C. jouseanus, suggesting the age of this
datum could be slightly older than reported above. A
conservative approach would place the FO of Cavitatus

Jouseanus within the upper part of Chron C12r.

The FO of Rhizosolenia antarctica between 68.60
and 70.61 mbsf in CRP-3 marks the base of the
Rhizosolenia antarctica Zone of Fenner (1984). The top
of this zone, as presented here in a provisional zonation,
is coincident with the base of the overlying C. jouseanus

Zone. Fenner (1984) notes that the FO of Rhizosolenic
antarcticaoccurs in DSDPHole 511 within the uppermost
part of the calcarcous nannofossil Blackites spinosies
Zone. In ODP Hole 744A, the FO of Rhizosolenic
antarctica is recorded within Chron C13n, in the lower
Bluackites spinosus calcareous nannofossil Zone (Baldauf
& Barron, 1991; Barron et al., 1991). Based on this
occurrence, the lower range of Rhizosolenia antarctica
is interpreted as incomplete in the CRP-3 drillcore, as it
is truncated at an underlying interval of poor preservation
(c. 70 mbsf) (Figs. 5.2 & 5.3). Given the high sediment
accumulation rates in lower Oligocene sediments at the
mouth of Mackay Valley (CRP-3), the lowestoccurrence
of R. antarctica at 68.60 mbsf most likely represents a
stratigraphic position well above the FO of this taxon.
From these data, an age of ¢. 33.1 to 30.9 Ma is inferred
for the 48.44 to 68.60 mbsf interval of CRP-3.

The section of CRP-3 below ¢. 70 mbsfis unzoned at
the present time due to poor preservation. Diverse, but
poorly-preserved assemblages of siliceous microfossils,
however, are noted sporadically in down to ¢. 195 mbsf
(Tab. 5.2). These assemblages and the well-preserved,
overlying assemblages in CRP-3 are different from the
lowermost Oligocene to upper Eocene assemblages
reported from CIROS-1 (Harwood, 1989; Bohaty &
Harwood, in press). Several taxa presentin the Rhizosolenia
oligocaenicaZone below the unconformity at c. 366 mbsf
in CIROS-1 (Harwood et al., 1989a, Fig. 1) are absent
from the diatom-bearing intervals of CRP-3. These taxa
include the diatoms Hemiaulus caracteristicus,
Stephanopyxis splendlidus, and Porotheca danica(formally
Pterothecadanica), andthe ebridians Ebriopsis crenulata
(loricate and non-loricate), Parebriopsis fallax, and
Pseudammodochium dictyoides (Fig. 5.3). This indicates
that the upper 200 m of the CRP-3 drillcore is equivalent
to part of the interval missing within the unconformity at
366 mbsf in CIROS-1.

The LO of the resistant and distinctive diatom
Hemiaulus caracteristicus occurs within Chron C13n in
ODP Hole 744 A (Baldauf & Barron, 1991). The LO of
H. caracteristicus is also known from DSDP Hole 511
within the lower part of the Blackites spinosus calcareous
nannofossil Zone (see Fenner, 1984), but it occurs
several 10s of meters below the FO of Rhizosolenia
antarctica in DSDP Hole 511 (discussed above). From
these data, the absence of H. caracteristicus in CRP-3
suggests an age younger than ¢. 33 Ma (Chron C13n) for
sediments above 200 mbsf.

Comparison of the diatom assemblages present near
the bottom of CRP-2A with those in the upper intervals
of CRP-3 provides a means to estimate the overlap of
these two drillcores. Poor preservation and absence of
siliceous microfossils, however, in the lower 60 m of
CRP-2A limits the resolution of this approach. Figure
5.3 presents the ranges of key siliceous microfossil taxa
between these two drillcores. Six taxa are present at the
top of the CRP-3 drillcore that are not presentin the lowest
diatom-bearing intervals of CRP-2A at ¢. 564 mbsf. Taxa
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Tah. 5.2 - Relative abundance and occurrence data for selected siliccous microfossit taxa in the upper 100 metres of CRP-3. For abundance
categories see p. 137,
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present in CRP-3, but not present in CRP-2A, include: Additionally, Pseudammodochium lingii occurs down
Hemiaulus rectus v. nwista, Skeleronema? utriculosa, to 465.00 mbsf in CRP-2A, but does not occur at all in
Sphyncolethus pacificus, Stictodiscus kittonianus, CRP-3. From these data, siliceous microfossil
Skeletonema? penicillus, and Ebrinula paradoxa. assemblages inthe upperportion of CRP-3 are sufficiently
Kisseleviella sp. G is common in CRP-3 samples, but  different from those in the lower portion of CRP-2A to
occurs only rarely in 2 samples from CRP-2A. argue for only minimal or no overlap of these drillcores
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Fig. 5.3 — Comparison and correlation of the CRP-3 drillcore to higher stratigraphical intervals represented in the CRP-2/2A drilicore (Scherer
et al., in press), and lower intervals recovered in the CIROS-1 drillcore (Harwood, 1989) based on the biostratigraphical ranges of siliceous
microfossil taxa. Number scale on left side of the figure represents metres below sea floor (mbsf) in the three drillcores. Intervals with diagonal
lines represent barren intervals or intervals of extremely poor preservation of siliceous microfossils. Dark-grey boxes represent intervals
containing abundant and well-preserved assemblages, and those shaded with light grey represent poorly-preserved assemblages. Thick vertical
lines reflect the occurrence data for siliceous microfossil taxa in each of the drillholes. The thinner vertical lines reflect an interpretation of the
composite range of these taxa between the drillcores.
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(sec Chronology Chapter, Correlation between CRP-2
and CRP-3).

In addition to CIROS-1, a lowermost Oligocene
diatom assemblage is reported from ODP Hole 739C in
PrydzBay, Antarctica (Barron & Mahood, 1993; Mahood
et al., 1993). This assemblage is interpreted to be
cquivalent to a portion of the Rhizosolenia oligocaenica
Zone of Harwood et al. (1989a) from CIROS-1 and
calibrated within Chrons C13n and C12r, within the
calcareous nannofossil Blackites spinosus Zone (Barron
& Mahood, 1993). Similar neritic diatom assemblages
were recovered in CRP-3, but are slightly younger than
those in the Prydz Bay section. This interpretation is
based on the absence in CRP-3 of several taxa that
characterize the Prydz Bay assemblage. These taxa
include Hemiaulus caracteristicus, Pseudotriceratium
adlert, and Stephanopyxis splendidus.

SUMMARY

The upper ¢. 70 m of CRP-3 contains abundant and
well-preserved siliceous microfossil assemblages.
Siliceous microfossils are present below this interval
down to ¢. 200 mbsf, but they are poorly preserved. All
samples examined below 200 mbsf are barren. Well-
preserved assemblages in the upper section of CRP-3 are
assigned a stratigraphical position of middle lower
Oligocene, based on the presence of Caviratus jouseanus
(FO at 48.43 mbsf), Rhizosolenia oligocaenica (present
from 3.05 to 63.64 mbsf), and Rhizosolenia antarctica
(present from 3.05 to 68.59 mbsf). The FO of Cavitatus
jouseanus is calibrated at ¢. 31 Ma from Southern Ocean
cores, although it is rare and sporadic near its base,
Additionally, the absence of Hemiaulus caracteristicus in
the upper 200 m of CRP-3 indicates an age younger than
¢. 33Ma, based onitscalibrated LO from ODP Hole 744 A.

Siliceous microfossil assemblages recovered in the
CRP drillcores provide important new data toward the
development of an Antarctic shelf biostratigraphy for
the lower Miocene to middle lower Oligocene (CRP-2/
2A) and the lower lower Oligocene (CRP-3). CRP
drillcores span the interval from ¢. 17 to 33 Ma, and
provide a composite section to build a biostratigraphical
framework based on siliceous microfossil datums.
Calibration of zones and siliceous microfossil datums in
CRP drillcores to the magnetic polarity time scale will
considerably advance future age determinations of the
Oligocene and lower Miocene on the Antarctic shelf.

New information on the stratigraphical distribution
of siliceous microfossil assemblages from the Oligocene
drillcores fills a stratigraphical gap that is present within
the disconformity at ¢. 366 mbsfin the CIROS-1 drillcore.
Collectively, the CIROS-1 (Harwood, 1989), CRP-1
(Harwood et al., 1998), CRP-2/2A (Scherer et al., in
press) and CRP-3 (this report) drillcores document the
history of Antarctic neritic diatom evolution and southern
high-latitude paleobiogeography for the early Miocene
to latest Eocene (¢. 17 to 34 Ma).

FORAMINIFERA
INTRODUCTION

Atotal of 151 samples including 30 “fast-track”™, 101
routine and 20 macrofossil matrix samples, covering the
interval from 3.12 to 903.45 mbsf, were selected,
processed and examined at Crary Science and
Engincering Center. Fifty-six samples, of which 54 were
fromabove 340 mbsf, were found to contain foraminifers,
and yielded a fauna of ¢. 34 genera and ¢. 54 species. The
following discussion concerns mainly the upper, more
consistently fossiliferous, part of the drillhole section.
Samples arereferred to the lithostratigraphical sub-units
(1.SU) adopted for classification of the CRP-3 rock
succession (see Lithostratigraphy and Sedimentology
Chapter).

Lower Oligocene, and possibly older Palacogene,
strata in CRP-3 comprise a ¢. 820-m-thick sequence of
diamictite, sandstone and muddy sandstone, sandy or
silty mudstone and conglomerate/breccia, encompassing
the interval from 2.80 to 823.11 mbsf. These Cenozoic
strata rest unconformably on red-brown quartzose
sandstones of the Beacon Supergroup (Arena Sandstone),
which were drilled to a total depth of 939.42 mbsf
(Bottom of Hole). Age determinations rest primarily on
diatom and nannofossil evidence. Pre-Oligocene
Cenozoic rocks, although possibly present, were not
definitely identified, due to lack of diagnostic fossils,

MATERIAL AND METHODS

Our sample selection emphasised fine-grained
sediments, mostly sandy or silty mudstones, which are
the most likely to contain foraminifers, and we made no
attempt to sample all the lithologies present. Samples,
most weighing 50-110 g (undried) and representing ¢. 5 cm
of quarter-core, were processed using standard
techniques, and the resulting residues wet-sieved into
>500 um, >125 um , and >63 pm fractions. These were
dried, weighed and examined for microfossils, and
absolute abundances (specimens per gram of original
sediment) determined for selected samples. We also
retained the <63 [im fraction from fast track samples, but
notfromroutine samples, for study by otherinvestigators.
We recorded all observed fossil material, including
sponge spicules, diatoms, and shell fragments, but here
refer to samples lacking foraminifers as “non-
fossiliferous (NF)™.

Most foraminifers occur in the >125 umresidue, and
asystematic search focussed on this fraction. The volume
ofresidue, and the amount examined, varied considerably
from sample to sample. Some residues were picked
entirely, while others were subdivided with a
microsplitter, and a fraction (usually 1/8 to 1/16 of the
available >125 pm material) was examined. In all cases,
however, atleast two well-covered picking trays (9x 5 cny)
were searched for specimens, and this defines the
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minimum criterion for determining a sample to be non-
fossiliferous. In addition, the >500 pm and >63 pm
residues were scanned for large or minute specimens and
macrofossil debris.

FAUNAL CHARACTERISTICS AND DISTRIBUTION

Asnoted above, foraminifers occur consistently onty
in the upper ¢. 340 m of the CRP-3 stratigraphical
section, with 54 of 104 samples (51.9%) proving
fossiliferous. Calcareous benthic forms are strongly
dominant, with agglutinated taxa occurring only as rare
specimensinafew samples. No planktics were recovered
from the upper part of the drillhole. Specimen
preservation ranges from very good to poor, with most
samples (72%}) judged as fair to good. Poor preservation
results mainly from recrystallisation to coarse calcite,
and/or decortication due to leaching. The overall state of
preservation suggests that most assemblages have
sufferedlittle, if any, leaching or diagenesis, and therefore
accurately represent the original in situ fauna. In some
cases, preservation varies within a single assemblage,
perhaps indicating partial reworking, or short range
preservation differences overthe c. S cm sample interval.

Only two of the 47 samples collected from the thick
sandstone and conglomerate sequence below 340 mbsf
(LSU 9.1-13.2) proved fossiliferous. A sample from
705.97 mbsf yielded a single Globigerina sp. indet.,
whereas one from 763.40 mbsf contained a possible
specimen of Cibicides? sp. These occurrences support
the inferred marine origin for these sediments, as
interpreted from sedimentological data, but provide
little evidence about their age.

The foraminiferal fauna in CRP-3 from ¢. 3-340 mbsf
isrelatively homogeneous, and displays no major changes
in composition over this stratigraphical interval. It is
characterised by the consistent occurrence of dominant
Cassidulinoides chapmani, other Cassidulinoides/
Globocassidulina species and Stainforthia sp. Many
assemblages also contain Cibicides lobatulus,
Epistominella exigua, Nonionella spp., Oolina spp. and
Fissurina spp. Other microfossils include relatively
common molluscan fragments, and less cominon ostracods
and echinoderm spines and plates. Siliceous fossils are
notably rare, with only single records of both diatoms and
sponge spicules. In CRP-2/2A, we assigned a virtually
identical fauna to Foraminiferal Unit III (Cape Roberts
Science Team, 1999; Strong & Webb, in press).

Foraminiferal abundance ranges from low to very
low as compared with typical marine sediments. The
largest assemblage comprised 367 specimens. Thirty-
one of the 54 fossiliferous samples yielded but a single
foraminifer, with abundances of ¢. 0.02t0 0.5 specimens
per gramof sediment. Most saniples contain <1 specimen
per gram of sediment, only 8 contain more than 1
specimen per gram, and the maximum recorded
abundance is 6.2 specimens per gram. There appears to
belittle relationship between quality of preservation and

abundance, indicating that ditution by high sedimentation
rates, rather than loss of foraminifers through diagenesis
or dissolution, is the primary cause of low specimen
abundance.

The maximumabundance “peak’™ observed in CRP-3,
of 4-6 specimens per gram, spans the interval from ¢. 106
to 115 mbsf, in the lfower part of LSU 2.2. Lesser
abundance peaks of ¢. 2-3 specimens per gram occur at
10.65 mbsf (L.SU [.1),44. 12 mbsf (LSU 1.2),45.72 mbsf’
(LSU 1.2) and 162.16 mbst (LSU 5.1). Lithology in all
cases consists of muddy sandstone or siltstone with
dispersed clasts.

Species richness is generally low, with 6 or 7 taxa
being typical forassemblages of ¢. 20-50 specimens. We
observed that, beyond this number of specimens, in most
cases diversity tended to increase only slowly, if at all,
with additional picking, suggesting environmental
limitations. An exception is the maximum diversity of
27 species (367 specimens), which coincides with the
foraminiferal abundance maximum at c. 106-115 mbsf.
Similarabundance peaks also have been observed within
this interval for calcareous nannoplankton,
dinoflagellates, and non-marine palynomorphs (see
sections on Calcareous Nannofossils, and Palynology),
suggesting that the interval may be condensed, and
possibly represents the most optimal marine environment
attained at the CRP-3 site.

Major barren intervals, with consistently non-
fossiliferous samples, occur at ¢. 65-82 mbsf (1.SU 1.4),
¢.210-250 mbsf (1.SU 7.1 and 7.2) and ¢. 268-310 mbsf
(lower LSU 7.3 — upper LSU 8.1). These intervals
consist mainly of sandstones to muddy sandstones, with
associated conglomerates.

PALAEOENVIRONMENT

All foraminiferal assemblages observed consist
mainly of perforate calcareous, benthic foraminifers of
moderate to very low abundance and diversity. [noverall
aspect, they closely resemble some elements of the
present-day Ross Sea fauna (e.g. Bernhard, 1987). Afew
large (up to 5 mm in diameter), biloculine miliolids are
sprinkled throughout the section, while agglutinated
taxa, including Haplophragmoides, Cyclammina, and
Textularia are rare. Planktics are absent except for a
single specimen from 705.97 mbsf. It is most likely that
the assemblages reflect various mid- to outer- shelf (50-
200 m) benthic environments, which were isolated from
oceanic circulation and affected by high sedimentation
rates. Various other glacially influenced events and
processes, such asreduced or variable salinity, may have
been important in limiting the assemblage.

AGE AND CORRELATION
All foraminifers recovered from CRP-3 have either

long or poorly known ranges, and no age-diagnostic
species were encountered to permit external correlation.
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However, both calcareous nannofossil and diatom data
indicate an early Oligocene age for the entire fossiliferous
sectionin CRP-3 (see sections on Diatoms and Calcareous
Nannofossils).

Correlation of the CRP-3 section with that of the
nearby CRP-2/2A drillhole is problematical, and poorly
constrained by foraminiferal data, particularly the absence
of distinctive foraminiferal bioevents. Al one extreme,
available data are consistent with overlap of up to some
500 m between the drillholes, and at the other, virtually
no overlap at all. Diatom and calcareous nannofossil
results show that the latter is the more likely.

The CRP-3 foraminiferal fauna down to ¢. 340 mbsf
is characterised by persistent occurrences of
Cussidulinoides chapmani, C. spp.. and Stainforthiasp.,
and is virtually identical in faunal composition to
Foraminiferal Unit III, defined in CRP-2/2A (Cape
Roberts Science Team, 1999; Strong & Webb, in press).
[InCRP-2/2A, Unit 1 is ¢. 145 m thick, and occupies the
interval from ¢. 342 to 486 mbsf. A major faunal change
marks its upper boundary with Unit II, the latter being
characterised by common Eponides bradyi and
Cuassidulinoides aequilatera. This boundary is the only
know foraminiferal bioevent with potential for correlating
between the two drillholes.

In CRP-2/2A, Unit III overlies the faunally
impoverished Foraminiferal Unit IV, at least 138 m
thick, which extends from 486 to 624.15 mbsf (Bottom
of Hole). The only fossils identified from UnitIV during
drilling were scattered, in sifu large miliolids, and a
single specimen of Stainforthia sp from a residue. A
post-drilling study (Galeotti et al., in press), with more
intensive sample processing, increased to 11 the number
of species recovered from Unit V. The unit remains
faunally poor, however, since most samples (¢c. 75%)
were non-fossiliferous, and the balance yielded sparse to
very modest foraminiferal assemblages. Because Unit
[V lacks a distinctive, persistently occurring fauna, the
Unit I11 - Unit IV boundary cannot be reliably identified
in CRP-3, and is of little value for correlation.

The abrupt faunal change marking the Unit I — Unit
III boundary should be locally synchronous and, as
noted above, appears to be the only foraminiferal bioevent
with potential for correlating between the two drillholes
The foraminiferal units themselves are essentially
biofacies, and could easily vary in persistence and
stratigraphic thickness between the two drillholes.
However, the Unit IT - 1II boundary is not present in
CRP-3, which commences somewhere within Unit-ITL.
This renders any attempted correlations merely
speculative.

The Unit III — Unit IV contact, if present at all, is
unrecognisable in CRP-3, but could occupy at least 3
possible locations, where there are consistently non-
fossiliferous intervals, between 208 and 342 mbsf. All
would imply unreasonably large overlaps, of the order of
300-500 m. Further drilling at CRP-2/2A could have
even re-entered strata containing the Unit IIT fauna.

In summary, there is no unambiguous foraminiferal
correlation possible between CRP-3 and CRP-2/2A, but
foraminiferal results are consistent with the other
stratigraphic indicators that suggest little or no overlap
between the two drill holes (see Chronology of CRP-3
section).

CRP-3faunas, whilelessdiverse and lacking planktic
species, bear a general resemblance to Oligocene and
Miocene faunas reported from lithostratigraphical Unit 2
(especially 2B (o 21) at DSDP Site 270 (Leckie & Webb,
1985). CRP-3 foraminiferal assemblages compare niost
closely with the Globocassidulina-Cassidulinoides-
Trochoelphidiella Assemblage Zone from the lower
part of DSDP 270. CRP-3 faunas also seem closely
related to faunas in Units 8, 9 and 15 (Webb, 1989, p.
105) and Assemblage C (Coccioni & Galeotti, 1997) in
CIROS-1. Significantly, however, no fauna equivalent
to the lowermost CIROS-1 fauna, (Unit 21) was
encountered in CRP-3.

CALCAREOUS NANNOFOSSILS
INTRODUCTION

Calcareous nannofossils are known from Palacogene
hemipelagic and pelagic sediments throughout the
Southern Ocean wherever the sediment-water interface
was above the Carbonate Compensation Depth (CCD).
These assemblages differ significantly from coeval ones
from the temperate and tropical regions of the world.
Assemblages from warm-water areas are characterized
by higher species richness than their Southern Ocean
counterparts, indicating significantecological exclusion
of tropical forms (e.g. discoasters, sphenoliths) from the
high-southern latitudes. In addition, there was some
degree of Southern Ocean endemism throughout the
later part of the Palacogene. These palacobiogeographical
dissimilarities necessitate the use of distinctly different
biostratigraphical zonations for the Palacogene.

The Southern Ocean biostratigraphical zonation of
Wei & Wise (1990) has been adopted to subdivide the
Oligocene of the Cape Roberts cores. This zonation has
the advantage of using both prominent Southern Ocean
endemic taxa and those cosmopolitan taxa that penetrated
into the high southern latitudes. The ranges of these taxa
are well calibrated to the palacomagnetic time scale and,
indirectly, to the geochronological time scale. However,
experience from the 1998 drilling season (Watkins &
Villa, in press) indicates that several key taxa usedin the
Wei & Wise (1990) zonation are routinely absent in
Oligocene samples from this part of the Victoria Land
Basin. As aresult, it has been necessary to use other taxa
as additional biostratigraphical indicators for the Cape
Roberts cores.

Samples were examined for calcareous nannofossils
throughout the interval lying above the contact with the
sandstones of the Beacon Supergroup. Samples were
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chosen preferentially from fine-grained lithologies, or at
least from sedimentary rocks with fine-grained matrix
material. Two types of sample preparations were used
for initial examination and characterization. Many of the
samples were examined initially by using smear slides of
raw sediment. Inaddition, several samples were examined
that had been processed by a gravitational settling
technique in which approximately 1 cm?® of sediment
was disaggregated and suspended in sufficient purified
water (o constitute a column of approximately 2-cm
height in a small closed vial. This suspension was
allowed to settle undisturbed for 30-60 seconds, at
which point an aliquot of the supernatant was withdrawn
and mounted on a cover slip. Many of these slides were
prepared originally to concentrate siliceous
microphytoplankton fossils, and use of these existing
preparations greatly expedited our work.

RESULTS

A total of 248 samples were examined for initial
characterization of nannofossil occurrence and
biostratigraphy in the CRP-3 sequence above 782 mbsf
(Fig. 5.4). Fast-track samples and prepared (non-
acidified) diatom settled slides were used to locate
promising horizons for further examination. Additional
smear slides were then prepared and examined to further
define the nannofossil-bearing intervals. Calcareous
nannofossils were found only in samples above 200
mbsf in CRP-3. In general, nannofossils were restricted
to fine-grained sedimentary rocks, with only isolated,
poorly preserved specimens in the coarse-grained
lithologies within this interval. Calcareous nannofossils
are generally sparse even in the finest grain mudstone in
the upper 200 m of the core, and only in four cases
comprise more than 0.1% of the total rock volume.

Calcareous nannofossil assemblages occur
sporadically within fine-grained intervals in the upper
47 m of CRP-3. These assemblages are generally very
sparse and contain only a few specimens of Dictyococcifes
daviesii. A sample from 5.0 mbsf also contains
Dictyococcites productus and Dictyococcites
hampdenensis, an assemblage very similar to those in
the bottom part of CRP-2A. A sample from 44.5 mbsf
contains fragments of Thoracosphaera heimii and
Thoracosphaerasaxae. These calcareous dinoflagellates
are often common in areas of substandard surface-water
quality, and arereminiscentof the Quaternary assemblage
in CRP-1 documented by Villa & Wise (1998).

In general, these sparse assemblages are not strongly
age diagnostic, although they suggest a lower to mid-
Oligocene placement based on the lack of other taxa
known to occur in the sedimentary sequence of the
Victoria Land Basin (7.e. CIROS-1 and CRP-2A). The
smallerreticulofenetrids (e.g. R. minuta and R. minutula),
which are absent in CRP-3, first occur at ¢. 340 mbsf in
CRP-2A, which is no older than early late Oligocene
(Wilson et al., in press). In the same way, the lack of
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Fig. 5.4 - Distribution of samples and species richness of calcareous
nannofossils in CRP-3. Marks to the left of the vertical axis denote
positions of samples examined for this report. Species richness values
extend to the right of the vertical axis.

Reticulofenestra oamaruensis indicates that this
assemblage is not latest Eocene in age. This age
determination is corroborated by diatom biostratigraphy
and by its stratigraphical position above more diagnostic
nannofossil assemblages. These sparse assemblages are
underlain by approximately 30 m of sedimentary rock
that are barren of calcareous nannofossils.

The interval from 77 to 131 mbsf in CRP-3 contains
the richest and most abundant in sifu nannofossil
assemblages in the entire sedimentary section recovered
by Cape Roberts drilling (Fig. 5.5). Indeed, these
assemblages are the most abundant of any thus far
recovered by drilling in the Victoria Land Basin. Few to
common D. daviesii, accompanied by nearly ubiquitous
D. hampdenensis and D. productus, dominate these
relatively rich assemblages. Dictyococcites bisectus and
Dictyococcites scrippsae are cOmmon accessory species.
Rare specimens of Chiasmolithus altus occur in the
richest samples in the sequence (114.89 mbsf; Fig. 5.5).
In addition, several samples contain Transveropontis
pulcheroides, a taxon not seen in any higher levels in
CIROS-1 or Cape Roberts drilling. The last appearance
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datum (LAD) of this species, in Sample 114.3 mbst, isan
important biostratigraphical indicator. This taxonhas its
highest stratigraphical occurrence near the midpoint of
the fowest Oligocene Blackites spinosus Zone on the
Falkland Plateau (Wise, 1983). This last occurrence
datum is best expressed in the relatively shallow Deep
Sea Drilling Project (DSDP) Site 511, although it is
evident even in the deeper water DSDP Site 513.

The nannofossil-rich interval from 77 to 131 mbsfis
underlain by about 10 m of largely barren sedimentary
rock comprised of coarse-grained clastics. Samples at
141.32 and 142.93 mbsf contain isolated specimens of
D. daviesii and D. hampdenensis, respectively. The
intervalfrom 157.7to 161.9 mbsfrecords anotherepisode
of relatively high nannofossil abundance accompanied
by good preservation. These assemblages reflect the same
basic population structure as those from 77 to 131 mbsf,
with D. daviesii being the dominant species and other
Dictyococcites sp. comprising the secondary taxa.
Transveropontis pulcheroides is also presentin atleast onc
of the samples in this interval, indicating the persistent
nature of this taxon below its LAD in Sample 114.89 mbsf.

Aninterval barren of calcareous nannofossils extends
from 162 to 185 mbsf, interrupted only by a single
occurrence of D. daviesii in Sample 178.01 mbst. The

300 350 400

nannofossit count

Fig. 5.5—Specimen counts of nannofossils for the upper 200 m in CRP-3. Counts are totals derived from two traverses of slide using

2 40x objective lens.
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lowest interval of nannofossil presence occurs between
185 and 193.2 mbsf. Although not as abundant and rich
as the best assemblages, these lowest assemblages are
comparable to most of the lower Oligocene in CRP-2A
and CRP-3. These are largely Dictyococcites-dominated
assemblages, indicating the restricted nature of the
nannoplankton populations that inhabited the surface
waters during the early Oligocene. An important
occurrence in these assemblages is the presence of
Chiasmolithus oamaruensis in a sample from 182.25
mbsf. This relatively large nannofossil is characteristic
of upper Eocene and lowest Oligocene sediments
throughout the oceanic system, but is more common in
higher latitudes. Its LAD is within the Blackites spinosus
Zone of earliest Oligocene age at Site 51 | on the Falkland
Plateau (Wise, 1983).

A single specimen of D. daviesii was found in a
sample from 266.27 mbsf. Initial examination of fast-
track and other selected samples in the interval from 195
to 781.4 mbsf has failed, thus far, to reveal any
nannofossils. This is not unexpected, given the coarse-
grained nature of sediment that dominates this interval
and the suspected depositional environment and high
sedimentation rate for this material. In addition, some of
the gravitationally-concentrated fast-track samples
between 600 and 780 mbsf yielded what appears to be
clay-sized authigenic minerals precipitated interstitially
within the sandstone hostrock. These may indicate fluid
movements and diagentic processes that may be have
affected nannofossil preservation in the lower part of the
Cenozoic section. Nevertheless, considerable effort is
anticipated during the post-drilling phase to locate any
additional assemblages below 200 mbsf.

PALYNOLOGY

INTRODUCTION

We collected 208 palynological samples from CRP-
3 for processing (Tab. 5.3) at CSEC during the 1999
CRP drilling season. These included 33 “fast-track™ and
175 regular samples selected at an interval of
approximately 4 m from rocks ranging in grain size
between fine sandstone and claystone. A total of 484
slides were prepared for examination.

Palynological sample preparation followed the
techniques described by the Cape Roberts Science Team
(1998a) and in more detail by Simes & Wrenn (1998).
Between 5 and 15 g of rock were processed for each
sample. One Lycopodium tablet (Lund University batch
#124961) containing approximately 15 500 spores was
added to each sample at the beginning of processing.
This provided a check on loss of organic matter during
processing. Specifically the fewer the Lycopodium spores
inthe final preparation, the more likely they and associated
palynomorphs were being poured off during decanting,
settled out during heavy liquid separation, or destroyed

by excessive oxidation of the residue. In addition, the
known quantity of spores provided a means of
determining palynomorph concentration per weight of
sediment.

Sample digestion in hydrochloric and hydrofluoric
acid using a ProLabo M401 microwave was followed by
seven minutes oxidation with concentrated nitric acid,
and decanting using a swirling method. Most samples
were sieved through a 212 mm mesh sieve to remove
coarse mineral grains and other debris. Those containing,
significant coal fragments were passed through a 125 mm
sieve. Coal fragments from a few selected samples were
macerated in Schulze’s reagent (nitric acid and potassium
chlorate) heated for 5 minutes in a boiling water bath.
This was followed by alkali treatment in a solution of
ammonium hydroxide.

Sieved residues were further cleaned of unwanted
mineral matter by heavy liquid separation with sodiunm
polytungstate (2.3 specific gravity). The final step for
most organic residues was sieving on a 6 mm mesh cloth
using a Vidal Filter apparatus (Raine & Tremain, 1992)
toremove fine particles. Slides were made with glycerin
jelly mounting medium.

Very rare modern contaminant pollen grains {e.g.
Asteraceae, Pinus, and Betula) were encountered during
microscopic examination of the slides. These appeared
in a few preparations shortly after the initial arrival of
project members or visitors from New Zealand, Europe,
or North America. Their color, the presence of cell
contents, and/or their exotic nature easily identified
these contaminants.

MARINE PALYNOMORPHS
Assemblage Details

Study of marine palynomorphs from 82 samples yielded
well-preserved specimens of 61 species of dinoflagellate
cysts (dinocysts), acritarchs, and prasinophycean algal
phycoma (Tabs. 5.4 & 5.5). These are present in low to
moderate numbers in most samples above 332 mbst, but
only in the occasional sample below that depth down to
788.69 mbsf (Tab. 5.4).

Asisthe case with marine microplankton from CRP-
1 and CRP-2A, many of the taxa recorded from CRP-3
are new and, consequently, are referred to here in open
nomenclature. Several new species of Cymatiosphaera,
dinocysts, and acritarchs were noted, some of which are
illustrated in figures 5.6 and 5.7. Several new species
first recovered and illustrated from lower Miocene
sediments in CRP-1 (Cape Roberts Science Team, 1998
b, ¢, 1999; Hannah et al., 1998; Wrenn et al., 1998) and
new Oligocene taxa described from CRP-2/2A (Hannah
et al., 1998) also occur in CRP-3. Currently unnamed
new taxa from all three cores will be described and
published in a separate paper. A more comprehensive
study of the entire flora is planned for the CRP-3
Scientific Report.
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Tab. 5.3 - Palynology samples collected and processed from CRP-3. FT denotes “fast-track™ sanmples.

Unit Depth (m) T Lab# Wi() Lithology Unit Depth (m) T Lab.# Wit.(g) Lithology

1.1 7.72-7.74 190 Hl mudds (Csandstone 7.2 237123473 249 10 coaly visandstone

[ PEA3-THS 191 10 muddy @ sandstone 7.2 240.24-240.26 250 10 mudstone

12 16.79-16.81 192 4 muddy £ sandstone 7.2 246.93-240.96 281 ] fam. mudstone

12 20.69-20.71 193 10 lamamuddy fsandstone 2 250.00-251.02 282 10 vl sandstone

1.2 22.27-22.29 X 184 0 tamamuddy Tsandstone 72 236.06-256.09 231 10 mudstone

1.2 25.96-25.98 194 10 mudstone 7.2 237.10-257.25 X 202 10 mudstone

1.2 33.22-33.25 193 10 lawmuddy Csandstone 1.2 259.94-259.96 254 to miudstone

1.2 38.46-38.48 196 10 muddy £ sandstone 7.2 264.42-264.44 235 Lo mudstone

1.2 41.75-41.77 197 10 tam. mudstone 7.3 265.41-263.43 236 [ lam. mudstone

1.2 44.12-44.18 354 6 cale. mudstone 7.3 27013270015 258 10 mudstone

1.2 44.18-44.27 X 183 Hil cale. mudstone 7.4 273.70-273.72 259 ) mudstone

t2 49.22-49.24 {98 10 muddy I. sandstone 7.4 2753227538 200 10 mudstone

1.3 52.20-32.22 203 10 mudstone 7.4 276.17-276.19 261 10 mudstone

13 5§7.52-57.54 208 R mudstone 7.4 276.72-276.74 262 10 mudstone

1.3 60.54-60.56 228 10 mudstone 74 278.50-278.52 X 204 10 muddy Csandstone

1.3 62.96-62.98 X 182 10 mudstone 74 280.84-280.86 204 10 muddy v.{sandstone

1.3 64.94-64.96 206 10 mudstone/carb.nodule 74 285.71-283.73 263 10 muddy sandsione

t.3 68.73-68.75 220 10 mudstone 74 280.22-289.24 263 10 muddy fsandsione

14 T1.32-71.54 207 10 Janm.mudstone 7.4 29]1.43-291.43 266 10 muddy fsandstone

1.4 73.73-73.75 231 10 tam.mudstone 7.5 300.41-30043 267 10 {.sandstone

1.4 78.56-78.58 208 10 mudstone 7.3 303.72-303.74 268 10 {.sandstone

1.4 82.36-82.38 X 186 10 mudstone 7.5 303.62-305.64 2069 [ muddy fsandsione

14 83.02-83.04 209 10 lam.mudstone 8.1 31L-31116 X 217 10 muddy fsandsione

2,1 87.47-87.49 232 10 sandy mudstone 8.1 312.12-312.14 270 10 muddy f.sandstone

2.1 88.16-88.18 210 6 clastbryoz.carb.nodule 8.1 316.13-310.15 274 10 mudstone

20 92.28-92.3¢ 233 10 muddy f.sandsone 8.1 319.55-319.57 272 10 mudstone

2.1 98.87-98.89 211 10 mudstone (diamictite) 8.1 320.70-320.72 273 10 muddy fsandstone

22 101.59-101.61 213 10 mudstone 8.1 320.79-320.81 274 10 2clast: mudstone

22 106.22-106.24 2H 10 sandy mudstone 8.1 321.14-321.10 273 10 clast: Csandstone

2.2 107.38-107.40 X 183 10 sandy mudstone 8.1 324.39-324.41 276 10 mudstone

2.2 108.26-108.28 215 10 sandy mudstone 9.1 330.17-330.19 277 10 muddy fisandsione

22 114.90-114.92 216 10 sandy mudstone 9.1 332.00-332.02 X 224 10 muddy flsandstone

3. 120.98-121.00 212 10 sandy mudstone 91 333.84-333.80 278 10 f.sandstone. coal frags.

34 122.80-122.82 218 10 sandy mudstone 9.1 338. 279 10 muddy v.[sandstone

3.1 123.65-123.73 X 187 10 sandy mudstone 9.1 34 280 10 muddy fsandstone

3.1 127.88-127.90 219 10 sandy mudstone 9.1 353, 283 10 mudsione & Csandstone

3.1 131.17-131.19 220 10 sandy mudstone 9.1 359, X 257 10 mudstone

3.1 135.54-135.50 221 10 sandy mudstone 9.1 360.03-360.05 284 10 mudstone

3.4 140.67-140.69 222 10 sandy mudstone 9.1 363.77-363.79 285 i mudstone

ER| 142.37-142.39 X 188 10 sandy mudstone 9.1 366.53-366.55 280 10 muddy fsandstone

3.1 144.63-144.65 223 10 sandy mudstone 9.1 370.55-370.57 287 10 f.sandstone

4.1 155.59-155.61 227 10 mudstone 9.1 373.52-373.54 289 10 sandy mudstone

S 158.82-158.84 228 10 sandy mudstone 9.1 AR7.11-387.13 200 10 clast: mudsione

5.1 162.11-162.13 X 189 10 sandy mudstone 9.1 388.35-388.37 29t 17 {.sandstone

s 166.10-166.12 229 10 mudstone 9.1 399.81-399.83 292 14 f.sandstone

s 167.45-167.47 230 10 mudstone 10,1 406.05-406.07 293 10 nrdstone

33 177.76-177.78 234 10 shetly mudstone 101 408.59-408.61 X 281 10 mudstone

53 180.23-180.25 235 10 lam.mudstone 10,1 410.36-410.38 204 10 mudstone

33 182.64-182.06 2306 10 mudstone 10.1 i3.11-413.13 293 10 muddy f.sandstone

0.1 186.36-186.38 237 10 mudstone tht 424.532-424.54 296 10 f.sandstone

6,1 189.20-189.22 238 10 mudstone 111 429.91-429.93 299 17 fsandstone

6.1 190.77-190.79 X 199 10 mudstone 111 433.97-433.99 300 15 f.sandstone

6.1 195.62-193.64 239 10 mudstone 1Ly 437.07-437.09 3061 15 fsandstone

6.1 196.19-196.22 389 10 mudstone 111 439.34-439.36 302 N f.sandstone

6.1 201.00-201.02 240 10 mudstone 12.1 445.01-445.03 303 135 f.sandstone

7.1 204.82.204.84 241 10 fam. mudstone 12.1 451.81-451.83 304 3 f.sandsione

7.1 206.58-206.60 242 10 mudstone. coal frags. 121 437.37-437.39 X 282 10 {.sandstone

7.1 209.98-210.00 X 200 10 muddy fisandstone 12,2 461.01-461.03 305 15 v.f. sandstone

7.2 210.71-210.73 243 10 mudstone 122 461.80-461.82 300 10 v.f. sandstone

7.2 214.00-214.02 244 10 mudstone 12,3 466.73-466.75 307 15 f.sandstone

72 221.18-221.20 245 10 mudstone 12,3 473.75-473.77 308 N indstone

7.2 2251122513 240 10 lam. mudstone 12,3 474.73-3474.75 314 20 sandstone

72 229.45-229.47 247 10 mudstone 12,3 489.13-489.15 313 15 f.sandstone

7.2 232.47-232.49 X 201 10 mudstone 123 403.60-493,62 316 14 f.sandstone

7.2 234.15-234.17 248 10 muddy sandst. coal frags) 123 500.23-500.25 X 288 184  fsandstone
Antarctic Dinocyst Record w 1997 and Harland et al., 1998). Attention was firstdrawn

The assemblages from these cores bridge much of
the gap in the Antarctic marine palynomorph record
between Palacogene and recently described Holocene
Antarctic dinocyst assemblages (Marret & de Vernal,

to Antarctic Palaeogene dinocysts by Cranwell (1964) in
her study of palynomorphs recovered from erratics
collected at Minna Bluff in the southern McMurdo
Sound area. Wilson (1967) described many new dinocyst
species from other erratics recovered from Black Island
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Linit Depth (m) ¥r Lab.# Wt.(g) Lithology Uit Depth (m) F Lab.# Wt.(g) Lithology
123 S09.38-509.40 317 15 fsundstone 131 T43.92-743.04 330 15 Isandstone
123 316.48-316.30 319 s fsandstone 13.1 749.06-749.08 357 1S fant muddy Csandstone
123 821.76-321.78 320 s muddy v Lsandstone 13.1 753375135 X 328 1o lamy, muddy fsandstone
123 S3414-534016 322 15 fsandstone 131 T56.81-736.83 338 15 lam. muddy fsandstone
123 S34.69-534.70 32t s coal clast in Lsandstone 13.1 704.63-764.67 359 15 gritty & muddy Fsandstone
124 S42.05-542.07 324 is fsandstone 13.1 T766.67-766.69 361 13 lam. muddy Lsandstone
124 346.26-346.28 326 2 fsandstone 132 770.06-770.10 362 N sandstone
327 i2 {sandstone 132 30-772.52 363 15 muddy Csandstone
328 [N 132 776.64-776.06 304 15 frandstone
X 297 i3 f.sandstone 13.2 T770-777.72 305 13 muddy fsandstone
I 329 is f.sandstone 13.2 781.10-781.12 366 12 mudstone
12.6 R77.08-377.10 330 10 Lsandstone 132 T81.24-781.26 X 341 13 muddy {sandstone
12,6 SR1.35-581.37 331 13 Lsandstone 13.2 T81.36-781.38 X 342 21 muddy fsandstone
12,6 584.44-384.46 X 298 17 Isandstone 3.2 TR1.50-781.52 367 15 muddy fsandstone
126 301.91-391.03 332 13 [Lsandstone 132 788.02-788.04 368 13 muddy Lsandstone
12.6 602.07-602.09 333 12 fsandstone 13.2 788.09-788.71 369 15 muddy {sandstone
12.7 606.23-6006.25 334 10 f.sandstone 14,1 792.51-792.53 370 3 claystone
3 617.60-617.62 333 13 {sandstone 141 793.93-793.93 374 5 claystone
131 621.73-621.77 X 310 15 f.sandstone 14.1 797.88-797.90 372 3 claystone
13 629.28-629.30 336 15 {-sandstone 14,1 798.03-798.04 X 353 6 claystone
134 633.20-633.22 337 13 f.sandstone 141 799.22-799.23 373 5 claystone
13,1 036.61-036.63 338 is fam. fisandstone 141 800.33-800.37 374 5 claystone
131 2638307 X 309 i0 mud (in core catcher) 141 §01.56-801.58 375 6 claystone
[N 640.69-640.71 X 3t 18 {-sandstone 14,1 804.53-804.55 376 s claystone
3.1 643.60-643.62 339 HY muddy fsandstone 151 K11.10-811.12 377 10 f.sandstone
13.1 618.23-0648.25 340 N .sandstone 152 §14.21-814.23 378 10 (.sandstone
131 (36.534-656.50 X 312 s {sandstone 152 §15.84-813.86 379 10 [.sandstone
13.1 662.20-662.22 343 is muddy f.sandstone 152 818.23-818.26 380 10 clast: f.sandstone
1301 679.81-679.85 344 i3 {sandstone 15.2 822.33-822.33 381 10 f.sandstone
131 08R.96-688.98 345 13 f.sandstone 132 §22.70-822.72 382 10 {-m.sandstone
3.1 690.60-690.62 346 5 fam. mudst.& Csandstong 152 87 383 s f.-m.sandstone
13 697.33-697.35 X 313 15 f.sandstone 6.1 17 384 10 lam. {.-m.sandstone
13 703.93-703.95 347 15 f.sandstone 16.1 $33.34-833.41 385 10 lam. f.-m.sandstone
13.1 707.55-707.57 348 10 muddy fsandstone 16.1 835.28-835.30 X 350 15 tam. f.-m.sandstone
13,1 720.10-720.20 351 13 {.sandstone 16.1 &55.92-855.94 386 10 fam. '-m.sandstone
13.1 722.36-722.58 352 15 f.sandstone 16.1 897.25-897.26 387 10 f.-m.sandstone
131 731.28-731.30 X 318 20 f.sandstone 16,1 §98.83-898.83 388 10 {.-m.sandstone
13.1 739.76-739.78 333 15 f.sandstone 17,1 003.30-903.32 X 360 15 clay

as well as Minna Bluff. The assemblage was subsequently
named the Transantarctic Assemblage after its
distribution became evident (Wrenn & Hart, 1988).
Specimens of constituent species, either in situ or
reworked, have been reported from throughout the
southern high latitudes by Archan gelsky (1969; southern
Argentina); Kemp (1975; Deep Sea Drilling Project
[DSDP] Sites 270 and 274 in the Ross Sea), Hall (1977,
Seymour Island, Antarctica), Griggs (1981; the Santos
Basin, Brazil); Wrenn (1981; the Ross Ice Shelf Project
[RISP] Site J-9); Wrenn & Beckman (1981; [RISP] Site
J-9), Wrenn (1982; Seymour Island, Antarctica)
Goodman & Ford (1983; DSDP Sites 511,512,513A on
the Falkland Plateau), and Wrenn & Hart (1988; Seymour
Island). Most recently, reworked specimens have been
recovered from CRP-1 (Cape Roberts Science Team,
1998a; Hannah et al., 1998) and CRP-2A (Cape Roberts
Science Team, 1999).

Reports of modern dinocysts from Antarctica are
few in number (Balech, 1975; Marret & de Vernal, 1997,
and Harland et al., 1998), and none report any of the
dinocysts found in any of the CRP cores. The new taxa
recovered from all three CRP cores should permit the
establishment of an Antarctic Cenozoic dinocyst
zonation. Such a zonation should be useful within the

Ross Sea region and, perhaps, generally in Antarctic
waters.

The in situ dinocyst assemblages in CRP-3 include
gonyaulacoid and protoperidinioid taxa, though the latter
are the most diverse and usually the most abundant as well.
Most of the protoperidinioid cysts belong to the genus
Lejeunecysta, including three new species from CRP-3 and
several new species first reported from CRP-2A.

A variety of acanthomorph acritarchs as well as
several species of Leiosphaeridia are common in the
upper 280 m of the core. Below that depth, occurrences
are sporadic and specimens rare. The acritarch Leiofusa
sp. is one of the most abundant in the core and reaches a
peak of 215 specimens at 11.13 mbsf. This species also
occurs in considerable numbers in the lower part of
CRP-2A. In both cores, it exhibits an antipathy for
dinocystsin that it is most numerous where dinocysts are
rare or absent, and least numerous where dinocysts are
abundant. This relationship may be environmentally
significant,

Phycoma of prasinophyte green algae are present
throughout the core but most numerous and consistentin
occurrence above 330 mbsf. At least three species of
Pterospermella and several species of Cymatiosphaera,
some not previously encountered in the Cape Roberts
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raphical distribution of the marine palynomorphs recovered from CRP-3.

Tab. 5.4 - Stratig
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Sample Depth

8P
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445.01
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473.75
489.13
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Tab. 5.5 - Full Tisting of all marine palynomorph taxa recovered from CRP-3. Most are tisted in open nomenclature. Species numbering {ollows

on from Hannah et al. (1998) and Cape Roberts Science Team (1999),

TPyvidinopsis sp A
PPvwidinopsis sp B
forirarel sp l
Acritarefs sp 2
Arachnodiniun: antarcricion. Wilson & Clowes, 1082
Cordosphacricdivn of. minipan (Morgenroth, 19661, Benedek, 1972
Crassosphaer sp
Crmatiosphacra o invaginata
Cyinatiosphaera sp 3
Crinatiosphacro sp 6
Cymatiosphacra sp 7
Crmatiosplccra sp
Datluncreda amarciica Wilson, 1967
Deflandreaswebbii Wrenn & Tart, 1988
Pinocyst A
Dinocyst 3
Dinocyvst C
Dinocyst D
Dinocyst
Funcadocysta parmridgel Stover & Williams, 1993
Hystrichaosphacridium sp
lmpagidinimm of elegans
Impagicdinium sp
Tmplerosphacridinm claves Morgenroth, 1966
Impletosphaeridivm sp B Wrenn & Hart. 1988
Letofiesa sp
Leinsphaeridic sp A
Leiosphaeridia sp B
Leiosphaeridio sp C
L eiospheridia spp
Lejoimecysia of sp 6 Cape Roberts Science Team. 1999
Lojemrecysta sp 10

Lefeunceysiasp 3 Cape Roberts Scienee Team. 1999
Lefewnceystasp 6 Cape Roberts Science Team, 1999
Lejenieoyste sp 7 Cape Roberts Science Team, 1999
Lejenneeysia sp R

Lefeuneey<cia sp 9

Lefeuecysta spp

Vierfivstridinm sp 2 Hannah etal, 199R
Micrhestvidhinm sp ¥
Micrinsiridimm sp 6
Micrfyestridium sp 7
Viiervsaeidiom sp 3
Operculodinh sp
Paralecaniolla? sp
Pediasirum sp
Prerospermella sp

Hannaly ot al, 1998

Preraspermefla sp 2

Pierospermedfa sp 3

Sclenopemplix sp

Senegaliniun asymmetricun: (Wilson, 19673, Stover & Lvitn, 1978
Siamopollis sp

Spinidinium ef essoi - Cookson & Eisenack. 1967

Wrenn & Hart, 1988

Wilson, 1967

Spinidiniun colemeanii
Spinidinin sp
Spiniferites sp
Spiniferites spp
Surcrlosphacridivm longifircannm  (Vivtion, 1952y, Davey et al, 1960
Tasimicunites spp.

Teciatodinium? sp

Turbiosphoera jfillosa (Wilson 1967}, Archangeisky, 1969

Vozzhennikovia apertura . Wilson, 196

cores, comprise an important component of many
assemblages.

Specimens of several species from the Transantarctic
Floraoccurin CRP-3 samples (Tab. 5.4). Asin CRP-2A,
Vozzhennikovia apertura is present in the greatest
numbers and occurs most consistently, followed by
Spinidinium macmurdoense and Deflandrea antarctica.
Rare specimens of Arachnodinium antarcticum,
Deflandrea webbii, Enneadocysta partridgei,
Spinidinium colemanni, and Turbiosphaera filosa are
present. All specimens are reworked. Most occur above
202 mbsf, with rare occurrences below that depth.

{n situ marine palynomorph assemblages from CRP-
3 can be subdivided into three informal units based on
the distribution of distinctive dinocysts:

Marine Palynomorph Unit I: 7.72 to 87.47 mbsf

The samples comprising Unit [ contain some of the
richest marine palynomorph floras in the core, including
the distinctive and key species Impagidiniumcf. elegans.
The assemblage is easily identified by the presence of
this species, whose base at 87.47 mbsf in the core marks
the base of Unit 1. One or more species of Lejeunecysta
(e.g. L.sp. 5, L.sp. 6, L.sp. 7, L. spp.) and one or more
species of ?Pyxidinopsis sp. are typically present.

Species of the acritarch Leiosphaeridia are
accompanied by rare acanthomorph acritarchs in many
samples. A fusiform acritarch, Leiofisa sp., is the most
abundant acritarch within this interval, though it ranges
downcore to the 324.39 mbsf level. The number and

diversity of spinose acritarchs is very low, and the
assemblage is similar to those reported from Unit 1 of
CRP 2A and below 99.01 mbsf in CRP-1.

Prasinophycean algae are represented in Unit 1 by
several species of Cymatiosphaera, informally referred
to as C. sp. 5, C. sp. 6 (possibly several species lumped
together), C. ¢f. invaginata, and C. sp. 7. Although not
restricted to Unit 1, they are particularly evident in it.
Three species of Prerospermella (P. sp. 3, P. sp. 1 and P.
sp. 2) are present and constitute a minor component of
the prasinophycean assemblages in Unit 1.

Marine Palynomorph Unit 11 107.38 to 324.19 mbsf

This intervalis bounded above by the firstappearance
datum (FAD) of Impagidinium cf. elegans, a large and
distinctive dinocyst. Its base is placed at the FAD of the
dinocyst Lejeunecysta sp. 6 and the FAD of Leiofusa sp.
In addition, below Unit 2, there is a significant decrease
in marine palynomorph abundance and diversity.
Assemblages from Unit Il generally contain one or more
species of Lejeunecysta and Pyxidinopsis sp., and low
numbers of acritarchs and prasinophytes.

Marine Palynomorph Unit III: 330.17 m to the bottom
of hole

The top of this interval is placed at the FAD of
Lejeunecystasp. 6 and of the fusiform acritarch Leiofissa.
The interval is characteristically barren or yields very
few marine palynomorphs, in sirie or reworked. [textends
to the top of the massive light buff sandstone (?Beacon
Supergroup) at the bottom of the hole (820 mbst).
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Fig. 5.6 - Selected marine palynomorphs from CRP-3. Data listed includes, in this order: depth, slide number, England finder co-ordinates. and
diameter or length x width. a & b) Cvmatiosphaera sp. 5, 16.79 mbsf, P192-2, X44,35.4 um; ¢ & d) Cymatiosphaera cf. invaginata; 16.79 mbsf,
P192-2, K51, 35.7 um; e & f) Cymariosphaera sp. 6, 16.79 mbsf, P192-2,J52. 19.0 um: g & h) Cymatiosphaera sp. 8,408.59 mbsf, P281-2, M49,
22.1x25.5um; i & j) Cvmatiosphaera sp.7, 793.3 mbsf, P369-1, W37, 18.7 um: k) Prerospermella sp. 2, 7.72 mbsf, P190-2, G50/1. 50.1 x 35.7
um; Y Micrhystridiumsp.2,162.11 mbsf, P189/3, V30/1,37 mm; m) Micrhystridiumsp. 3, 162.11 mbst, P189/3,F44/3, 26 mm; n) Micrhystridiuun
sp. 8, 68.75 mbsf, P266/2, H51, 33 mm; o) Acritarch sp. 2, (Nomarski interference contrast illumination), 123.73 mbsf, P182/1, M28/129 mm:
p) Acritarch sp. 2, 38.46 mbsf, P196-1, E47, 81.6 x 85 mm; q) Dinocyst D, 324.39 mbsf, P276/1, X52/1, 28.9 x 35.7 mm; r) ?Pyxidinopsis sp.
A, 16.79 mbsf, P192-2, F40,42.5 x47.6 mm; s) ?Pyxidinopsis sp. B, 7.72 mbsf, P190-2, J40/1, 37 mm; t) ?Pyxidinopsis sp. B, Note: This specimen
was recovered from CRP-2A. 264.42 mbsf, P154-2, V33-2, 57.8 x 90.1 mm.
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Fig. 5.7 - Selected marine palynomorphs from CRP-3. Data listed includes, in this order: depth, slide number, England finder co-ordinates, and
diameter or length x width. a) Dinocyst E: 688.96 mbsf, P342/5,1.45/2,27.2 x 34.0 mm; b) Dinocyst E; 688.96 mbsf, P342-5,1.42/1,27.2x25.0
mm; ¢) Lejeunecysia sp. 6, 33.22 mbst, P195/1, C50/4, length = 101 mn; d) Lejeunecysta cf. sp. 6, 33.22 mbsf, P195/1, C50/4, tength = 101 mm;
e) Lejeunecysta sp.. 52.22 mbsf, 537.9 x 90.1 mm: f) Lejeunecystasp. 5, 38.46 mbsf, P196-1,D47/1, 81.6 x 79.9 mm; g) Lejeunecysta sp. 5, 38.46
mbsf, P196-2, P50, 79.9 x 74.8 mm; h) Lejeunecysta sp. 10, 38.46 mbsf, P196-2, K51, 35.7 mm: i) Lejeunecysta sp. 9. 38.46 mbst, P196-2, Q57,
85 x 73.1 mm.




Palacontology 155

UnitITT contains stratigraphically dispersed and sparse
marineassemblages atonly afew levels. In situ dinocysts
recovered in this unit are usually rare and include
Lejeirnecysta sp. 5 (788.69 mbsf), Lejeunecysta sp.
(718.36 mbsf), and Pyxidinopsis sp. (781.36 mbsf). The
sole exception is the dinocyst assemblage occurring in
samples at 781.36 and 788.69 mbsf. It consists of a new
species, informally referred to as “dinocyst 781.” Rare
Lejeunecysta cysts and a variety of acritarchs and
prasinophytes accompany it. We believe it indicates that
amarine environment existed at the time of deposition.

Systematic Comments

The following are comments on some of the more
prominent undescribed taxa recovered from CRP-3.
Those previously noted in CRP-2A are so indicated
below, and references to illustrations in the CRP 2A
Initial Report are given.

Dinocyst E - Subspherical, cysts consisting of two
thin wall layers (<1.0 um). The endophragm is the more
substantial and prominent. The periphragm is often
absent, or seems to be. When present it may be kalyptra-
like. A very short and blunt apical horn (2-8.5 ym) and
asymmetric antapical horn composed of the periphragm
are occasionally evident. The apical horn is often folded
over on the central body and all but invisible. The cysts
are always hyaline but the wall appears very light yellow
in optical section. Almost always one or more gold
accumulation bodies are present within the cyst. These
may be individual bodies or joined together in a short
chain. Their shape, wall color, and the yellow
accurmulation bodies are distinctive of the species.
Apparently they have a combination archeopyle, though
SEM study will be needed to determine the details.
Dinocyst E ranges in width from 22-38 pum in diameter
and 25-36 um in length. (see Fig. 5.7a & b).

Impagidiniumcf. Elegans - Subspherical to elongate,
central body bearing parasutural membranes marking
paraplate areas. Membranes appear to be ribbed
perpendicular to their length, granulate, occasionally
perforate, and their distal margin is irregular. The central
body is typically yellow-orange to brown in color,
whereas the parasutural membranes are clear and hyaline.
An orange accumulation body is often present within the
cyst. Paracingulum delineated by a series of transversely
elongate paraplates. Type P, precingular archeopyle;
operculum free. Cysts range from 34 to 71 wm long and
34 to 60 pum wide. (See Fig. 5.9a of Cape Roberts
Science Team, 1999).

Lejeunecysta sp. 5 - This species of Lejeunecysta was
firstreported from CRP-2 A (Cape Roberts Science Team,
1999) and is characterized by its rounded pentagonal-to-
elliptical shape and distinct scabrate to verrucate
ornamentation. The thin (<1 Wm) autophragm may bear
sculptural elements up to 2 Wm in diameter. Aligned
verrucae commonly delineate the paracingulum, and on
some specimens a low ridge and/or a fold reinforce this.

The parasuleus is indicated by the invagination of the
antapical margin and by a loop-shaped flagellar scar
located approximately midway between the antapex and
the paracingulum. Cysts ranging from 61 to 82 um long
and 52 (0 72 wm wide have been measured. (See Fig. 5.8¢
of Cape Roberts Science Team, 1999).

Lejeunecystasp.6-Cystsof L. sp. 6 are symimetrically
divided in an anterior/posterior direction by the
paracingulum, which is marked by well-defined
transverse folds. The large intercalary 2a paraplate
extends nearly to the paracingulum, but is separated
from it by a very short precingular paraplate. The
archeopyle is well marked by the slight separation of the
partially dislodged operculum. It is uncertain whether
the operculum is adnate or simply adherent along its
posteriormargin. Sculpturing consists of a very prominent
granulation on the entire cyst surface. The horn
terminations are solid. The apical horn is blunt, and the
antapical horns are sharply pointed. Speciimens range
from 52-85 pum long and 64-78 pum wide. This cyst
species was recovered first from CRP-2A (see Fig. 5.8b
of Cape Roberts Science Team, 1999).

Lejeunecysta sp. 7 - This species, originally found in
CRP-2A, is characterized by a very narrow cyst overall
and an antapical area in particular. The antapical horns
are very closely placed to each other (see Fig. 5.8g of
Cape Roberts Science Team, 1999, for aclearillustration
of this species).

Lejeunecysta sp. 9 - A species of Lejeunecysta
characterized by its large pentagonal autocyst with a very
wide smooth autophragm. The small antapical horn tips
are solid. Parallel ridges and folds consistently mark the
paracingulum. The 2al archeopyle is very broad. Cysts
have been measured that range in length from 85 to 107
wm, and in width from 100 to 125 pm (see Fig. 5.71).

?Pyxidinopsis sp. A - This moderate-to-large dinocyst
7Pyxidinopsis sp. was first encountered in CRP-2A at
316.50 mbsf and was consistently present to the base of
the core at 624.15 mbsf (Cape Roberts Science Team,
1999). We concur with observations regarding its variable
sculpturing and archeopyle formation (Cape Roberts
Science Team, 1998). We refer to the coarsely
ornamented form as ?Pyxidinopsis sp. A (Figs. 5.61 & t)
and to the finely ornamented form as ?Pyxidinopsis sp.
B (Fig. 5.6 s). Examination of a hundred or more
specimens of ?Pyxidinopsis sp. A. from CRP-3 leads us
to conclude that it has a combination archeopyle. The
archeopyle may involve the loss of only the third
precingular paraplate (Type P,. archeopyle), or the
additional separation (loss?) of one or more apical
paraplates and the partial separation of adnate precingular
paraplates. Consequently, we do not believe this new
species is assignable to the genus Pyxidinopsis as
currently defined. Detailed study, including scanning
electron microscopy, will be needed to determine its
generic assignment. The potential that more than one
species is involved certainly exists, as pointed out
previously by the Cape Roberts Science Team (1999).
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?Pyxidinopsis sp. B - The comments above regarding
Pvxidinopsis sp. A, except for ornamentation, pertain
to this form as well. ?Pyxidinopsis sp. B differs from 2P,
sp. A by being finely ornamented (Fig. 5.6s). Because
their stratigraphic ranges are nearly identical in both
CRP-2A, these forms may be end members of one
species.

Acritarch - 2 - This acritarch has a dense, poorly
delimited central body (70-85 pum in diameter) bearing
indistinct, hyaline processes that characterize it. The
latter are very short (approximately 8-10 um long) and
look like tiny spheres stacked one upon the other to form
straight processes that may bifurcate distally. Central
body may be composed of two wall layers, although this
is uncertain. Overall, the ceuntral body may attain a
thickness of 7 um (see Fig. 5.6 o & p).

Age and Environmental Significance

Age

The marine palynomorph assemblages consist
predominantly of undescribed orreworked palynomorphs
and can add no firm insights at present to the age
interpretation of CRP-3. Diatom and nannofossil data
indicate that the age of the upper 114 m of the core is
early Oligocene (C12r, 31-32 Ma). Below that interval,
no direct age determinations are possible at this time,
due to a general scarcity of fossils and the absence of
time significant micro- and macrofossils.

However, the same general types of palynological
assemblages occur sporadically almost to the bottom of
CRP-3 (Fig. 5.7). That is, acanthomorph and psilate
acritarchs, Cymatiosphaera spp., and protoperidinioid
dinocysts (e.g. Lejeunecysta sp.) constitute these sparse
assemblages, suggesting continuity with overlying
assemblages and that they are probably the same age.

Strata containing the distinctive Palacogene
dinoflagellate assemblages correlative to those recovered
from the McMurdo erratics (Wilson, 1967; Mclntyre &
Wilson, 1966), CIROS (Hannah, 1997), and Seymour
Island (Hall, 1977; Wrenn, 1982; Wrenn & Hart, 1988),
were not cored by CRP-3. The extremely rare, low
diversity elements of the Transantarctic Flora present in
Unit IIT are reworked. This interpretation assumes that
the upper Eocene marine palynomorph assemblages in
East Antarctica should be the same as those documented
on Seymour Island.

There is at this time no firm evidence that the Eocene
was penetrated by any of the CRP cores. Hypothetical
age determinations based solely on anticipated evidence
of late Eocene cooling, regardless of where
chronostratigraphical boundaries are drawn, cannot be
supported until firm evidence, fossil or radiomnetric data,
are found in the cores to support such interpretations.

Nevertheless, recognition of the Eocene dinocyst
assemblagesin East Antarcticaremains aconcern because
itis conceivable that this area has a somewhat different
history from West Antarctica. For instance, if East

Antarctica became colder before West Antarctica. the
relatively warm Seymour Island dinocyst assemblages
may not be representative of age correlative beds in Fast
Antarctica. Slightly earlier East Antarctic cooling
resulting from a hypothetical circum-East Antarctic
current is possible. Such a current might have existed
after Australia moved away from Antarctica, but priorto
the initiation of the deep water circulation between
South America and the Antarctic Peninsula, and before
a large ice sheet joined East and West Antarctica.

Inthis case, the change from the diverse and abundant
Eocene assemblages found on Seymour Island to the
sparse, low diversity Oligocene to Quaternary assemblage
recovered from the CRP cores would have occurred
earlier in East Antarctica. The McMurdo erratics
assemblages may be an Eocene dinocyst assemblage
that is slightly older in East Antarctica than on Seymour
Island. There may exist aunique, transitional assemblage
in East Antarctic sediments that has yet to be found. But
this, based on current knowledge, is speculation.

Palaeoenvironment

The distribution of in siri terrestrial and marine
palynomorphs are most consistent, most abundant, and
most diverse in the upper 250 m of CRP-3 (Tab. 5.6).
They decrease below that level and all but disappear
below 350 mbsf. A good dinocyst assemblage appears
near the bottom of the core at 781-782 mbsf. This
distribution may be a function of the samples studied, the
result of climate change, or, more likely, due to
depositional processes. Coincidentally, the sediments
above 350 mbsf and between 750 and 800 mbsf are the
muddiest in the core. Most palynomorphs are
hydrodynamic equivalents to silt and fine sand-sized
particles, anditis in sediments of those sizes that they are
found most abundantly. The general lack of mud in the
core may account for the scarcity of palynomorphs in
most of the core.

Most of the in siti dinocyst assemblages recovered
from CRP-3 seem to indicate deposition under shallow
marine, inner shelf conditions. However, the presence of
Impagidinium cf. elegans in the upper 100 m of CRP-3
(Fig. 5.7) is interesting in this regard. The present
geographical distribution of the nine modern species of
this genus indicates that they are all outer shelf to open
ocean taxa (Harland, 1983; Wrenn & Kokinos, 1986;
Marret & De Vernal, 1997). Impagidinivm pallidum has
been reported from inshore sediments off Wilkes Land,
Antarctica. However, the sites vary in depth from 615 to
4 350 mbsf (Marret & De Vernal, 1997). The presence
of I cf. elegans suggests that deeper water conditions
prevailed during deposition of Marine Palynomorph
Unit | in CRP-3, and the lower part of Marine
Palynomorph Unit 3 in CRP-2A. This interpretation
assumes that the ancestral species in the genus
Impagidiniumpreferred environmental conditions similar
to those of the extant species.

Inaddition, the dinocyst assemblages from the lower
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Tab. 5.6 - Summary diagram showing the distribution of terrestrial and marine palynomorphs in CRP-3. The curve for each

category shows the total number ol specimens counted.
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part of CRP-2A and the upper part of CRP-3 are of
interest because of the appearance in considerable
numbers, for Antarctic Neogene assemblages at least, of
the gonyaulacoid dinocysts ?Pyxidinopsis spp. (in CRP-
2A from 96.77 to 624.15 mbsf; in CRP-3 from 7.72 to
781.36 mbsf), Impagidinium cf. elegans (in CRP-2A
from444.76 to 624.15 mbsf; from 7.72 to 87.47 mbsf in
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CRP-3) and the acritarch Leiofisa sp. (in CRP-2A from
444.76 10 624.15 mbsf; from 7.72 to 87.47 mbsf in CRP-
3). 2Pyxidinopsis spp. and I. cf. elegans are probably the
cysts of autotrophic, orrather mixotrophic dinoflagellates,
and notthose of heterotrophic dinocysts thatcharacterize
most of the assemblages in CRP-1 and the uppermost
part of CRP-2A. These may represent a transitional
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assemblage (though not the transitional assemblage
hypothesized above) between the warm autotrophic-
rich dinocyst assemblages of the Eocene and the late
Oligocene-Pleistocene assemblages dominated by
heterotrophic dinocysts.

Acanthomorph acritarchs are relatively uncommon
in CRP-2/2A and CRP-3. They rarely, if ever, reach the
frequency and abundance recorded in CRP-1. If the
tentative linkage made by Wrenn et al. (1998) were to be
substantiated, this would suggest that seasonal sea-ice
was not common or did not exist during the deposition
of most of the Oligo-Miocene interval of CRP-2/2A and
most of CRP-3. Alternately, the absence of
acanthomorphs may be a result of other, perhaps
evolutionary, reasons. Additional studies are needed to
evaluate the potential of acritarchs as sea-ice indicators.

TERRESTRIAL PALYNOMORPHS

During the CRP-3 core-characterization phase, we
examined a total of 120 samples for spores and pollen
< (miospores), including all “fast-track” samples and
additional samples to secure a sample spacing of ¢. [0 m
or less through the Cenozoic section. In the basal part of
the Cenozoic section, 781.1 mbsf and below, we
examined all of the palynological samples collected.
Specimen counts presented in tables 5.7 and 5.8 result
from study of the entire organic residue from
palynological processing. Since the weight of sample
processed was fairly uniform, usually 10 g in the section
above ¢, 380 mbsf, and 10 to 20 g below that level, total
counts are a reasonable guide to sample-to-sample
variation in miospore abundance. This varied from
“moderate” (>100 specimens/10 g), through “low” (10 to
100 specimens/10 g), to “sparse” (<10 specimens/10 g) or
nil. We also examined 6 samples from the putative
Beacon Supergroup section below 823.11 mbsf.
Consistent with the coarse-grain size and oxidising
paleoenvironmentrepresented, these proved tobe barren
of palynomorphs or other organic material. A clay
sample from 903.30 mbsf (later determined to be from
altered volcanic rock) is also barren.

Within the Cenozoic section, both presumed
contemporaneous and recycled components can be
recognized on the basis of preservational state and
known stratigraphical range. The recycled component
includes a few Cenozoic forms but mainly comprises
Permian to Mesozoic miospores. Distribution and
significance of the Cenozoic and older components are
discussed separately below.

Cenozoic Palynomorphs

Preservation of the Cenozoic palynomorphs,
mncluding presumed contemporaneous and recycled
specimens, is generally good to very good. There are
some poorly preserved specimens, however, that are
broken and torn, or have mineral scarring from
pyritization. The Cenozoic specimens are mostly light

yellow to yellow in colour, although some have adarker
(yellow-orange) hue.

Distribution (Tab. 5.7)

Abundance of Cenozoic miospores is generally sparse
to moderate down to ¢. 360 mbsf, but with intervals of
barren to sparse recovery from ¢. 200 to 221 mbs{ and
232 to 300 mbsf. Below ¢. 370 mbsf lower LSU 9.1 and
below), most samples are barren, with only a few having
sparse miospores. Highest abundances in the productive
upper section occur in mudstones and sandy mudstones
at 114.90 mbst (count of 224, LSU 2.2), 131.17 mbsf
(count72,LSU 3.1), 190.77 mbsf (count 416, LSU 6.1),
and225.11 mbst (count250,1.SU 7.2). These abundances
exceed those seen in CRP-1 and CRP-2/2A, the most
similar being a count of 64 miospores, at 575.36 mbsfin
mudstone of LSU 15.3 in the lower part of CRP-2A. The
general rarity of miospores in the lower part of the CRIP-3
coreis believed toresult from, in part, removal of the fine
fraction of the sediment by winnowing and, in part,
dilution by rapid influx of sediment. Sparseness of
vegetation in the surrounding landscape may also have
contributed to the low abundance of miospores.

Diversity is higher in the samples with greater
abundance of miospores, butin general is low. Relatively
high total counts are mostly due to high levels of
Nothofagidites spp., particularly of N. lachlaniae and
undifferentiated fusca group species. Other relatively
abundant taxa include N. flemingii, N. cf. flemingii (a
smaller form), and various species of Podocarpidites.
Aggregates of Nothofagidites lachlaniae and
Nothofagidites fusca group pollen grains occur at 114.90,
131.17 and 225.11 mbsf, in association with high counts
of individual specimens. Mildenhall (1989) observed
similar aggregates of Nothofagidites pollen in CIROS-1.
As suggested by Mildenhall, such aggregates are very
likely to be due to incorporation of anthers in the
sediment. Their fragility suggests that they are not
recycled but transported, with very little disruption,
from contemporaneous vegetation.

The taxonomic composition of the flora is very
similar to that encountered in the lower part of CRP-2A
(Terrestrial palynomorph UnitIl of Cape Roberts Science
Team, 1999), with a similar number of species and few
different species being encountered. Bryophytic spores
of Coptospora spp. occur consistently through the
sequence; most of these are probably referable to
Coptospora sp. ¢ of Raine (1998, Fig. le & 1), and the
Coptosporasp. from CIROS-1 illustrated by Mildenhall
(1989, P1. 2, Fig. 14). The only other certain bryophytic
spore encountered was a single broken specimen of
Ricciaesporites sp. similar to that seen in CRP-2A,
which occurs at 781.36 mbsf. Lycopod spores are noted
for the first time in the sequence of CRP wells, as
Lycopodiumsporites sp. These occur consistently through
the upper part of CRP-3. Ferns are represented by rare
occurrences of Cyathidites minor, Laevigatosporites
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Tab. 5.7 - Stratigraphical distribution of Cenozoic spores and potlen, CRP-3. Samples barren of all miospores are shaded dark grey,

g I I ! | g
those barren of Cenozoic palynomorphs, but with recycled Permian and lower Mesozoic palynomorphs are shaded light grey. 7 =
possible modern contaminant (see text). Total count of Cenozoic spores and pollen is given in the rightmost column.
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spp., and Rugularisporites sp. It is possible that some of
these fern spores are recycled from Eocene or older
strata. Gymnosperms are mainly represented by
Podocarpidites specics. Podocarpidites sp. a, which had
a reported LAD at 316.50 mbsf in CRP-2A (Cape
Roberts Science Team, 1999, p. 136), occurs in a few
samples. A notable occurrence is that of Podocarpidites
sp. ¢, asmall form withclearly reticulate saccus mesexine,
whichappears to have a peak in abundance between ¢. 71
and [31 mbsf.

Angiosperm pollen other than Norhofagiditesisrare.
Two occurrences of possible Cyperaceae pollen
(?Cyperaceaepollis sp.)complementasingle occurrence
inCRP-2A (Cape Roberts Science Team, 1999). Several
species of dicotyledonous angiospermpollen are recorded
as Tricolpites spp., including an oblate form with
granulate exine, Iricolpites sp. b, seen previously in
CRP-2A at 453.26 mbsf. Other taxa occur as single
specimens. Amicroechinate tricolpate pollen at 60.54 mbsf
is referred to Ranunculaceae; a similarly sculptured but
apparently alete pollen grain recorded from CRP-2A
(Askin & Raine, in press) was also ascribed to this
family. Four triporate pollen taxa are recorded,
Myricipites harrisii (see below), Proteacidites sp. (a
small form with granulate exine), Triporopollenites sp.
(a psilate form), and a distinctive type recorded as
?Campanulaceae. The last has scattered spines and pore
annuli, and may be conspecific with the species from
CIROS-1 recorded as ?Proteacidites spiniferus by
Mildenhall (1989, Pl 2, Figs. 8-9). Three periporate
pollen species, all possibly referable to Caryophyllaceae,
are recorded as: Caryophyllaceae, Stellaria type;
YCaryophyllaceae; and Chenopodipollis sp. The latter
two are similar to species occurring in CRP-1 (Cape
Roberts Science Team, 1998¢; Raine, 1998, Figs. 2m &
2k-1 respectively).

Recycled and Contaminant Cenozoic Palynomorphs

It is likely that some of the Cenozoic spores and
pollen arerecycled from older Cenozoic rocks, although
the extent of this reworking appears to be less than in the
upper part of CRP-2/2A. Rare occurrences of the
gymnosperms, Dilwynites granulatus, Microcachryidites
antarcticus, and Trichotomosulcites subgranulatus,
which occurin samples thatlack abundant and presumed
contemporaneous Nothofagidites, are similar to sporadic
occurrences in CRP-1 and CRP-2/2A, and are likely to
be of fecycled specimens. In New Zealand and Australia
these taxa range through the Upper Cretaceous and
Palacogene. Some of the fern spore specimens may also
be recycled, as these occur in only a few samples.

Specimens of Asteraceae (Tubuliflorae) pollen were
encountered at 781.36 and 797.88 mbsf. These lack
protoplasmand may be fossil. Mildenhall (1989) recorded
several similar specimens in the lower part of the CIROS-
I sequence, tentatively regarding these as contamination.
Pollen of the Asteraceae (= Compositae) family, which

are common weeds and thus potential laboratory
contaminants, first appeared in Australasia during the
late Oligocene (Pocknall & Mildenhall, 1984), but
possibly earlier at DSDP Site 254 in the Indian Occan
(Kemp & Harris, 1977). Recovery of further specimens
and study of autofluorescence characteristics are required
to confirm the fossil nature of the CRP-3 and CIROS- |
specimens.

Age

Marchantiaceae and Tricolpites sp. a, two
characteristic taxa of the uppermost Oligocene to lower
Miocene section of CRP-2/2A and the lower Miocene
section of CRP-1, are not recorded in CRP-3. Asnoted
above, the composition and relative abundances of taxain
the upper part of the CRP-3 sequence, down to ¢. 360 mbsf,
resemble those of the lowermost Oligocene part of the
CRP-2A section. Other than noting this consistency, the
lack of established datums at present precludes closer
correlation. The apparent absence of the acme of
Podocarpidites sp. e in CRP-2, however, may suggest
that the sequence between ¢. 71 and 131 mbsf in CRP-3
has no equivalent in CRP-2.

The diversity of Cenozoic taxa present in the upper
part of the CRP-3 sequence is slightly less than that
reported from CIROS-1 by Mildenhall (1989). and
considerably less than that of the Eocene McMurdo
erratics (Mclntyre & Wilson, 1966; Askin, in press). A
notable absence from CRP-3 is pollen of the brassii
group of Nothofagidites, which were present in the
lower section of CIROS-1 and in the McMurdo erratics.
If the CIROS-1 occurrences can be regarded as
contemporaneous with deposition, absence of the N. brassii
group from CRP-3 points to a younger age for the CRP-
3 sequence above ¢. 360 mbsf. Below that level in CRP-
3, paucity of the assemblages and uncertainty about
recycling and contamination prevent any conclusion
being drawn with confidence. We note the possiblity,
however, that although rich “warm-climate” preglacial
Eocene assemblages were not encountered in CRP-3, a
latest Eocene age for the lower strata is not precluded.
Although only a small number of miospores was
recovered, species diversity is apparently high in the
781.36 mbsf sample. This may suggest more diverse
parent vegetation, and therefore that a warmer climate
prevailed.

Two specimens of Myricipites harrisii occur at
781.36 mbsf, the first record for the CRP sequence of
holes. This taxon, which represents pollen of the
angiosperm family Casuarinaceae, is characteristic and
abundant in the Eocene of New Zealand and Australia,
and also occurs in the McMurdo erratics (Mclntyre &
Wilson, 1966; Askin, in press) and MSSTS-1 drill core
(Truswell, 1986). In the MSSTS-1 sequence specimens
are common through the upper Oligocene, lower
Miocene, and Quaternary sections (Truswell, 1986,
recorded as Triorites harrisii), and were interpreted as
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recyeled from older sediments. Rave specimens were
recordled only in the lowermost part of the CIROS-|
sequence by Mildenhall (1989, as Haloragacidites
Tarriy @iy, In New Zealand, the main vegetational response
to cooling oceurred some time before the end of the
Eocene (e.g. Raine, 1984 Pocknall, 1989), near the
Kaiatan/Runangan Stage boundary (35.5 Ma, Morgans
et al., 1996), and was reflected in the palynoflora by a
transition from Myricipites harrisii-dominated
palynofloras to those dominated by Nothofagidites of
the Drassii group. It is likely that a corresponding
vegetational change occurred at a similar time, or even
earlicr,in Antarctica. Thatsuch a severe change occurred
is attested to by the absence of a large proportion of the
rich FEocene flora, as noted above, in the upper CRP-3
record. Whether the specimens of M. fiarrisii in CRP-3
(and thiose in CIROS- 1) arerecycled is unclear. Recycling
of M. harrisii would be unique within the known CRP
sequence. If the specimens are not recycled, then their
presenice may point to a Kaiatan-equivalentor older age,
i.e. greater than 35.5 Ma, for these strata.

Palaeoenvironmental Significance

As noted above, assemblages in the upper part of
CRP-3 never reach the species richness and abundance
seen in the Eocene McMurdo Sound erratics (Wilson,
1967, Askin, in press) or in the Eocene (lower) part of
CIROS-1 (Mildenhall, 1989). Instead, the CRP-3
assemblages suggest low diversity woody vegetation
that included several species of Norhofagus and
podocarpaceous conifers, a few other angiosperm
families, and few cryptogams except for bryophytes
(mosses and liverworts). Many of the important
components of the prior Eocene flora are missing (e.g.
several species of Proteaceae, various other angiospernis,
gymnosperms and cryptogams). In favourable sites the
vegetation may have comprised a low scrub or closed
forest intermediate in stature and floristic richness
between that of the Eocene and the limited vegetation of
the late Oligocene to early Miocene. More stunted
vegetation would have existed in exposed and upland
sites. Wetland vegetation, which would be indicated by
the presence of monocotyledonous angiosperms such as
Cyperaceae and Phormium (CRP-2; Cape Roberts
Science Team, 1999), appears to have been minor,
although Coprospora may in part represent a nire
community.

Further deterioration of conditions in this part of
Antarctica resulted in additional loss of various
components from the land flora. Unglaciated parts of the
late Oligocene to Miocene landscape supported a much
reduced flora, probably a low-growing sparse tundra
vegetation, as discussed by Raine (1998) for CRP-1.
This vegetation included at least one (though possibly
more) species of Nothofagus, at least one species of
podocarpaceous conifer, and a few other angiosperms
and cryptogams including mosses.

Palynomorphs in the “Shear Zone”,
789.77-805.60 mbsf

Eight samples were examined from LSU 14,1,
referred to as “Dolerite (cataclastic) breecia” in the core

samples were collected from the dark-grey claystone
matrix of the breecia, which insome cases was laminated.
Organic matter is sparse in all samples and consists of
coaly material with some brown woody material and
tissue. This recycled Beacon organic matter, and the
recycled Beacon spores and pollen (Tab. 5.8), whichare
common in the sample at 800.35-800.37 mbst, together
with the single ?Cenozoic podocarp pollen specimen at
798.03-798.04 mbsf, are all consistent with asedimentary
origin for this breccia.

Recycled Palaeozoic-Mesozoic Palynomorphs

Recycled spores and pollen occur throughout much
of CRP-3. These can be distinguished by their distinctive
morphology, and usually darker exinal colour (yellow-
orange through brown to black) relative to the light
yellow contemporaneous miospores. Recycled miospores
with restricted stratigraphic ranges are shown in separate
Jurassic, Triassic and Permiian columns in table 5.8;
long-ranging and indeterminate forms are listed in the
“undifferentiated” column. In the upper part of CRP-3
(above approximately 410 mbsf), peaks in recycled
miospore occurrences correspond in a general way with
many of the peaks in occurrences of conteniporaneous
specimens,implying lithological control on palynomorph
preservation (more mud, for example). Below 410 mbsf,
where contemporaneous palynomorphs are extremely
rare, peaks in abundance may be due to recycled clasts
of palynologically-rich sediment, although this middle
to lower part of the core is dominated by coaly material
recycled from the Beacon Supergroup coal-measures
(see below) as well as high dominance of Beacon-
derived sands (see Petrology chapter).

Recycled Jurassic Palynomorphs

Corollina spp.. which occur as single specimens
(listed as monads), and in tetrads and aggregates, are
common in two broad intervals, between approximately
220 and 365 mbsf, and between 750 and 782 mbsf.
Single specimens occur at 71.52-71.54 and 131.17-
131.19 mbsf (Tab. 5.8). They indicate the erosion and
redeposition of Jurassic sediments in these intervals.
The aggregates must have been recycled within clasts to
remain clumped together.

Corollina spp. are typically from the Jurassic to
Lower Cretaceous in Southern Hemisphere localities,
although some forms such as C. meyveriana range from
the uppermost Triassic. In New Zealand Corollina are
particularly abundant in the lowermost Jurassic. The
provenance of these specimens is believed to be the
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Tab. 5.8 - Stratigraphical distribution of recycled Permian and lower Mesozoic spores and pollen, CRP-3. Samples barren of all
miospores are shaded dark grey, those barren of Permian and lower Mesozoic palynomorphs, but withrecycled Cenozoic palynomorphs
are shaded light grey. Total count of Permian and lower Mesozoic spores and pollen is given in the rightmost column.
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Lower-Middle Jurassic Ferrar Group. Outcrops of Ferrar
sedimentary rocks occur at Carapace Nunatak, in the
northern upstream area of the Mackay Glacier, where
palynomorph-bearing (Tasch & Lammons, 1978)
lacustrinal sediments are interbedded with basalts. It is
likely that some of the Alisporites specimens may also
have a Ferrar Group provenance, along with some of the
long-ranging “undifferentiated” group. Almostall of the
Corollinaspecimens have asimilar orange exinal colour,
as do many of the Alisporites and undifferentiated
specimens, indicating a similar degree of thermal
alteration for the source rocks. No other age-restricted
Jurassic taxa were observed in the CRP-3 samples
scanned thus far.

Recycled Permian-Triassic Palynomorphs

Well-preserved yellow-orange specimens to barely
recognizable black corroded remnants of recycled spores
and pollen, many diagnostic of the Permian and Triassic,
are common to abundant throughout most of CRP-3
(Tab. 5.8). The provenance of these specimens is the
Permian-Triassic Victoria Group (upper Beacon
Supergroup). Coal derived from the Victoria Group is
noticeably abundant throughout much of the core,
concentrated in laminae or as fragments dispersed
throughout sandstone beds. Coaly material, including
coarse fragments to finely disseminated material, is
common in almost all of the CRP-3 palynological
preparations, forming the bulk of the preserved organic
material.

In outcrops of the Victoria Group in the Transantarctic
Mountains of the Mackay Glacier area, coal is most
abundant in the Permian Weller Coal Measures. Coal
beds also occur in the Triassic Lashly Formation, but
they are much less common and occur in thinner, less
continuous lenses. Most of the coal occurring in CRP-3
is probably derived from the Weller Coal Measures.
Curiously, alarge proportion of the identifiable recycled
specimens throughout CRP-3 have a Triassic provenance,
especially if most of the Alisporites specimens are
included in this category. Alisporites spp., including A.
australis, are the dominant palynomorphs in the Lashly
Formation (Kyle, 1977; Kyle & Schopf, 1982). However,
most of the redeposited coal in CRP-3 appears to be of
high rank. As with coal from the lower part of CRP-2/
2A, attempts atextracting miospores from coal fragments
were unsuccessful, quite likely a result of the high rank
whichrendersitimpossible to chemically and physically
extract recognisable palynomorphs. Palynomorphs
associated with coals of low-volatile bituminous to
semi-anthracite or higher rank are fragile, corroded and
dark brownish black to black in colour, or thermally
destroyed, as are palynomorphs from outcrops of the
Weller Coal Measures (Kyle, 1976, 1977). Probably
very few recognisable miospores were preserved in the
Permian coal measures that have been eroded and
redeposited in CRP-3.

Organic material preserved in Beacon Supergroupy
and Ferrar Group sediments of the Transantarctic
Mountains owes its high rank and dark coloration to
thermal alteration during Jurassic emplacement of Ferrar
Group dolerite sills and basalt. Most of the diagnostic
Permian specimens from CRP-3 are orange to reddish
brown in colour, having suffered relatively little thermal
alteration compared with specimens occurring in outcrops
of the dolerite-intruded Transantarctic Mountains. Light-
coloured Triassic specimens recycled into Neogene
glacial beds on Mount Feather, and unusually light-
coloured Permian specimens recycled into CRP-2/2.A
sediments, were interpreted (Askin, 1998; Askin &
Raine, in press) as being derived from Beacon sediments
that had not been intruded by dolerite sills, well inland
(cratonwards) of the Transantarctic Mountains. This is
probably also the provenance for the well-preserved
CRP-3 recycled Permian assemblages, notably most
common between 300 and 350 mbsf, and also between
780 and 802 mbsf.

MACROPALAEONTOLOGY
INTRODUCTION

As many as 239 body macrofossil-bearing horizons
have been identified in CRP-3 (Tab. 5.9, Fig. 5.8). We
recorded all macrofossils visible in the sampling and
archive halves as well as a few identified within
micropalaeontological residues. Potential macrofossil-
bearing intervals were, in some cases, specifically
searched for less obvious body fossils. Macrofossils are
most commonly associated with mudstones and muddy
sandstones throughout the section from the core top to c.
325 mbsf. Only scattered and sometimes dubius
macrofossils were noted between 325-782 mbsf, and
none below this depth.

We also observed some remarkable trace fossils, e. .
alarge CaCO,-lined burrow at 62.63 mbsf, but these are
not discussed in the present section. In most cases,
macrofossils are seen in cross-sections cut by the bit
during the drilling or later when the core was split during
processing (see section on Core Management).

TAPHONOMY

Preservation of shell material is highly variable.
Pristine or well preserved calcareous skeletal parts are
quite rare in the CRP-3 drill core and generally belong to
calcitic organisms such as pectinid bivalves, serpulid
polychaetes, brachiopods and echinoids. Calcareous
shells most often show advanced degrees of dissolution.
Unlikely the pre-Quaternary sediments in CRP-1 and
CRP-2/2A (Claps & Aghib, 1998; Cape Roberts Science
Team, 1999), concretions around fossils are a
comparatively rare phenomenon in CRP-3. The best
examples include semi-lithified concretions entrapping
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Tab. 5.9 - Inventory of CRP-3 macrofossils.

LSU 1.1
6.80-6.88
10.80-10.85
10.88-10.99
11.00-11.01
17.31-17.32

LSU 1.2

23.34-23.42
27.88-27.96
29.94-29.96

38.34-38.35
38.53-38.66

38.81-38.82

39.00-39.01
39.55-39.56
41.01-41.02
41.61-41.63

41.84-41.85
43.70-43.72
43.84-43.85
44.12-44.18
45.72-45.80
46.12-46.18

47.55-47.57
50.42-50.43
50.46-50.48
51.20-51.23
51.27-51.28

LSU1.3

59.59-59.60
60.19-60.20
62.62-62.69

64.42-64.43
66.91-66.92
68.52-68.53
68.69-68.70
69.54-69.55

LSU 1.4
75.53-75.54
76.03-76.04

LSt 2.1
83.95-83.97

§5.39-85.40
86.37-86.39
88.19-88.20
89.02-89.03
94.18-94.19
94.37-94.38

LSU 2.2

96.27-96.29
96.52-96.53
96.27-96.29

mbsf: modiolid? mussel. echinoid debris

mbsf: modiolid mussel mould, articulated
mbsf: modiolid mussels, articulated, decalcified
mbsf: unidentified plant remain

mbsf: unidentified bivalve fragment

mbsf: unidentified mollusc fragments

mbsf: unidentified mollusc fragments

mbsf: pectiud bivalve (?Adamussiumn.sp.), broken fragment.
fresh

mbsf: unidentified macrofossil (serpulid?}

mbsf: serpulid tube (?Serpula sp.), aggregates, many
large tubes, very fresh

mbsf: pectinid bivalve (?Adamussium n.sp.). broken
fragment, fresh

mbsf: serpulid tabe (?Serpula sp ). fresh

mbsf: unidentified macrofossil fragments

mbsf: unidentified mollusc fragments

mbsf: pectinid bivalve (?Adamussiun n.sp.), two fresh
broken valves

mbsf: serpulid tube, fresh

msbf: serpulid tube, slightly concretioned

mbsf: ?serpulid tube, chalky

mbsf: unidentified mollusc fragments; echinoid debris

mbsf: sponge spicules

mbsf: platy fragments {unidentified bivalve?); leaf (¢f.
Nothofagus)

mbsf: pectinid bivalve (c¢f. ?Adanussium n.sp).. fragment

mbsf: ?scaphopod shell, relatively fresh but broken

mbsf: unidentified tiny bivalve fragments

mbsf: terebratulid? brachiopod, articulated, incomplete

mbsf: small ?serpulid tube

mbsf: unidentified thin bivalve

mbsf: unidentified relatively large bivalve, chalky

mbsf: 3 unidentified bivalves, chalky; terebratulid brachio-
pod:associated with a large burrow lined by CaCO,

mbsf: unidentified articulated bivalve mould (pyritized)

mbsf: unidentified thin bivalve

mbsf: unidentified macrofossil fragments

mbsf: unidentified macrofossil fragments

mbsf: unidentified macrofossil fragments

mbsf: unidentified articulated small bivalve, chalky
mbsf: six small articulated bivalves, chalky

mbsf: unidentified thick-shelled pectinid bivalve
(?Adamussium n.sp.7)

mbsf: unidentified small bivalve fragments

mbsf: unidentified bivalve fragment

mbsf: bryozoan colony, encrusting pebble

mbsf: unidentified bivalve fragment, fresh

mbsf: unidentified thin bivalve fragment

mbsf: unidentified bivalve fragment, fresh: thin tube
(scaphopod? serpulid?)

mbsf: unidentified fragments of thick-shelled costate? bivalve
mbsf: unidentified small bivalve fragment
mbsf: unidentified bivalve fragments

96.52-96.53
97.99-98.01
98.09-98.11

98.12-98.14
98.31-98.33

99.59-99.6
102.80-102.8
103.99-104.01
105.04-105.05
111.78-111.81
114.19-114.22
114.23-114.3]
114.39-114 41
115.09-115.10
115.73-115.75
116.95-116.96
119.08-119.10
119.13-119.15
119.45-119.47
119.61-119.70

LSU 3.1

120.34-120.37
120.43-120.47
120.55-120.56
120.58-120.60

120.60-120.62
120.75-120.79
121.06-121.07
121.19-121.22
121.23-121.27
121.29-31

121.41-121.43

121.49-121.51
122.22-122.24
124.93-124.96
124.96-125.01
125.18-125.20
125.27-125.29
125.57-125.60
125.68-125.70
126.32-126.35
126.40-126.42

126.45-126.47
126.48-126.51
126.66-126.69
126.94-126.96
127.09-127.11
127.17-127.20
127.26-127.28
127.34-127.36
127.49-127.50
127.75-127.76
127.84-127.87

127.94-127.97

128.37-128.39
128.58-128.60

mbsf: unidentified bivalve fragment

mbsf: unidentified bivalve, Zbrachiopod

inbsf: 3 brachiopod valves, fresh: one or two unidentified
bivalve fragments, chalky

mbsf: unidentified bivalve fragment

mbsf: unidentified bivalve fragments, chalky (smooth,
only concentric growth lines)

mbsf: articulated carditid bivalve

mbsf: unidentitied thin ?bivalve, fragment

mbsf: small unidentified bivalve fragment

mbsf: small, thick bivalve fragment

mbsf: unidentified bivalve fragment, chalky

mbsf: pectinid bivalve (?Adamussium n.sp)

mbst: unidentified mollusc fragments:echinoid fragments

mbsf: unidentified tiny bivalve

mbsf: unidentified bivalve

mbsf: unidentified bivalve fragment

mbsf: unidentified thick bivalve small fragment

mbsf: unidentified bivalve (smooth)

mbsf: ?serpulid tube fragment

mbst: unidentified articulated small bivalve

mbsf: unidentified mollusc fragments

mbsf: rounded carditid bivalve

mbsf: carditid bivalve(s), chalky

mbst: carditid? bivalve. unidentified articulated bivalve

mbsf: carditid bivalve. chalky. articulated bivalve
{concentric ornamentation), chatky

mbsf: large rounded carditid bivalve; serpulid? tube

mbsf: small articulated bivalves (~ 5 shells), chalky

mbsf: elongated shell (?scaphopod), fragment

mbsf: carditid bivalve: terebratulid brachiopod

mbsf: elongate carditid bivalve: rounded carditid bivalve

mbsf: rounded carditid bivalve. unidentified bivalve

mbsf: unidentified bivalve, small fragment; echinoid
debris

mbsf: large carditid bivalve, articulated, chalky, sliced

mbsf: small articulated bivalves

mbst: small articulated bivalves

mbsf: echinoid test: small brachiopod: small bivalves

mbsf: carditid bivalve, ?scaphopod (aligned)

mbsf: unidentified ?bivalve fragment

mbsf: small articulated bivalve, chalky

mbsf: unidentified ?bivalve fragment

mbsf: unidentified small bivalves (~3}, chalky

mbsf: unidentified small articulated bivalve. chalky
and fragments

mbsf: small articulated bivalve. sliced

mbsf: carditid bivalve

mbsf: carditid bivalve: gastropod

mbsf: unidentified bivalve, small fragiment

mbsf: small articulated bivalve

mbsf: two articulated carditid bivalves and fragments

mbsf: small articulated bivalve, chalky

mbsf: unidentified articulated. bivalve

mbsf: unidentified bivalve, small fragment

mbst: unidentified bivalve, small fragment

mbsf: elongate carditid bivalve; ?lucinacean bivalve:
unidentified bivalve

mbsf: unidentified bivalve, chalky. unidentified hivalve
fragments

mbsf: unidentified bivalve fragment

mbsf: unidentified bivalve fragment
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128.64-128.66
129.79-129.81
130.23-130.3
130.55-130.57
136.35-136.38
137.21-137.25

137.33-137.35
138.80-138.84
139.46-139.47
140.03-140.04
140.12-140.13
140.69-140.74

140.79-140.81
141.20-141.23

141.62-141.70
141.92-141.95

LSU 5.1
157.37-157.3
157.71-151.75
157.76-157.83
157.83-157.86
158.20-158.21
160.37-160.43
162.16-162.24
162.25-162.26
162.26-162.28
162.39-162.41
162.72-162.74
163.65-163.68
163.30-165.31
165.35-165.36
165.66-165.68
166.00-166.02
166.16-166.17
166.64-166.66
168.39-168.41
171.54-171.55
174.17-174.18

LSU 5.3
176.97-176.93
177.23-171.26

LSU 6.1

186.14-186.16
186.28-186.29
186.62-186.64
186.78-186.81
187.12-187.15
187.40-187.41
187.77-187.78
188.82-188.83
186.87-188.88
190.22-190.24
190.29-190.31

190.50-190.52
190.72-190.75
190.77-190.87
192.62-192.63

mbsf: unidentified small articulated bivalve, chalky

mbsf: unidentified small articulated bivalve, chalky

mbst: cchinoid debris

mbsf: small paired bivalve ("nuculanid).chalky

mbst: articulated rounded carditid bivalve

mbsf: solitary scleractinian coral, sugar-like texture;
scrpulid? tube

mbsf: articulated carditid bivalve, flattened and chalky

mbsf: rounded carditid bivalve

mbsf: unidentified articulated bivalve (?Corbula-like)

mbsf: unidentified bivalve, fragment

mbsf: unidentified bivalve, small fragment

mbst: solitary scleractinian coral: elongate carditid bivalve:
serpulid tube

mbsf: rounded carditid bivalve

mbsf: thin shelled. ?articulated, crenulate bivalve: large
unidentified bivalve

mbsf: unidentified mollusc fragments

mbsf: unidentified mollusc fragments

mbsf: unidentified bivalve. smal] fragment

mbsf: large, unidentified bivalve

mbsf: unidentified gastropod (pyritized}; echinoid dcbris
mbsf: scaphopod?, unidentified bivalve

mbsf: unidentitied bivalve, highly fragmented

mbsf: unidentificd mollusc fragments

mbsf: unidentified gastropod (?silicified}

mbsf: thin bivalves fragment

mbsf: unidentified bivalve fragments. small

mbsf: unidentified bivalve fragments, chalky

mbsf: unidentified bivalve fragments. aligned, chalky
mbsf: unidentified costate bivalve (carditid?), chalky
mbsf: unidentified bivalve, small fragment

mbsf: unidentified bivalve, small fragment

mbsf: unidentified costate bivalve (carditid?). chatky
mbsf: unidentified bivalve fragment, chalky

mbsf: unidentified bivalve, small fragments

mbsf: unidentified bivalve fragment, tresh

mbsf: small crenulate shell fragment

mbsf: unidentified bivalve, small fragment

mbsf: unidentified bivalve, small fragment

mbsf:
mbsf:

unidentified bivalve, small fragment
small unidentified bivalve fragment

mbst:
mbsf:

indet bivalve fragment (concentric growths)

unidentified bivalve, small fragment

mbsf: unidentified bivalve fragment, fresh

mbsf: unidentified macrofossi fragment, fresh

mbsf: unidentified small bivalve fragment.fresh

mbsf: unidentified bivalve, small fragment

mbsf: unidentified thin bivalve small fragment

mbsf: unidentified thin bivalve small fragment

mbsf: unidentified thin bivalve small fragment

mbsf: unidentified bivalve, chalky

mbsf: pectinid bivalve (?2Adamussium n.sp.).fragments:
unidentified bivalve, chalky

mbsf: unidentified small articulated bivalve, chalky

mbsf: unidentified bivalves, chalky

mbsf: unidentificd mollusc fragments

mbsf: unidentified thin bivalve small fragment

192.72-192.73
193.13-193.14
193.40-193.41
194.39-194 40
196.82-196.83
196.96-196.97
196.99-197.02
197.29-197.32
197.32-197.33
197.61-197.64
197.76-197.79
197.85-197.86
198.50-198.53
198.79-198.81
198.88-198.89

199.06-199.07
199.16-199.17
200.12-200.14
200.93-200.94
201.50-201.51
2117521176
216.00-216.01
217.30-217.31
223.79-223.80
224.28-224.29
225.74-225.75
228.70-228.72

LSU7.3

257.10-257.25
264.34-264.42
2606.13-266.14
266.73-266.81
269.37-269.41

LSU74
274.25-274.27
274.27-274.31

275.42-275.50
275.72-275.74
278.02-278.03
286.89-286.90

LSU 8.1
308.20-308.25

308.68-308.71
309.29-309.33

310.63-310.71
311.25-311.27

311.40-311.41
311.59-311.60
312.10-312.12
314.59-314.67
315.04-315.05
315.06-315.09
315.57-315.61
315.66-315.69
315.96-315.97
316.08-216.09
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unidentified small bivalve fragment
unidentified thin bivalve small fragment
unidentified thin bivalve small fragment

mbsf:
mbsf:
mbsf:
mbsf: unidentified thin bivatve small fragment
mbsf: unidentified thin ?bivaive small fragment
mbsf: bryozoan?

> small unidentified bivalve

[+ gastroped (early whorls, chalky)

nibs
mbs
mbsf:

unidentificd mollusc fragments

mbsf: unidentified bivalve, fragmented

mbsf: small, incomplete but articulated unidentified bivalve

mbsf: unidentified bivalve fragment

mbsf: naticid gastropod, chalky but complete

mbsf: small unidentified bivalve fragiment

mbsf: incomplete fresh (some nacreous layer left) small
bivalve (‘Nucula™)

mbsf: unidentified bivalve {smooth)

mbsf; unidentified thin ?bivaive small fragment

mbsf: veneroidan bivalve {concentric ridges)

mbsf: unidentitied bivalve fragment

mbsf: unidentified thin bivalve fragment

mbsf: unidentified thin bivalve small fragment

mbsf: unidentified thin ?bivalve small fragment

mbsf: unidentified macrofossil

mbsf: unidentified thin ?bivalve small fragment

mbsf: unidentified ?bivalve fragment (partially rextal)

mbst: unidentified thin bivalve small fragment

mbsf: unidentified ?bivalves (pseudomorphs?)

mbsf: unidentified mollusc fragments

mbsf: unidentified mollusc fragments

mbst: unidentified articulated thin ?bivalve
mbst: unidentified moltusc fragments

mbsf: unidentified semicircular thin macrofossil

mbsf: unidentified bivalve fragment, chatky

mbsf: unidentified bivalve (?Adamussiwm n.sp.. 2doubtful
fragment)

mbsf: unidentified mollusc fragments

mbsf: unidentified bivalve chalky fragments

mbsf: unidentified semicircular thin macrofossil

mbsf: unidentified macrofossil

mbsf: one articulated shell and fragments of pectinid bivalve
(?Adamussium n.sp).

mbsf: many small fragments of unidentified bivalves

mbsf: pectinid bivalve (?2Adamussium n.sp)., two broken,
well preserved valves

mbsf: unidentified mollusc fragments

mbsf: turritellid gastropod, only cast showing concentric
ornamentation

mbsf: tiny unidentified bivalve fragment

mbsf: tiny unidentified bivalve fragment

mbsf: unidentified bivalve fragment, chalky

mbsf: unidentified mollusc fragments

mbsf: tiny unidentified bivalve fragment

mbsf: unidentified bivalve fragment

mbsf: unidentified macrofossil fragment. chalky

mbsf: unidentified taxodont bivalve hinge, chalky

mbsf: tiny unidentified bivalve fragment

mbsf: unidentified bivalve fragment
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Tab. 5.9 - Continued.

310.74-316.75  mbst: unidentified macrofossil fragment, chalky
316,85-316.86  mbsf: tiny unidentified bivalve fragment
317.52-317.53 mbs
317.59-317.60  mbsf: tiny unidentified bivalve fragment
317.88-317.92  mbsf: unidentified inflated gastropod. mould
318.37-318.38  mbsf: tiny unidentified bivatve fragment
318.38-318.40  mbsf: small unidentified macrofossil fragment
318.88-318.90 mbsf: tiny unidentified bivalve fragments
318.90-318.92 mbsf: tiny unidentified bivalve fragments
319.09-319.10  mbsf: 2gastropod mould. chalky

319.19-319.21  mbsf: unidentificd macrofossil fragment
319.28-319.31 mbsf: unidentified bivalve fragment. chalky
319.44-319.52  mbst: small unidentified bivalve fragments, chalky
319.88-319.91 mbstf: unidentified bivalve fragment. chalky
319.97-319.99  mbsf: articulated crenulate bivalve {carditid?), chaiky
320.3-320.04  mbstf: unidentified bivalve fragment (crenulate)
320.36-320.38  mbst: unidentified bivalve fragment. chatky
320.40-320.43  mbst: large unidentified bivalve fragment

cof 2Adamussiwm n.sp)

320.68-320.70  mbst: unidentified macrofossil fragments
321.60-321.62  mbsf: small unidentitied macrofossil fragment

- tiny unidentified bivalve fragment

an articulated bivalve at [41.20 mbsf and a gastropod
shell at 359.07 mbst, and the cemented sediment infilling
serpulid tubes at 43.70 mbsf. Pyritization associated
with macrofossils has been only rarely observed (e.g.
64.42 and 157.76 mbsf), notwithstanding the occurrence
of potentially suitable dark, fine-grained lithologies.

The high frequency of broken shell material observed
in some lithostratigraphical units (e.g. mollusc remains
in LSU 5.1) is interpreted as due to the advanced
dissolution of most fossils. Breakage and fragmentation
may alsoresultas aconsequence of reworking processes.
However, the substantial lack of fresh shell material
considerably diminishes the possibilities of inspecting
shell surfaces for wear patterns.

TAXONOMY

Only a very small percentage of the total macrofossil
record from CRP-3 proved suitable for on-ice taxonomic
identification. This fact is largely a consequence of (1)
the poor to extremely poor preservational state of most
fossil remains, (2) the damage caused by drilling and
core-processing operations, and (3) the decision to apply
minimal palaeontological preparation for exceedingly
friable and delicate fossils processed at CS&EC at
McMurdo Station. Therefore, most taxonomic
nomenclature is left open and suitable for revision.

CRP-3 yielded fossil remains belonging to various
phyla of marine invertebrates that are, in order of
abundance: Mollusca, Brachiopoda, Annelida, Cnidaria,
Bryozoa, Echindodermata and Porifera. Vertebrata are
represented by the occurrences of microscopic chips at
406.36 and 410.38 mbsf belonging to an undeterminable
osteichthyes fish. Plant remains are documented by the
occurrences of an impression at 11.00 mbsf, a leaf
(probably Nothofagus sp.) at46.12 mbsf (Fig. 5.9d), and
a stem at 730.48 mbsf (Fig. 5.9m).

323.53-323.54  mbsl: tiny unidentified bivalve fragment and mould
323.56-323.57 mbsf: tiny unidentified bivalve fragment
324.35-324.39  mbsf: unidentified gastropod

324.72-324.74  mbsf: gastropod mould (?naticid)

LSU9.1
359.07-359.11  mbsf: gastropod, mould within concretion. some shelt material

LSU 12.3

406.36-406.44  mbsf: unidentified fish bone fragment

410.38-410.46  mbsf: unidentificd fish tooth fragment

465.77-465.79  mbst: unidentified ?bivalve fragment (uncertain nature )

509.16-509.17  mbsf: unidentified macrofossil fragment, sugar-like texture
(uncertain nature)

mbsf: unidentified ?macrofossi! fragment with chambers
(silicified?) (uncertain nature: perhaps a clast)

53347-333.48

LSU13.2
730.48-730.56  mbsf: unidentified plant impression {stem)
781.34-781.36  mbsf: one modiolid mussel. articulated, very chalky.

Mollusca

Fossilized shells of bivalves outnumber quantitatively
and qualitatively the other taxonomic groups identified
in CRP-3. A similar situation has been documented for
the other drill holes obtained in the Ross Sea region
during the Deep Sea Drilling Project (Dell & Fleming,
1975), CIROS-1 (Beu & Dell, 1989), CRP-1 (Jonkers &
Taviani, 1998),and CRP-2 (Cape Roberts Science Team,
1999; Taviani et al., in press).

Class Bivalvia. Fragmented or whole marine bivalves
occurinLSU1.1,1.2,1.3,1.4,2.1,2.2,3.1,5.1,5.3,6.1,
7.3 (not confirmed), 7.4, 8.1, 12.3 (not confirmed) and
13.2. The exact number of species cannot be assessed
with any certainty but exceeds 11.

1 - Protobranchs are rare and positively recognized
in LSU 6.1 (“Nucula” s.1.) and 8.1 (a taxodont hinge);
small bivalves having a general “nuculanid” shape have
been observed in LSU 3.1, but the impossibility of
examining the diagnostic hinge prevents any positive
identification.

2 - Mussels have been positively identified in LSU
1.1 and 13.2 and are apparently represented by two
different species of modiolids. The modiolid from the top
of the core (Fig. 5.9a) is conspecific with the undescribed
mussel recorded from CRP-2A (Cape Roberts Science
Team, 1999; Tavianietal., in press). The single specimen
identified at 781 mbsf apparently belongs to a distinctive,
probably still undescribed species (Fig. 5.9n).

3 - Pectinids occur in LSU 1.2, 2.1(7), 2.2, 6.1, 8.1.
The scallops all belong to the non-costate Adamussium
n.sp. of Beu & Dell (1989); this lower Miocene-Oligocene
taxon (Fig. 5.9i, 1) is under formal description
(H.AJonkers, in prep.).

4 - Carditids: shells belonging to two different,
probably undescribed species of Carditidae are the most
common bivalves in CRP-3, although they are not
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Fig. 5.9 -a) Articulate modiolid mussel from LSU 1.1 at 10.88 showing advanced decalcification. b) Very fresh valve of 2Adamussiumn.sp, broken
by core cutter (LSU 1.2, 29.94 mbsf). ¢) Serpulid polychaete tubes (?Serpula sp.) from LSU 1.2 at 38.53 mbsf. d) Impression of a leaf attributed
1o Nothofagus, found associated with marine fossils in LSU 1.2 at 42.16 mbsf. e) Solitary scleractinian corals from LSU 3.1 at 140.69 mbsf. f)
Carditid bivalve (elongate species, from LSU 3.1, at 140.69 mbsf). g) Naticid gastropod, chalky, from LSU 6.1 at 198.50 mbsf. h) Turritellid
gastropod, cast showing ornamentation from LSU 8.1 at 311.25 mbsf. 1) 2Adamussium n.sp, almost complete articulated shell, exposed on the
internal surface of the core (LSU 1.2, 308.20 mbsf). 1) 2Adamussium n.sp, broken by core-cutting (LSU 1.2, 309.29 mbsf). m}) Plant stem from
LSU 13.2, at 730.48 mbsf (Fig. 5Gm). n) Articulate modiolid mussel with chalky shell from LSU 13.2 at 781.34 mbsf.

ubiquitously distributed. One species shows an elongate
shell (Fig. 5.9f), while the other taxon has a more
rounded outline. They occurin LSU 2.2, 3.1, and 5.1(?).
Carditid-dominated assemblages are particularly evident
in LSU 3.1

5 - Shells belonging to ?veneroidean, 7lucinacean,
Corbula-like, and other unidentified bivalves have been
noted in LSU 2.1, 3.1 and 6.1. i

Class Gastropoda. Gastropods are very rare in CRP-
3. Poorly preserved moulds have been observed in LSU
3.1, 5.1,6.1,8.1,9.1. Gastropods are represented by at
least 4 taxa, including a turriteilid (311.25 mbsf, Fig. 5.9h)
and a naticid (198.50 mbsf; Fig. 5.9g). An unidentified

gastropod, sliced by the core splitter and retaining only
aminimal amount of shell material, is the only macrofossil
recovered from LSU 9.1.

Class Scaphopoda. Broken tubes tentatively
attributed to scaphopods have beenidentifiedin LSU 3.1
and, possibly, 2.1. The poor preservation and the
incompleteness of the shells prevent any further
taxonomic remarks on the little material available to
study at present.

Brachiopoda
Terebratulid brachiopods have been positively
recorded in L.SU 1.2, 2.2, and 3.1, where they are
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reasonably common. Most specimens retain at least part
of their caleitic shell. It is difficult to assess whether
morethanone species occurs in CRP-3; the best preserved
specimens are all medium-sized, punctate shells with
concentric growth lines. Al least one specimen is
articulated with both brachial and pedicle valves
preserved and the foramen partially visible.

Annelida

Serpulid polychaete tubes are one of the most
conspicuous elements of the macrofaunal assemblages in
LSU 1.2. Serpulid tubes do not occur elsewhere in the
core, with possible exceptions in LSU 2.1, 2.2 and 3.1.
Spectacular worm-tube aggregates are present at 38.53
mbsf (LSU 1.2; Fig. 5.9¢). These tubes are relatively large
and one of the best preserved tubes displays raised rings,
such as the extant Antarctic species Serpula narconensis
Baird, 1865. The CRP-3 Oligocene taxon may belong to
this genus and appears to be an undescribed species,
apparently different from serpulids recovered in CRP-1
and CRP-2/2A (Jonkers & Taviani, 1998; Taviani et al.,
inpress). The activity of soft-bodied worms is documented
by the extensive occurrence of bioturbated sediments and
burrowing galleries in some facies of the CRP-3 core.

Cnidaria

Solitary scleractinian hexacorals occur at 137.21 and
140.69 mbsf (LLSU 3.1). Although most of the original
aragonitic shell has been leached away, details of the
sculpture of this trochoid corallum (Flabellum-like) are
still discernible (Fig. 5.9¢). Solitary corals have been
reported from Oligocene sediments in CRP-2A (Taviani
et al., in press) and King George Island (Gazdzicki &
Stolarski, 1992). They also occurin Paleogene-Cretaceous
rocks of the James Ross Basin (Filkorn, 1994).

Bryozoa

Unidentified bryozoans occur at two levels in CRP-3,
consisting of a colony encrusting a pebble at 88.19 mbsf
(LSU 2.1) and of a doubtful record at 196.96 mbsf (I.SU
6.1).

Echinodermata

Fragments of spines and tests belonging to some
undeterminable echinoids have been detected rarely
within micropalaeontological residues in LSU 1.1, 1.2,
3.1 and 5.1. A partially complete test has been found in
LSU 3.1 at 124.96 mbsf.

Porifera

Fragmented spicules from an unknown sponge have
been observed at45.72 mbsf (LSU 1.2). Minute spicule
fragments have also been detected in diatom preparations
from the upper 195 m of CRP-3. The virtual absence of
sponge skeletal remains below this depth is relevant and
perhaps reflects the lack of suitable environments to
settle and/or selective diagenesis of biosiliceous
material.

PALABEOENVIRONMENTS

All lithostratigraphical units containing macrofossils
are interpreted (o have been deposited under fully marine
conditions and in normal salinity. Reconstructed
environments based on macrofaunal criteria solely are
proposed below. Palaeobathymetric figures must be taken
as speculative. Pending more accurate taxonomic
investigations and stable isotope analyses of shell material,
the CRP-3 assemblages seem consistent with warmer-
than-present sea temperatures, although still indicative of

¢ k]

a generically “cold” setting (¢f: Taviani et al., in press).
LSU 1.1 - Avery distinct, almost monospecificmussel-
assemblage dominated by semi-infaunal modiolids
characterizes this lithostratigraphical unit. The mussels are
in life position, with the shell still articulated. It is
hypothesized that these organisms may have settled in a
relatively deep (100-300m?) shelf/upper slope envirorument.
The absolute dominance of these smooth mussels is
interpreted as the signature of peculiar bottom conditions,
perhapscharacterized by significant H,S production possibly
linked to organic matter reduction (Taviani et al., in press).

LSU 1.2 - The macrofaunal assemblages show the
predominance of epifaunal organisms such as the
swimming scallop ?Adamussium n.sp. and serpulid
polychaete aggregates. The presence of spicules may
indicate the occurrence of sponges as well. The
hypothesized environment is a relatively shallow (20-
100 m) shelf setting.

LSU 1.3 - Marine. No specific environment.
LSU 1.4 - Marine. No specific environment.

LSU 2.1 - Macrofaunal assemblages consist of both
epifaunal (?Adamussium n.sp.) and infaunal (e.g.
carditids) bivalves; brachiopods are present. The
hypothesized environment is a relatively shallow shelf
(30-120m ?7)

LSU 2.2 - Macrofaunal assemblages consist of
epifaunal organisms including encrusting bryozoans
and ?Adamussium n.sp; the hypothesized environment
is a relatively shallow shelf (30-120 m ?)

LSU 3.1 - Macrofaunal assemblages show the
predominace of infaunal bivalves (mostly carditids),
together with ?scaphopod and brachiopods. The
hypothesized environment is a relatively shallow shelf
(40-120 m?).

LSU 5.1 - Most macrofossils are badly preserved.
The environment is possibly similar to the previous one.

LSU 5.3 - Marine. No specific environment.
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LSU 6.1 - Macrofaunal assemblages consist of both
epifaunal (?Adamussiin n.sp.) and infaunal (e.g.
carditids) bivalves and gastropods; the hypothesized
environment is a relatively shallow shelf (30-120 m?)

LSU 7.3 - Marine. No specific environment,

LSU 7.4 - Macrotaunal assemblages consist of both
epifaunal (?Adamussiion n.sp.) and infaunal bivalves.
The hypothesized environment is a relatively shallow
shelf (30-120 m?)

LSU 8.1 - Macrofaunal assemblages consist of both
epifaunal (?Adamussium n.sp.) and infaunal (e.g.
carditids) bivalves and gastropods; The hypothesized
environment is a relatively shallow shelf (30-120 m?).

LSU 9.1 - Marine. No specific environment.

LSU 12.3 - Doubtful fossil record. No indication of
environment.

LSU 13.2 - Modiolid mussel assemblage. It is
hypothesized that these assemblages may have settled in
a relatively deep (100-300 m?) shelf/upper slope
environment, perhaps characterized by a significant H,S
production. i

BIOSTRATIGRAPHIC REMARKS

Based on the bivalve distribution, the entire section
of CRP-3 between (0-324 mbsf is Oligocene in age.
Mussel beds have been identified in both CRP-2/2A
and CRP-3. We believe these modiolid assemblages
mark relatively short-lived peculiar bottom conditions
and assume they are correlatable between the two
holes. Modiolid assemblages occur in the lowcer
Oligocene in CRP-2/2A from 440 mbsf to the bottom
of the hole. Such an assemblage occurs in the top ||
mbsfin CRP-3, and, therefore, may well correlate with
any of the mussel beds in CRP-2/2A or, perhaps, even
with a potential missing part of the record below 624
mbst in CRP-2/2A.

The occurrence of the non-costate scallop
YAdamussium n.sp, whose known distribution ranges
between the lower Miocene and the lower Oligocene
(Taviani et al., in press), confirms an Oligocene age
between 23 and 324 mbsf in CRP-3.

The interval between 359 and 781 mbsf generally
lacks macrofossils, with only two confirmed occurrences
of marine molluscs, including a mussel (modiolid) in the
deepest horizon. Nothing can be said a-priori about the
age of such macrofossils, which may well be early
Oligocene or late Eocene.
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6 - Palaeomagnetism

INTRODUCTION

Palacomagnetic investigations of CRP-3 were aimed
al developing a magnetic polarity zonation for the core.
We only expected to encounter Cenozoic sediments in
CRP-3, therefore, the main focus of this chapter is on the
Cenozoic rocks encountered in the upper ¢. 790 mbsf of
the CRP-3record. Sedimentary rocks that are inferred to
represent the Beacon Supergroup (823.11-939.42 mbsf)
will be the subject of future studies. CRP-3 consists
mainly of sandstones with minor diamictites,
conglomerates and mudstones (see Lithostratigraphy
and Sedimentology chapter). Coarse-grained sediments
are usually not suitable for palacomagnetic analysis.
However, in previous palaeomagnetic studies of
sedimentary units from the Victoria Land Basin, strong
and stable magnetizations have been recorded and even
coarse-grained units have proved suitable for
palacomagnetic analysis (Wilsonetal., 1998, in press a;
Roberts et al., 1998). We attribute the stability of the
magnetizations to the presence of fine magnetic particles
within the fine-grained sediment matrix inthese otherwise
coarse-grained units (cf. Sagnottietal., 1998a, b; Wilson
et al., 1998, in press a; Roberts et al., 1998; Verosub et
al., in press).

The goal of developing a magnetic polarity zonation
is to enable correlation to the magnetic polarity time
scale (MPTS) of Cande & Kent (1995) and Berggren et
al. (1995) to help constrain an age model for CRP-3.
Polarity is a binary signal that is difficult to interpret
uniquely in glaciomarine environments where the
lithostratigraphical record is incomplete and where
sedimentation rates are variable. Additional
chronostratigraphical constraints are required from
biostratigraphy or numerical dating techniques.

METHODS

We sampled unconsolidated sediments (from 3.08 to
35.73mbsf) with plastic cubes (6.25 cm?) and consolidated
sediments (below 35.73 mbsf) by drilling conventional
cylindrical palacomagnetic samples with a modified drill
press. The palacomagnetic sampling techniques, laboratory
facilities and equipment installed at the Crary Science and
Engineering Center, McMurdo Station, Antarctica, were
described by the Cape Roberts Science Team (1998a). We
used amodified sample measurement scheme this season,
in contrast to previous CRP drilling seasons. In previous
seasons, the majority of samples were measured at
McMurdo Station. However, 1 011 samples were collected
from CRP-2/2A, and time constraints precluded

measurement of many of these samples during the drilling
season. We expected a simitar number of samples would
be obtained from CRP-3. Palacomagnetic measurements
for CRP-3 at McMurdo Station were, therefore, restricted
to the measurement of the natural remanent magnetization
(NRM) and low-field magnetic susceptibility of all
samples, along with a pilot demagnetization study of
paired samples from ¢. 10-m intervals. The remaining
samples were analysed in the palacomagnetic laboratories
at the Istituto Nazionale di Geofisica, Rome, and at the
University of California, Davis. At both laboratories, the
samples were measured on an automated, pass-through
cryogenic magnetometer and were subjected to in-line,
stepwise, alternating field (AF) demagnetization up to
peak fields of either 60 or 70 mT.

Information was collected at the drill site to enable
azimuthal orientation of the core. However, these
constraints were not available at the time of data analysis
and no effort has been made to re-orient the core. Lack
of azimuthal orientation does not pose a problem for
magnetostratigraphical studies because the geomagnetic
field has a steep inclination at the latitude of the CRP-3
site (77°S). As a consequence, the palacomagnetic
inclinations, which were determined from principal
component analysis (Kirschvink, 1980) of characteristic
remanence components on vector demagnetization plots,
are sufficientto uniquely determine polarity (i.e. negative
(upward) magnetizations correspond to normal polarity;
positive (downward) magnetizations correspond to
reversed polarity).

Where possible, CRP-3 was sampledat0.5-mintervals.
This strategy was adopted to avoid missing any short
polarity intervals due to inadequate sampling. Lower
sampling resolution was achieved in intervals where the
lithology was unsuitable for sampling. Sediment-
accumulation rates in the CRP-1 and CRP-2/2A cores
were consistently high (about 20 m/m.y. in CRP-1
(Roberts et al., 1998) and between 25 and 1000 m/m.y.
in CRP-2/2A (Wilson et al., in press a). If sedimentation
rates in CRP-3 were similar to those of CRP-1 and
CRP-2/2A, it is unlikely that short polarity intervals
were missed due to inadequate sampling resolution.

Most of the CRP-3 succession consists of sandstones
(c. 80%) and diamictites and conglomerates (c. 10%) (see
Lithostratigraphy and Sedimentology chapter). Whenever
possible, samples were selected from fine-grained
horizons. However, most samples were taken from
sandstone-dominated lithofacies. Above c. 380 mbst, the
sandstones are muddy and are therefore potentially
useful for palacomagnetic study. However, between c.
380 and 580 mbsf, the sandstones are well sorted and
clean (i.e. they have little or no fine-grained matrix).
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Below c. 580 mbsf, sandstone is still the major lithofacies
but with a possible authigenic mud matrix. Primary mud
increases down to the top of a shear zone at ¢. 790 mbsf
(sce Depositional History section). However, coarse
sand grains, granules and pebbles are dispersed
throughout the CRP-3 succession. Samples from coarse-
grained intervals pose a problem because the deposition
of such large particles would be controlled by
gravitational rather than magnetic forces. Thus, their
orientation could not be expected to represent the
geomagnetic field at or near the time of deposition. This
problem would be most severe for strongly magnetic
basic igneous material, which is a common clast
constituent in CRP-3 (see Petrology chapter). The
presence of such grains means that care should be taken
ininterpreting palacomagnetic data from coarse-grained
intervals. The possible presence of clasts was taken into
accountby adopting a conservative interpretive approach
within coarse-grained lithologies. After magnetic
measurements were completed, such samples were
examined to determine the presence of clasts. Results
from such samples are considered reliable only if no
clasts were visible, if the palacomagnetic inclinations
are consistently steep throughout coarse-grained
intervals, and if the results from these intervals are
consistent with results from surrounding finer-grained
intervals.

Eleven hundred seventeen samples were collected
from CRP-3 (105 of these are from the inferred Beacon
Supergroup strata in the lower part of the core; pilot
results from these samples are discussed at the end of this
chapter). For the pilot studies, 92 pairs of samples, each
separated stratigraphically by a few cm, were collected
atc. 10-mintervals from varying lithofacies throughout
the Cenozoic succession. The pilot study was aimed at
determining the most suitable demagnetization technique
forroutine treatment of the samples. The pilot study was
conducted by subjecting one sample from each pair to
stepwise AF demagnetization, while the corresponding
sample was subjected to thermal demagnetization. After
measurement of the NRM, AF demagnetization was
conducted at successive peak fields of 5, 10, 15, 20, 25,
30, 40 and 50 mT. Thermal demagnetization was
conducted on the paired samples at temperatures of 120,
180, 240, 300, 350, 400, 450, 500, 550, 600 and 650°C.
Magnetic susceptibility was measured after each step to
monitor for thermal alteration.

A total of 617 samples were subjected to detailed
stepwise demagnetization (including the 92 pairs of
samples from the pilot study). Time constraints limited
the number of samples that could be measured, but all
samples have been measured to 376.48 mbsf. In this
report, we present detailed palacomagnetic results down
to ¢. 350 mbsf. Below this level, we only present results
of the pilot studies.

Attempts have been made to study magnetic
mineralogy by continuous monitoring of low-field
magnetic susceptibility of selected samples during

heating. The temperature dependence of susceptibility,
up to a maximum temperature of 700°C, was meas ured
with a CS-2 furnace attached to a Kappabridge KLY -2
{AGICO) magnetic susceptibility meter (Hrouda, 1994).
The KLY-2 meter has an operating frequency of 920 Hy.
and a magnetic induction of 0.4 mT. These analyses
were conducted at the Istituto Nazionale di Geofisica,
Rome.

RESULTS
DOWN-CORE MAGNETIC PROPERTIES

Prior to demagnetization, we measured the low-field
magnetic susceptibility and the NRM intensity for all
samples. These parameters generally vary in phase with
each other and significant down-core variations arc
evident (Fig. 6.1). It is possible to subdivide the CRP-3
record into four intervals on the basis of these magnetic
properties. In the upper part of the record (magnetic-
mtensity interval I down to ¢. 243 mbsf), susceptibility
and NRM are variable but generally have higher values
than in the underlying magnetic-intensity interval [l
(between ¢. 243 and 440 mbst). The range of susceptibility
and NRM values is larger in magnetic-intensity interval
I than in magnetic-intensity interval I. Magnetic-intensity
interval IIT (c. 440-628 mbsf) coincides with part of the
core that is dominated by clean sands and susceptibility,
and NRM values are consistently low (with the exception
of a marked peak from c¢. 539 to 560 mbsf). In magnetic-
intensity interval IV (c. 628-790 mbsf), the values and
range of variability of susceptibility and NRM are more
similar to those observed in magnetic-intensity interval
L. This subdivision on the basis of magnetic susceptibility
and NRM intensity is consistent with low-resolution
petrological results that indicate a higher relative input
of detritus from the Ferrar Dolerite in magnetic-intensity
intervals I and IV. As will be seen below, these intervals
also generally correspond to different types of
palacomagnetic behaviour.

Magnetic susceptibility was measured after each
heating step for pilot samples treated with thermal
demagnetization (Fig. 6.2). These results indicate that
thermal alteration was limited. For samples with high
magnetic susceptibility (magnetic-intensity intervals 1,
IV and parts of magnetic-intensity intervals Il and IIT),
there is no evidence for the formation of new magnetic
minerals as a result of heating. At temperatures above
500°C, the existing magnetic minerals generally lose
susceptibility, possibly as aresult of oxidation to hematite.
The lack of evidence for thermal alteration suggests that
thermal demagnetization is an appropriate method for
treating such samples. Different behaviour is evident in
the low susceptibility samples in magnetic-intensity
intervals II and IIL. For these samples, susceptibility
generally increases above 400°C, which indicates
thermogenic production of new magnetic minerals. This



Palacomagnetism

Unit [Depthl Particle Size
{mbsf)

Susceptibility (10 1)

clay oy sand 200 300 400 500

100

gravel

173

NRM Intensity (mA/m)

600 0 100 200 300

81

12.3

12.4

12.5
1286

131

S 132

1512
15 3-=122—

16.1

1741

IV

Fig. 6.1 - Plot of down-core variations in low-field magnetic susceptibility and NRM intensity. On the basis of these data, the CRP-3 record can
be subdivided into four intervals with different magnetic intensities (see text for description).
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probably indicates a difference in matrix mineralogy
between high and low susceptibility samples. It also
suggests that thermal demagnetization will be less useful
in low susceptibility intervals than in high susceptibility
intervals.

PILOT STUDY

Results of the pilot study indicate that thermal and
AF demagnetization have variable efficiencyin removing
secondary remanence components and in isolating
characteristic remanent magnetization (ChRM)
components. For many samples, particularly those from
the intervals with high magnetic susceptibility, the two
techniques were comparable and identical ChRM
components were identified for bothnormal and reversed
polarity samples (Fig. 6.3 c-h, 0 & p). However, in many
cases, AF demagnetization was clearly more efficient in
removing secondary remanence components (Fig. 6.3 a,
b, k-n). In some of these cases, thermal demagnetization
at higher temperatures reveals a ChRM component that
is similar to that revealed by AF demagnetization (Fig.
6.3 a& b, m & n). However, in such cases it is clear that
the ChRM component is more clearly revealed at lower

demagnetization levels using AF demagnetization. In
the interval dominated by clean sands (magnetic-intensity
interval 1), AF demagnetization indicates that the samples
have extremely low coercivity, which is consistent with a
dominance by multi-domain magnetic particles (Fig. 6.31).
The thermal demagnetization behaviour of samples from
these intervals is in marked contrast to the AF
demagnetization behaviour (Fig. 6.3 i & j). With thermal
demagnetization, a steep normal polarity component is
gradually removed up to between 400 and 500°C. The
fact that samples from this interval have low coercivity
suggests that the steep and apparently stable remanence
component revealed by thermal demagnetization is a
viscous remanent magnetization (VRM) that has
completely remagnetized the samples. Also, these
samples are more prone to thermal alteration during
heating (Fig. 6.2). For such samples, it is apparent that
neither AF nor thermal demagnetization enables
identification of a stable ChRM component: thermal
demagnetization reveals a spurious VRM component,
and AF demagnetization produces data from which no
meaningful polarity interpretation can be made. This
suggests that it will be difficult to extract useful polarity
information for much of the interval containing clean
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sands. Finally, for some samples, asteep, normal polarity
remanence component is indicated by thermal
demagnetization, and a clear reversed polarity ChRM is
indicated by AF demagnetization (Fig. 6.3 k. ). In such
cases, we interpret the thermal demagnetization data to
be dominated by a VRM, and AF demagnetization is
apparently more successful in removing this secondary
component.

For all of the above cases, AF demagnetization
appears to be the preferable technique for routine sample
{reatment. In cases where the results from both techniques
arc identical, AF demagnetization is preferable because
itis less time-consuming than thermal demagnetization
and because it avoids thermal alteration, which means
that the samples can be used for subsequent environmental
magnetic studies. [n other cases, AF demagnetization is
preferable because itis more efficientin isolating ChRM
components than thermal demagnetization. In cases
where thermal demagnetization data are dominated by a
VRM component, AF demagnetization is preferable
because it is better not to interpret polarity due to the
dominance of low coercivities than to be misled by
thermal demagnetization data that are dominated by an
apparently stable VRM.,

Except for intervals where thermal demagnetization
was less efficient in removing secondary magnetic
overprints and intervals where the magnetization was
unstable, the results from pairs of pilot samples are in
excellent agreement. A summary of polarity results
from paired pilot samples is shown for the Cenozoic
interval of CRP-3 in figure 6.4. Several features are
immediately evident in this figure. First, for the upper
¢. 243 mbsf (magnetic-intensity interval I), the pilot
samples are stably magnetized, with a dominance of
reversed polarity. Second, the frequency of stably
magnetized samples is lower for magnetic-intensity
interval Il (c. 243 to 440 mbsf), although significant
parts of the interval contain stable magnetizations. Third,
in magnetic-intensity interval III (c. 440 to 628 mbsf),
many thermally-demagnetized samples are dominated
by a VRM, and many AF-demagnetized samples have
such low coercivity that no stable ChRM can be identified.
It is, therefore, impossible to define palacomagnetic
polarity for large parts of magnetic-intensity interval I1I
with the current data. Fourth, magnetic-intensity interval
IV has a high proportion of stably magnetized samples.
Reversed polarity is dominant between c¢. 660 and
760 mbsf, and normal polarity is dominant from ¢. 760
to 790 mbsf. The potential for obtaining useful
magnetostratigraphical results from magnetic-intensity
interval IV is therefore good.

On the basis of the pilot studies, all remaining
samples from magnetic-intensity intervals I and I were
sent to the palacomagnetic laboratories in Rome and
Davisfor detailed stepwise AF demagnetization analysis.
These results are presented and discussed below.
Magnetic-intensity interval IIT is palaesomagnetically
problematical, and the remaining samples from this

interval will be analysed after the drilling season.
Magnetic polarity data from magnetic-intensity interval
IV are difficult to interpret in terms of chronology
because of the lack of data from the overlying magnetic-
intensity interval 11I. As a result, most of the samples
from magnetic-intensity interval IV were also reserved
for analysis after the drilling season.

PALAEOMAGNETIC BEHAVIOUR

Many of the analysed samples display a low-
coercivity (or low-temperature), near-vertical, normal-
polarity remanence component that is interpreted to
represent a drilling-induced overprint (Fig. 6.3). This
type of overprint has been observed in all other cores that
we have studied from the McMurdo Sound area (Wilson
et al., 1998, in press a; Roberts et al., 1998) and is
generally removed without difficulty at peak AFs of less
than 20 mT. In cases where the drilling-induced overprint
and the ChRM had completely overlapping coercivity
spectra, it was not possible to isolate the two components,
and such samples were excluded from subsequent
magnetostratigraphical interpretations. In some cases,
particularly in dominantly sandy lithologies, another
overprintis present. This overprinthas anearly horizontal
inclination and a southward-directed declination, as
described by Wilson et al. (in press a). We attribute this
overprint to contamination introduced by cutting the
samples (after drilling) because the overprint is always
perpendicular to the cut face of the sample (i.e. in sample
coordinates, the overprint is entirely in the x-z plane,
with y = 0). Rotation of the saw blade produces a
measurable magnetic induction perpendicular to the
blade (Wilson et al., in press a). In most cases, the
overprint produced by this field was easily removed by
application of peak AFs of 10 mT. Where present, this
overprint is usually stronger than the drilling-induced
overprint. The saw-overprintis only sporadically present
in CRP-3.

Many of the samples are from intervals where clasts
may dominate the magnetic properties of the sample and
produce a magnetization that does not represent the
geomagnetic field orientation at or near the time of
deposition. Samples that contain such clasts usually
display abnormal palasomagnetic behaviour and are
readily detected (e.g. Roberts et al., 1998; Wilson et al.,
in press a). Such samples were rare in CRP-3 and were
excluded from subsequent magnetostratigraphical
interpretations.

Stable palacomagnetic behaviour was evident from
the vectorcomponentplots of 518 of the 617 demagnetized
samples (84%). In most cases, the ChRM direction was
determined using a best-fit line that was constrained,
using principal component analysis, through the origin of
the vector component diagram (e.g. Fig. 6.3). In some
cases, the best-fit lines were not constrained through the
origin of the plots. [n other cases, the polarity of the ChRM
component was clear, but because of a low signal/noise
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ratio or incomplete removal of secondary remanence
components, the final direction of magnetization could
not be precisely determined. In these cases, which were
most evident for reversed polarity samples, the sample is
represented on figure 6.5 by an “R?”.

The inclinations of the ChRM directions have a clear
bimodal distribution that demonstrates the dominance of
the two stable polarity states (Fig. 6.6a). Steep normal and
reversed polarity directions, as would be expected at high
latitudes, are clearly dominant. In conjunction with
evidence from vector component diagrams (e.g. Fig. 6.3),
this indicates that secondary remanence components
have been successfully removed. The distribution of
inclinations is strongly biased toward reversed polarity
(in contrast to CRP-2/2A, which was dominated by
normal polarity; Wilsonetal.,in press a). The dominance
of asingle polarity results from a combination of factors,
including relatively high sedimentation rates, high
measurement density and the predominance of reversed
polarity in this part of the polarity time scale (see
magnetostratigraphical interpretation below).

There are insufficient normal polarity data to test
whether there is a statistically significant difference
between the modes of the two polarity states. For similar
reasons given above for the dominance of reversed polarity
in CRP-3, there was a dominance of normal polarity in
CRP-2/2A. By combining the data sets from CRP-2/2A
(below the angular unconformity at 306.65 mbsf) and
CRP-3, itis possible to test whether there is a significant
difference between the modes of the two polarity states
(Fig. 6.6b). The normal polarity distribution is not as

tightly peaked as the reversed polarity distribution,
although the modes for the two polarity states appear to
be ¢. —66° and 64° for normal and reversed polarity,
respectively. On the basis of these data, it appears that
the normal and reversed polarity data are antipodal as
would be expected for reliable ChRM directions.

The palacomagnetic inclinations in figure 6.6 are up
to 18° shallower than expected (£83.4°) for the site
latitude (77°S). The sedimentary succession dips at an
angle of ¢. 2145° to the east (see Core Properties and
Downhole Geophysics chapter). Because the
magnetization of the sediment'lies in the N-S plane, an
eastward stratal tlt is likely to have a limited effect in
producing the discrepant palacomagnetic inclinations.
The 18° maximum discrepancy between the expected
and observed palaeomagnetic inclinations may partially
result from inclination error. This phenomenon is
commonly observed in sedimentary environments where
bioturbation is not widespread, such as seems to be the
case for some lithostratigraphical units in CRP-3. In
environments where bioturbation is widespread,
magnetic particles have freedom to rotate and to follow
the geomagnetic field in water-saturated shallow
sediments. Thus, when the remanence is locked in
during shallow burial, the magnetization of bioturbated
sediments can provide an accurate record of the
geomagnetic field. On the other hand, in sediments
where bioturbation is absent, magnetic grains can roll as
they settle onto the substrate and the resultantinclination
can be retained in the absence of bioturbation (Verosub,
1977). Sediment compaction has also been interpreted
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to be responsible for inclination errors (e.g. Anson &
Kodama, 1987; Arason & Levi, 1990).

In addition to the dominantly steep normal and
reversed polarity directions, a significant number of
samples display a ChRM that is transitional between
normal and reversed polarity (e.g. Figs. 6.5 & 6.6). Most
ofthese samples display stable palacomagnetic behaviour
and are not obviously affected by the presence of clasts.
[tis notsurprising that transitional directions are recorded
because there is a higher probability of recording
deposition during geomagnetic polarity transitions in
rapidly deposited sediments such as those recovered in
the CRP drill holes.

MAGNETIC MINERALOGY

Different magnetic minerals display differentbehaviour
during heating. The temperatures at which the susceptibility
falls to zero on heating (Curie or Néel temperatures) are
diagnostic of mineralogy. Two temperature-dependent
susceptibility curves (from 80.77 and 193.52 mbsf) are
shown in figure 6.7. Both samples are from magnetic-
intensity interval I, but they display different behaviour.
The sample from 80.77 mbsfhas a clear Curie temperature
at ¢. 580°C (Fig. 6.7a), which indicates that magnetite
(Hunt et al., 1995) is the dominant magnetic mineral. The
sample from 193.52 mbsf also shows a clear Curie
temperature at c. 580°C, but it does not completely lose its
susceptibility at this temperature (Fig. 6.7b). The
susceptibility continues to decrease to ¢. 700°C. The Néel
temperature of hematite is ¢. 680°C (Hunt et al., 1995),
and the high-temperature behaviour is indicative of the
presence of hematite. The fact that the cooling curve is
reversible might indicate that the hematite is primary.
Thermal demagnetization data can provide additional
information concerning magnetic mineralogy. For many
of the thermally-demagnetized samples, the
magnetization drops to near-zero values between 550
and 600°C, which is consistent with the presence of
magnetite (Fig. 6.3 d, e, j, k, 0). However, in many
samples, the magnetization persists to between 650 and
700°C (Fig. 6.3 a, g), which indicates that hematite is
also present. These results are consistent with the
thermomagnetic data shown in figure 6.7.

Inaddition to the presence of magnetite and hematite,
some of the thermal demagnetization data indicate a
significantunblocking atc. 300°C (Fig. 6.3d, k). Several
magnetic minerals undergo thermal unblocking at these
temperatures, including iron sulphide minerals such as
greigite (Roberts, 1995) and pyrrhotite (Dekkers, 1989),
and iron oxide minerals such as maghemite and
titanomagnetite (Hunt et al., 1995). At present, we have
insufficient evidence to distinguish between these
possibilities. However, it should be noted thatif magnetic
iron sulphides are present, they would almost certainly
be authigenic in origin. This could cause complications
inpolarity interpretation if the authigenic phases formed
a long time after deposition. In many cases, however,
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Fig. 6.7 - Temperature-dependence of magnetic susceptibility for
samples from a) 80.77 mbsf and b) 193.52 mbsf. Both samples arc
dominated by magnetite (Curie temperature at c. 580°C), although the
sample from 193.52 mbsf probably also contains significant hematite
(Néel temperature at c. 680°C).

such iron sulphide minerals form during early burial,
and there is little time-lag in acquisition of magnetization
between detrital and authigenic magnetic phases,
particularly inrapidly-deposited sediments (e.g. Roberts
& Turner, 1993). This interpretation is preferred in the
case of the CRP-3 samples because the component that
unblocks at ¢. 300°C (possible magnetic iron sulphide)
carries the same palacomagnetic direction as the
component that unblocks between 550 and 600°C
(probable magnetite) (Fig. 6.3 d, k). We, therefore,
conclude that the magnetizations recorded by the CRP-
3 sediments can be interpreted to have been acquired at,
or close to, the time of deposition.

MAGNETIC POLARITY STRATIGRAPHY

In the following treatment, we describe only the
magnetic polarity stratigraphy for the upper 350 mbsf of
the CRP-3 record. There are three intervals from which
no palacomagnetic samples were taken, because the
lithologies were too coarse-grained to allow sampling
(144.67-152.84,259.0-264.33 and 293.43-306.26 mbsf,
respectively). The magnetic polarity zonation described
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below is preliminary and awaits refinement after
measurement of further samples from the lower part of
the record.

The magnetic polarity stratigraphy shown in figure
6.5 is tentatively divided into 9 magnetozones: 5 of
dominantly normal polarity and 4 of dominantly reversed
polarity. Inmany of the magnetozones, there are samples
with opposite polarities to those of the surrounding
rocks. In each case, the palacomagnetic behaviour is
stable, and the presence of a steep, normal polarity drill-
string overprint suggests that the samples have not been
inadvertently inverted. In the following discussion, no
interpretations are based on results from single samples.
In two cases (at c. 160 and 180 mbsf, respectively), pairs
of pilot samples display clear normal polarity behaviour
that stands out from the surrounding stratigraphical
intervals (that are dominated by reversed polarity). In
both of these cases, the pilot samples were taken from
thin carbonate-cemented intervals because they are harder
than the surrounding lithology, and it was therefore
possible to measure the samples on the high-speed
spinner magnetometer at McMurdo Station. Samples
from the swrounding intervals were sandy and would
have disintegrated during measurement on the high-
speed spinner magnetometer. The contrast in polarity
between the carbonate concretions and the surrounding
lithology raises questions about whether this material
was remagnetized during the diagenetic event that gave
rise to the carbonate-cemented intervals. Thus, despite
the fact that these two intervals represent polarity zones
that are defined by two samples, we refrain from treating
them as separate polarity zones in our interpretation.
This approach is supported by the likelihood that
sedimentation rates are high in this interval and that true
polarity zones would normally berecorded across a wide
stratigraphical interval rather than only in carbonate
concretions that have been more strongly affected by
diagenesis than the surrounding sediments.

Reversed polarity dominates the interval from 5.25
to 340.91 mbsf. In the upper part of magnetozone R1,
there is a short interval from 41.72 to 44.68 mbsf where
samples have transitional and shallow normal polarity
inclinations. This interval is indicated as having normal
polarity (Fig. 6.5), but it is not treated as a separate
magnetozone because there is only one sample with
fully normal polarity behaviour (i.e. inclination is steeper
than -50°). Other thin normal polarity intervals are
treated as distinct magnetozones because they contain at
least three samples with full normal polarity behaviour.

The transitions from magnetozones R2 to N2 and
frommagnetozones N2 to R1 are gradual, and transitional
palacomagnetic directions are recorded over a
stratigraphical interval of several metres (Fig. 6.5). It is
well known that the process of polarity reversal occurs
over periods of about 5-10 k.y. (Jacobs, 1994). If
sedimentation rates were roughly uniform through these
polarity transitions and through the intervening polarity
interval, it can be inferred that magnetozone N2 represents

a short-period polarity interval on the order of tens of
thousands of years in duration.

Between c¢. 245 and 306 mbsf, magnetizations are
weak, and there are two gaps in sampling (Fig. 6.5). The
palaeomagnetic behaviour from this interval is notideal,
and it is difficult to construct a clear magnetic polarity
stratigraphy. However, this interval appears to contain
three magnetozones (R3, N4 and R4). Between 306 and
350 mbsf, the magnetization intensities are higher,
palacomagnetic behaviour is more stable, and
magnetozones R4 and N5 are well defined (Fig. 6.5).

Unlike the CRP-2/2A record, it appears that there are
no sequence stratigraphical boundaries that coincide
with polarity boundaries in the CRP-3 record (Fig. 6.5).
The only magnetozone boundary that lies close to a
sequence stratigraphical boundary is the one between
magnetozones R3 and N3. The first normal polarity
sample that defines magnetozone N3 lies at 239.93
mbsf, which is immediately below the sequence boundary
at 239.89 mbsf. However, without additional
chronological constraints, it is impossible to determine
whether significant amounts of time are missing in
sequence stratigraphical boundaries in CRP-3.

DISCUSSION

“TINY WIGGLES” AND THEIR SIGNIFICANCE IN
EOCENE - OLIGOCENE MAGNETOSTRATIGRAPHY

Before presenting possible interpretations of the
CRP-3 magnetic polarity zonation, it is necessary to
discuss a chronostratigraphical issue that is particularly
important in sediments of Eocene - Oligocene age. The
standard MPTS was constructed by identifying the
positions of magnetic reversals on marine magnetic
anomaly records. In order to make this process robust,
numerous records from different ocean basins were
stacked, and the resultant anomaly pattern was
superimposed on an age/distance template from the
South Atlantic Ocean (Cande & Kent, 1992a). In many
marine magnetic anomaly profiles from fast-spreading
oceanic crust, additional short-period, low-amplitude
anomalies are evident (with durations <30 k.y.). These
anomalies have been named “tiny wiggles”. Itis difficult
to resolve magnetic anomalies when their spatial
wavelength represents less than 0.5 km of seafloor and,
as aresult, the origin of “tiny wiggles” has been debated
for the last 30 years. Two possibilities have been
suggested: “tiny wiggles” represent either short-period
polarity intervals (Blakely & Cox, 1972; Blakely, 1974)
or large-scale fluctuations in the ancient field intensity
(Cande & LaBrecque, 1974; Cande & Kent, 1992b). The
dominant view has been that “tiny wiggles” represent
fluctuations in intensity of the geomagnetic field (Cande
& Kent, 1992b). However, the possibility that they may
represent short polarity intervals is implicitly recognised
in the designation of the term “cryptochron”, which is
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used in cases where magnetostratigraphical evidence
exists for short polarity intervals. “Tiny wiggles” are
particularly common in Eocene - Oligocene marine
magnetic anomaly records. The uncertainty concerning
the origin of “tiny wiggles” led Cande & Kent (1992a)
to label the positions of cryptochrons as dashes on the
side of the polarity log on their MPTS (Fig. 6.8).

Several tests of the origin of Eocene - Oligocene
cryptochrons have been made. Lowrie & Lanci (1994)
and Lanci & Lowrie (1997) analysed Italian pelagic
limestone successions of Eocene - Oligocene age and did
not observe short polarity zones that coincided with the
positions of expected “tiny wiggles”. Hartl et al. (1993)
and Tauxe & Hartl (1997) also reported nearly continuous
sedimentary palacomagnetic records foran 11 m.y. period
in the Oligocene, in which a number of “tiny wiggles”
have been reported. They concluded that “tiny wiggles”
resulted from periods of low palaeointensity that were
sometimes accompanied by directional excursions. In all
of these examples, however, the sedimentation rates were
low (~1 cm/k.y.), and itis possible that such short polarity
events were smoothed out of the records as a result of
sediment remanence acquisition processes (i.e.
bioturbation and delays in remanence lock-in).

Although the origin of “tiny wiggles™ is not yet
settled, eryptochrons should be clearly evident in rapidly
deposited sedimentary successions, such as those
recovered in the Cape Roberts Project, if they represent
shortpolarity intervals. This possibility should, therefore,
be taken into account when interpreting magneto-
stratigraphical records from CRP holes.

INTERPRETATION OF THE CRP-3 MAGNETIC
POLARITY ZONATION

A preliminary correlation of the CRP-3 polarity
zonation to the MPTS is plotted in figure 6.9, and
includes constraints from available biostratigraphical
data (see Palacontology chapter). Diatom preservation
above 67 mbsfisexcellent, and the first occurrence (FO)
of Cavitatus jouseanus (which represents the base of the
C. jouseanus Zone of Scherer et al., in press) is recorded
at48.44-49.69 mbsf. This datum occurs within the lower
part of the Chiasmolithus altus Zone, which is expected
to lie in Chron 12n, although it spans‘the boundary
between C12n and C12r in ODP hole 744B (Baldauf &
Barron, 1991; Barron et al., 1991; Harwood et al.; 1992;
Wel & Wise, 1992). The FO of the diatom Rhizosolenia
antarctica, which occurs within the Blackites spinosus
(calcareous nannofossil) Zone (Chron 12rin DSDP hole
511; Wise, 1983), is recorded at 68.60-70.61 mbsf. The
last occurrence (LO) of the calcareous “nannofossil
Transveropontis pulcheroides, which occurs in the
midpoint of the lowest Oligocene Blackites spinosus Zone
(Wise, 1983), lies at 114.3 mbsf. This suggests an age of
¢.32Maat 1 14 mbsf (see Calcareous Nannofossil section).
Furthermore, diatom taxa that are documented below the
prominent unconformity in the CIROS-1 hole (at
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Fig. 6.9 - Tentative correlation of the polarity zonation for the upper 350 mbsf of CRP-3 with the MPTS of Cande & Kent (1992a, 1995). The
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magnetozones in CRP-3 correspond to cryptochrons rather than to normal polarity subchrons. However, age constraints are insufficiently precise

to allow correlation of individual cryptochrons to those on the MPTS.

¢. 366 mbsf) are absent in the upper 200 mbst of CRP-3.
This suggests that the upper 200 mbsf of CRP-3 is
younger than late Eocene to earliest Oligocene in age.

Below 200 mbsf, CRP-3 is barren of diatoms and
calcareous nannofossils. Marine palynology provides
the primary biostratigraphical age constraint for the
lower part of CRP-3. Dinoflagellate cysts are present to
the base of the Cenozoic succession (¢. 812 mbsf). These
assemblages are similar to those found in CRP-2/2A.

The Transantarctic assemblage seen in sediments from
the base of CIROS-1 (Hannah, 1997) and in Eocene
glacial erratics from the southern McMurdo Sound area
(Levy & Harwood, in press), is not seen in CRP-3 (see
Palynology section). This suggests that the base of CRP-
3 is younger than mid-late Eocene in age (Hannah etal.,
1997; Wilson et al., 1998).

Insummary, the biostratigraphical constraints suggest
that the top of CRP-3 should lie in Chron 12r. This is
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consistent with the dominance of reversed polarity in the
upper 350 mbsfin CRP-3. I it is assumed that the top of
CRP-3 corresponds to Cl2r and that each of the
magnetozones documented in CRP-3 has acorrelative in
the MPTS, this would suggest that magnetozones N2 to
NS5 represent normal polarity zones in the Eocene. Based
on the biostratigraphical constraints, this interpretation
is highly unlikely. Furthermore, this interpretation would
imply average sediment accumulation rates on the order
of 50 m/m.y. Average sediment accumulation rates in
("RP-2/2A were considerably higher than this (up to 1
000 m/m.y.; Wilsonetal.,in pressa, b),and the lithofacies
indicate similarly high sedimentation rates in CRP-3
{see Lithostratigraphy and Sedimentology chapter). Also,
the upper and lower boundaries of magnetozone N2 are
defined by transitional palacomagnetic directions which
suggest that this magnetozone is brief (< 30 k.y. in
duration) and that sediment accumulation rates are closer
to ~600 m/m.y. in this part of CRP-3. It is, therefore,
more likely that the short normal polarity interval at
41.72-44.68 mbsf and magnetozones N2, N3 and N4
represent cryptochrons in the lower part of C12r. The
biostratigraphical age constraints are not sufficiently
precise to enable correlation of the polarity zonation to
specific cryptochrons within C12r, The correlation lines
on figure 6.9 are therefore shown with question marks.
Itis possible that magnetozone N5 correlates with Chron
[3n, however, it could also represent a cryptochron
within Chron 12r. Regardless, the magnetic polarity
zonation and the biostratigraphical constraints indicate
that the entire upper c¢. 350 mbsf of CRP-3 is early
Oligocene in age.

CORRELATION OF CRP-3 WITH CRP-2/2A

Wilson et al. (in press a) presented three possible
correlations with the MPTS for the lower 200 m of CRP-
2/2A. Correlation C predicts that strata at the base of
CRP-2/2A are latest Eocene in age. Correlations A and
B suggest that strata at the base of CRP-2/2A are early
Oligocene in age (Cllr and Cl12r, respectively).
Interpretations of seismic reflection data that were used
to choose the CRP-3 drill site predicted that it would
have a small amount of overlap (¢. 50 m) with the base
of CRP-2/2A. The C12rageassignment for the uppermost
strata from CRP-3 confirm that correlations A or B are
more likely to be correct, which implies that strata from
the base of CRP-2/2A are early Oligocene in age (C12).
Furthermore, initial biostratigraphical examination of
CRP-3 (see Palacontology chapter) suggests that the
uppermost strata from CRP-3 were deposited during the
middle of Chron 12r and that as much as 1 m.y. could be
missing between the base of CRP-2/2A and the top of
CRP-3.

Short polarity intervals were also recognised in the
Oligocene strata of CRP-2/2A (Wilson et al., in press a).

These had no correlative in the MPTS and probably also
represent cryptochrons in chrons C9 - CI1.

PALAEOMAGNETIC RESULTS FROM BELOW 790
MBSF IN CRP-3

A breccia with dolerite clasts was encountered
between 789.77 and 822.87 mbsf. This interval was
unsuitable for palacomagnetic sampling. Beneath amajor
unconformity, from 823.11 mbsf to the bottom of the
CRP-3 hole, alithified medium-grained light red/brown
quartz sandstone was recovered. This unit may represent
the Arena Sandstone of the Beacon Supergroup
(Devonian). Most outcrops of Beacon Supergroup strata
were thermally overprinted by intrusion of the Jurassic
Ferrar Dolerite, and the apparent polar wander path for
Antarctica has no palacomagnetic constraints from the
Devonian to the Triassic (Grunow, 1999). Because the
strata appear fresh and unaltered, it was decided to
sample this interval for palacomagnetic study. Because
of previous problems with magnetic overprinting and
poor palacomagnetic behaviour of Beacon Supergroup
strata, a pilot study was conducted at McMurdo Station
before routine sampling was undertaken. Four closely-
spaced samples were collected from three horizons. One
sample from each horizon was subjected to AF
demagnetization, and the remaining 3 samples were
subjected to thermal demagnetization. Results of the
pilot study indicate that thermal demagnetization is
more efficient than AF demagnetization. The thermal
demagnetization data indicate the presence of areversed
polarity overprint with a consistent normal polarity
ChRM. Future thermal demagnetization studies will be
conducted to determine the nature of this magnetization
and whether it can be used to identify a reliable
palaecomagnetic pole for this unit.

ADDITIONAL WORK

The above-reported initial characterization studies
indicate several areas that warrant additional work. The
magnetostratigraphy of CRP-3 clearly needs tobe refined,
particularly in the lower part of the record. This could
havesignificantimplications for the chronostratigraphical
interpretation. The present interpretation is preliminary
and should be used with caution. Although high-quality
palacomagnetic results have been obtained from the
majority of the CRP-3 samples, it is still important to
characterize the mineral magnetic properties of different
parts of the core. The mineral magnetic measurements
will provide the basis for studies of the environmental
magnetic record of CRP-3. A suite of samples will also
be analysed from the inferred Beacon Supergroup strata
(below 823.11 mbsf) in an attempt to determine a
palacomagnetic pole.
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7 - Summary of Results

INTRODUCTION

When drilling began at CRP-3 there was still the
expectation that this final hole of the project would pass
down from the sub-polar marine glacial sediments cored
in CRP-2A into temperate or even warm-climate marine
or terrestrial sediments beneath. This was not to be. The
939 m of strata cored by CRP-3 yielded but amere 3 m.y.
of Cenozoic time (31-34 Ma), an unconformity
representing around 300 m.y., and over 100 m of
Devonian strata beneath. The last section of this report
presents the current state of the chronostratigraphy for
these strata. It also provides a summary of both the
depositional record of the Victoria Land Basin margin
during this short but dynamic period of its development,
and the tectonic history of this part of the West Antarctic
Rift System.

The dating of core from the upper part of CRP-3 is
found to be well constrained by diatom and calcareous
nannofossil datums to within the early Oligocene epoch
(31 to 33 Ma) for the upper 200 m. Potential for improving
the dating extends to around 360 mbsf and possibly
further with magnetostratigraphy, more biostratigraphical
sampling and from Sr-isotope analysis of macrofossil
shell material. The age of the oldest Cenozoic strata,
resting on the Devonian Beacon Supergroup sandstone
at 823 mbst, is judged to be “earliest Oligocene and
possibly latest Eocene™ and ¢. 34 Ma. This judgement is
based on the prospect that strata down to 350 mbsf or
even deeper lie within Chron 12R (see Chapter 6), and
hence within the 31 to 33 Ma age bracket, and the
increasing coarseness of sediment to the basin floor,
which implies initial very rapid sedimentation.

Depositional styles and trends in CRP-3 core are
reviewed fromthe initial deposition of sandstone breccia
as sub-aerial talus on a hillside near sea level to the sandy
glacial sediment deposited in outer shelf depths at the
top of the core. The sediment becomes finer upcore from
coarse dolerite gravel and Beacon-sourced sand on the
margins of first an alluvial fan and then a shallow marine
delta front. Marine conditions persisted with intervals of
finer grained sediment increasing above c¢. 360 m.
Althoughit seems that there were glaciers on land during
the deposition of the oldest sediment, there is no indication
thatthey influenced sedimentation at the drill site directly
until around the 300 m level when indications of
grounding line oscillation appear. The pattern of
sequences so well developed in CRP-2A can still be seen
above this level, but is simplified and obscured below it.

Evidence of climate on land, although not reviewed
in this section, is described earlier from clay mineralogy
in Chapter 4 and from terrestrial palynology in

Chapter 5. Climatic evidence is mentioned in brief here
because it confirms the persistence of a cold climate
fromearliest Oligocene times. In particular the terrestrial
palynomorphs, though presentin low numbers on account
of the relatively coarse sediment, also show the low
diversity characteristic of cold climates, even in the few
samples where they are common. The assemblages from
CRP-3 record a woody vegetation with Nothofagus and
podocarps occurring as a low scrub or closed forest
intermediate between that of Focene erratics from
McMurdo Sound and the sparse tundra found in lower
Miocene core from CRP-1 and upper CRP-2A. In
addition, the clay mineral assemblages from 410 mbsf
and above are characterised by chlorite and illite , which
dominate modern high-latitude sediment, butare largely
smectite-bearing below 650 mbsf, indicating the erosion
of products of a warmer climate. The inference from
these observations is that climate on land was most
likely warmer just prior to the initiation of deposition in
the Victoria Land Basin, but cold for the period
represented by CRP-3.

The surprising achievement of CRP-3 was to core
through the oldest Cenozoic strata in the Victoria Land
Basin, and into a basement that had stratigraphical
significance. Tectonic implications of these and other
observations form the third main part of this summary
section, with comment on basin subsidence history,
age of initial rifting (probably not much older than the
oldest sediment cored) and the total post-Jurassic
displacement across this margin of the West Antarctic
Rift System. Post-early Oligocene faulting is classic
dip slip, but a shear zone below 790 mbsf and fractures
beneath indicate oblique shear that is not readily
explained. This section also reviews data on erosion
history from clasts and sand composition, concluding
that most of the sediment below 200 mbsf in CRP-3
came from the 2000-m-thick Beacon sandstone (first
upper coal-bearing feldspathic beds and then lower
quartzose beds). The base of these strata now lies at
around 1500 m above basement granitoids in the
foothills of the mountains west of Cape Roberts, but
most basin subsidence and probably mountain uplift
also had been completed by 17 Ma. Indeed clasts of
granitoid can be found in the core to depths of 780 mbsf
(see Chapter4), indicating that erosion of the mountains
had cut through to the basement by earliest Oligocene
times (like granitoid clasts in CIROS-1 core 70 km
south and of similar age, Barrett, 1989). Most mountain
uplift was plainly an early Cenozoic event.

The section ends with some conclusions and
comments on further related work.
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CHRONOLOGY

The biostratigraphical framework for CRP-3 is
provided primarily by diatoms with additional data from
calcareous nannofossils. There is considerable variation
in the abundance and preservational quality of the
microfossils throughout the core (see chapter 5), and this
variation affects the degree of biostratigraphical
resolution. In addition, these pelagic diatom and
calcareous nannofossil assemblages differ significantly
from those of coeval open oceanic sites in the Southern
Ocean, so that only some of the calibrated biohorizons
are present in CRP-3. Nevertheless, there is concordance
between the age determinations provided by the diatom
and calcareous nannofossil data, suggesting that the age
determinations are robust. Biostratigraphical age control
by pelagic microphytoplankton fossilsis restricted to the
upper 200 mbsf of the CRP-3 sequence.

Diatom assemblages above 48.4 mbsf contain both
Cavitatus jouseanus and Rhizosolenia antarctica,
indicating the C. jouseanus Zone of early Oligocene age.
The FAD of C. jouseanus has been calibrated from
several Southern Ocean deep-sea sites, both directly and
indirectly, to the palacomagnetical time scale. This datum
occurs within the lower part of Chron C12n at ODP Site
748 on the central Kerguelen Plateau (Harwood &
Maruyama, 1992). Based on the time scale of Berggren
et al. (1995), the inferred age of this datum is
approximately 30.9 Ma. Further to the south, at Kerguelen
Plateau ODP Site 744, this datum lies close to the C12n/
C12r boundary in the lower Chiasmolithus altus
nannofossil Zone (Baldauf & Barron, 1991; Barronetal.,
1991), corresponding to a similar age of approximately
31 Ma. Cavitatus jouseanus tends to be rare and sporadic
in occurrence near its first appearance at oceanic sites, as
noted by Fenner (1984) for DSDP Site 274 and Harwood
& Matuyama (1991) for ODP Site 748. This suggests
that the FAD of C. jouseanis may be slightly older than
reported from Southern Ocean deep-sea sites. As a
result, a conservative placement of this datum near the
top of Chron C12r is adopted herein (chapter 5).

The interval from 49.68 to 68.60 mbsf contains
Rhizosolenia antarctica without C. jouseanus, indicating
the R. antarctica Zone of early Oligocene age. The base
of this zone, defined by the FAD of R. antarctica,
corresponds with a significant degradation in the
preservation and abundance of siliceous microfossils
downcore. The actual absence of R. antarctica in the
underlying rock cannot be reliably ascertained at this
time. It is likely, therefore, that the FAD is not the
evolutionary first appearance but a diagenetically
mediated one. Thus, the lower boundary of this zone
must remain tentatively placed for the present. The FAD
of R. antarctica at Falkland Plateau DSDP Site 511
occurs within the Blackites spinosus nannofossil Zone
(in Chron C12r) of early Oligocene age (Fenner, 1984).
Further to the south at ODP Site 744 on the Kerguelen
Plateau, this FAD occurs in the lower Blackites spinosiis

nannofossil Zone (Chron C13; Baldauf & Barron, 1991 ;
Barronetal., [991). These occurrences suggestanage of
approximately 33 Ma for this datum. Given the tentative
placement of this biohorizon in CRP-3 (discussed above),
this age must be considered a maximum age estimation
for this part of the core.

The calcareous nannofossil Transversoporifis
pulcheroides has its LAD at 114 mbsf in an interval of
relatively high microfossil abundance. This species has
its LAD near the centre of the Blackites spinosus Zone
on the Falkland Plateau (Wise, 1983) at both Sites 511
and 513. Assuming that the entirety of the zone is present
at Site 511, which has the more complete record, this
FAD correlates to the mid-point of the zone. This
extrapolates to an age of approximately 32.4 £ 0.5 Ma.

Siliceous microfossils occur as poorly preserved,
sparse assemblages from ¢. 70 to 195 mbsf. Despite this,
the species composition indicates the age of these
assemblages. In general, the composition of the
assemblages indicates that they are dissolved counterparts
of those from above 70 mbsf. The absence of the highly
dissolution-resistant Hemiaulus caracteristicus in these
assemblages indicates that they are younger than the
LAD of that species. The LAD of H. caracteristicus is
well-dated within Chron C13n on the southern Kerguelen
Plateau (Site 744; Baldauf & Barron, 1991), indicating
an age of ¢. 33 Ma. The absence of this species in the
upper 200 mbsf of CRP-3 indicates that this interval is
younger than this age.

Initial characterization of the palaeomagnetical
sequence is complete through the upper 350 mbsf. This
interval is dominated by reversed polarity with relatively
thin intervals of normal polarity (chapter 6). These thin
intervals of normal polarity are interpreted to represent
cryptochrons (short polarity intervals with durations
<30 ky). All of the biostratigraphical information
indicates thatthe upper 200 mbsf of CRP-3 was deposited
between 31 and 33 Ma. Since this 200 m is part of the
continuous sequence of reversed polarity, it follows that
the entire sequence is probably part of a single polarity
chron. Given that this is part of a single continuous
interval, the age and the dominantly reversed polarity
indicate that it must represent part of Chron 12r of early
Oligocene age.

The sediment accumulation rate for this interval can
be calculated following these assumptions. As discussed
below, itis not possible at present to estimate the thickness
of any sedimentary rock above the top of CRP-3 that may
be part of this reversed polarity interval. In addition,
palacomagnetical results are currently not available for
the interval below 350 mbsf (chapter 6). Thus, any
estimation of sediment accumulationrate mustberegarded
as a minimum. Berggren et al. (1995) assigned a duration
of 2.12 Ma for Chron 12r. Thus, a minimum sediment
accumulation rate for the upper 350 m of CRP-3 is
approximately 165 m/m.y. This rate is entirely reasonable
given the type of sediment (coarse grain clastics) and the
sedimentary environment (glaciomarine). Thisrateis also
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close tothe average sedimentaccumulation rate calculated
for the upper ¢. 300 m of CRP-2.

Chronological characterization of the interval below
350 mbsfis difficulc at this time. Many palacontological
and palaeomagnetical samples remain to be examined.
Initial inspections suggest that some portions of the core
malerial may not yield any conclusive age information
{(chapters 5 and 6). There are data that imply that the base
of the section above the sandstones identified as Beacon
Supergroup may be as young as early Oligocene (marine
palynomorphs) or as old as late Eocene (terrestrial
palynomorphs) in age, but neither of these estimates can
be considered in any way conclusive. In addition, none
of (he material identified as Beacon Supergroup has
yvielded fossil material. The material intruding this Beacon
Supergroup probably will be dateable by one or more
methods, and this may help restrict the age of some of the
associated sedimentary material.

CORRELATION BETWEEN CRP-2A AND CRP-3

The location of CRP-3 was selected to provide core
that had astratigraphical overlap (<100 m) with the lowest
core from CRP-2A (see Introduction chapter). However,
arevision of the seismic data suggests that the lower strata
cored by CRP-2A truncate against reflector “1” and that
the uppermost strata cored by CRP-3 truncate through
downlap against reflector “o” (Fig. 7.1). Thus, there may
not be a stratigraphical overlap between these drill holes.

A composite of palaeontological, magnetic polarity,
and lithological information provides data to examine
possible overlap or underlap (gap) between these two drill
holes (Fig. 7.2). Six siliceous microfossil taxarange to the
top of CRP-3 but are not present in the lower diatom-
bearing intervals of CRP-2A (above c. 565 mbsf),
suggesting a stratigraphical gap or underlap between the
two holes. However, a 60-m interval at the base of CRP-
2A thatisbarren of diatoms complicates this interpretation
of overlap or gap. Several species of palynomorphs are in
commonbetween thetwodrill holes, butare long-ranging.
Lejeunocysta sp. #7 has the shortest range in both drill
cores. Foraminiferal assemblages are facies-controlled
and offer no basis for correlation. A broad mussel-bearing
zone in CRP-2A (from 442 mbsf to the bottom of the hole)
may continue with the uppermost 11 mbsf of CRP-3.
Magnetostratigraphical data for the lower part of CRP-2A
are mixed, but most of the lower 35 m is of normal
polarity. In contrast, the upper 200 m of CRP-3 is almost
entirely of reversed polarity, with normal polarity in the
uppermost metres of the recovered core.

The upper ranges of the six diatom taxa in question
may have terminated within the interval of poor
preservation in CPR-2A (Fig. 7.2), but this record is lost
dueto dissolution of the diatoms. Alternatively, given the
rapid rates of sediment accumulation and assuming the
absence of a significant unconformity within the barren
zone, the truncation of the diatom ranges may indicate a

stratigraphical gap between these two drill cores. If an
overlapexists, magnetostratigraphical data indicate that it
must be less than 5 m. Lithological and sequence
stratigraphic data suggest that there is no overlap
(Fig. 7.3).

DEPOSITIONAL HISTORY

INTRODUCTION

The depositional history derived from the CRP-2/2 A
core was intimately concerned with the history of growth
and decay of the Antarctic ice sheet. However, n the
case of CRP-3, although it is clear that glacial advance
and retreat played a significant part in the depositional
history of the upper third of the core, the lower portion
was less directly influenced by glacial processes. Basc-
level fluctuations, evident in the CRP-2/2A core and
sometimes associated with glacial advance and retreal,
are not clearly distinguishable in the lower two-thirds of
the CRP-3 core. This may be because of a rapid
sedimentation rate, coupled with rapid and continuous
subsidence of the basin and uplift of the source area.

Lithological and facies relationships are summarised
in columns presented in figure 7.4.

The Victoria Land Basin succession represented in
the CRP-3 drillcore can be divided into six main
lithofacies associations, in upward succession:

1. monomictic conglomerate and breccia, derived from
the Beacon Supergroup (823.11-822.88 mbsf);

2. clast-supported conglomerate and minor sandstones
(822.88-789.77 mbsf);

3. muddy sandstones with subordinate conglomeraies
(798.77-~580 mbsf);

4. clean sandstones with subordinate conglomeraies
(~580-378.36 mbst);

5. muddy sandstones and mudstones, with subordinate
conglomerates and diamictites (378.36-0.00 mbsf).

LITHOFACIES ASSOCIATION 1: MONOMICTIC
CONGLOMERATE AND BRECCIA

This lithofacies association is limited to the lowest
23 cm of Victoria Land Basin section, immediately
above the basal unconformity at 823.11 mbsf (Fig. 7.5).
Clast-supported breccia, consisting of unsorted angular
clasts (up to 6 cm) of Beacon Supergroup quartzitic
sandstone, in a matrix of quartzose sandstone, rests
directly on the basal unconformity surface, and extends
up to 822.94 mbsf, 17 cm above the unconformity.

The breccia is separated by an irregular wavy surface
from an overlying matrix-supported conglormerate. Clasts
in the conglomerate are up to 2 cm across and are of
Beacon Supergroup quartzitic sandstone; they are within
amatrix of quartzose sandstone. This conglomeratic facies
extends up to 822.88 mbsf, giving a thickness of 6 cm.
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Fig. 7.2 - A compilation of palaeontological and magnetostratigraphical data from the upper 200 m of CRP-3 and the lower 224 m of CRP-2A.
The data indicate a varying degree of possible overlap (dark grey boxes) with each set of data. Magnetostratigraphy provides the strongest

indication that little to no overlap is possible.

Depositional Processes and Environment

The angular and unsorted nature of the monomictic
brecciasuggests thatitis unlikely to have been transported
by water. It is inferred to be talus, deposited adjacent to
steeptopography. The erosionally overlying monomictic
conglomerate has undergone some degree of aqueous
transport, resulting in the rounding of clasts, but has a
poorly-sorted matrix, suggesting that there has been
minimal sorting and transport has been only for a short
distance. Deposition from a debris flow or sheet flow on
an alluvial fan, adjacent to steep topography, is inferred.

LITHOFACIES ASSOCIATION 2: CLAST-SUPPORTED
CONGLOMERATE, WITH MINOR THIN
SANDSTONES

This lithofacies association extends from 822.88 to
789.77 mbsf, a thickness of 33.11 m. The conglomerate
(mainly Facies 9),1s dominated by well-rounded boulders
and cobbles of dolerite, some over 1 m in diameter.
However, smaller clasts of Beacon Supergroup quartzose
sandstone are included, particularly towards the base.
The base of the unit rests on an erosion surface of
irregular relief cut into the underlying quartzose

conglomerate of Association 1. The basal conglomerate
is clast-supported, and exhibits coarse-tail coarsening-
upward over about 85 cm. At the base, clasts are less than
1 cmacross and are an admixture of rounded dolerite and
quartzite which coarsen upward into angular blocks of
guartzitic sandstone and larger rounded dolerite boulders
now supported by matrix. Dolerite clasts in the lower
few centimetres appear altered, and may have been
subjected to weathering processes.

The bulk of the association, however, consists of
rounded and subordinate subrounded and subangular,
clast-supported boulders and cobbles. These are
dominated by dolerite but with subordinate sandstone
clasts. Sandstones are quartzose, angular to subangular
and up to 70 cm across. They decrease in proportion
upward until they are absent in the upper half of the unit.
Interspersed with the conglomerate beds in the lower
half of the assemblage are thin (up to 50-cm thick),
medium to coarse-grained sandstone beds of Facies 3,
many showing reverse grading.

A change in the succession occurs from approximately
804 mbsf, the upper portion of the association, where
quartzitic sandstone clasts are lacking and where the
conglomerates include more matrix, in some instances
becoming matrix-supported. Interbedded thin sandstones
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appear muddy, and there are mudstone horizons
interbedded with the conglomerates. Clasts are
dominantly well-rounded dolerite, but rounded pebbles
of mudstone are also present. In the interval from 789.77
to 805.60 mbsf shearing has caused many of the clasts to
be veined and fractured, and the matrix is cataclastic and
slickensided.

This interval, described as a dolerite (cataclastic)
breccia on the 1:20 scale core logs, displays evidence of
intense shearing and fracturing. We initially considered
the possibility that the clasts could be the result of
fracturing and shearing of a dolerite body. However,
studies of clast roundness characteristics (see section on
Clast Features) indicate that the body is primarily a
sedimentary deposit that has been subsequently modified
by shearing. The presencein it of sedimentary clasts, and
the occurrence of spores and pollen together with woody

Fig. 7.3 - Comparison of lithologic logs and sequences of the lower
60 m of CRP-2A and the upper 60 m of CRP-3 showing differences
that support the absence of averlap between the two drill holtes. FFor a
key see appendix 3.1 in the chapter on Lithostratigraphy and
Sedimentology.
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material and tissue (see section on Palynology) further
support this.

Depositional Processes and Environment
Clastsin the association are well-rounded, suggesting

that water transport has played a major partin depositional
processes. However, the continued but declining presence
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Fig. 7.5 - Core image of the basal unconformity (arrowed) of the Victoria Land Basin at 823.11 mbsf in CRP-3. Strata beneath the unconformity
are laminated quartzose sandstone of the Beacon Supergroup. The unconformity is overlain by thin (17 cm) clast-supported sandstone breccia
followed by 6 cm of matrix-supported fine conglomerate. This is overlain by, and in sharp contact with, a much thicker sequence of rounded and
clast-supported cobbles and boulders, mainly of dolerite. The scale is in metres and keyed to the depth tags. which are in mbsf.

up the core of angular clasts of quartzitic sandstone,
many in discrete layers, throughout the lower half of the
succession, indicates that local debris showing little sign
of transport (talus?) was still being shed into the
environment. Similarly, thin reverse graded beds of
monomictic quartzose sandstone are inferred to be local
debris flow deposits on alluvial fans. However, the
dominant lithofacies of large, well-rounded, clast-
supported dolerite boulder conglomerate, suggests a
fluvial environment with sufficient energy to remove
fine grains and to transport boulders in excess of one
metre. The environment of deposition for the lower part
of the succession is inferred to be a high-gradient fluvial
system accessing a dolerite source area, with lateral
input from more local alluvial fans and talus slopes fed
by cliffs of quartzitic sandstones of the Beacon
Supergroup.

Upcore from approximately 804 mbsf quartzose
sandstone clasts are absent and the quartzose sandstone
component is limited to thin, stratified units and
conglomeratic matrix. Concomitantly, mud becomes a
major matrix component. Although large quantities of
gravel and boulders were transported and deposited, the
environment was quiet enough to allow mud and fine
sand to accumulate occasionally. A fan-delta consisting
of a steep-gradient fluvial system debouching into the
sea is a possible environment for these deposits.

LITHOFACIES ASSOCIATION 3: MUDDY SAND-
STONES WITH SUBORDINATE CONGLOMERATES

The massive, clast-supported conglomerates end at
798.77 mbsf, above which are pebble to cobble
conglomerates and pebbly sandstones up to
approximately 767.70 mbsf. Upcore from that sandstones
become slightly muddy (Facies 3), with subordinate,
mainly matrix-supported conglomerates (Facies 10) up
to about 580 mbsf. Conglomerates become a minor
constituent in the upper portion of this association
between approximately 660 and 580 mbsf. The
association also includes rare intervals of moderately to
well-sorted sandstones of Facies 4 and 5, as far as 580
mbsf, incorporating LSU 13.1 and 13.2. The lithofacies
association forms a generally fining upward succession,
with conglomerates and pebbly sandstones dominating
in the lower third, grading up to a sandstone-dominated
succession. Soft-sediment deformation occurs
sporadically throughout the association, most commonly
throughout the lower half, associated with a higher mud
content.

The slightly muddy sandstones range from vaguely
stratified to well-stratified, dominated by parallel
lamination, but also with intervals of ripple cross-
lamination and cross-stratification. Convex-upward and
low-angle divergent laminae, particularly between 767
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and 744 mbsf, may represent hummocky cross-
stratification. Soft-sediment deformation is present
locally within the muddy fine-grained sandstones.
Sandstone beds commonly show a generally fining-
upward trend from a thin layer of fine gravel or granules
at the base, often with rapid transition upwards through
increasingly finer sandstone, in many cases with good
cross lamination. Thickness of individual sandstone
beds ranges up to 2 m.

Although the sandstones appear muddy
macroscopically, microscopical examination of some
samples suggests thatthe clay cementfilling the interstices
between grains is diagenetic and derived from post-
depositional fluids (see section on Diagenesis), rather
than it being modified primary matrix. Thus, at the time of
deposition many of the sands were probably clean.

Many conglomerates, particularly in the lower portion
of the association, show grading to sandstone in their
uppermost few centimetres. A few are symmetrically
graded or ungraded. In the upper portion of the
association, many conglomerates have gradational
contacts, although sharp-based conglomerates also occur.
Individual conglomerate beds range up to 4 m thick.

Marine palynomorphs and a macrofossil occurin the
lowest part of the association at 781 mbsf, showing that
this part of the section at least is marine. Striated clasts
occur at several locations throughout the association
(see section on Clast Features), Outsized clasts, some of
which are angular, occurinevery lithofacies (see section
on ClastFeatures), and angular gravel forms a constituent
in most conglomerates. It also occurs as isolated clasts
on bedding planes of well-sorted sandstones. Soft-
sediment deformation isrelatively common, particularly
in the lower half of the succession.

Depositional Processes and Environment

Thedepositional environment is clearly marine, at least
at 781 mbsf, because of the presence of marine fossils.

The common occurrence of thick, poorly-sorted
matrix-supported conglomerate units, many showing
crude grading in their upper portions, and the absence
within the conglomerate units of traction features,
suggests deposition by sediment-gravity flows. Anumber
of conglomerate units are graded throughout and were
probably deposited by debris flows or high-density
turbidity currents.

Likewise, the fining-upwards trend evident in many
of the sandstone beds may also indicate deposition from
sediment-gravity flows. Alternatively, they may represent
deposition in offshore bars, or deposition by periodic
floodwaters from a feeder fluvial system. The slightly
muddy nature of sandstones and the presence of soft-
sediment deformation suggest rapid sedimentation and
entrainment of water and fines.

Of alternative depositional environments, the most
probable is relatively shallow water. The site was
probably not very distant from a debouching high-

gradient fluvial system, whence periodic floodwaters
brought both coarse and fine sediments. This system
may have been a glacifluvial outwash plain fed by
glaciers up-valley to enhance episodic discharge. In this
scenario sediment wasentrained as high-density turbidity
currents or debris flows cither by the flood waters
themselves, or by rctrogressive failure and slumping
from a delta edge down a delta front (e.g. Carlsonet al.,
1989, 1992). Both finer-grained delta-top sandstones
and sandy delta front deposits were likely to have been
above storm wave base, as indicated by both hummocky
cross-stratification, which is generally inferred to be
representative of storm deposits and therefore formed
above storm wave base (Harmset al., 1975), and comimon
cross stratification. These structures suggest that wave
action, including storm-wave action, sorted and
redeposited the finer-grained deposits.

A minority of us considered that both the
conglomerates and the thick fining-upward sandstone
units constituted turbidites, which frequently show an
array of sedimentary structures formed during adeclining
flow regime arranged as Bouma sequences, although all
intervals are not always present. The volume of sediment
transported to form each unit and the cobble size of the
coarsest debris was thought to require a gravity-driven
mechanism of deposition, probably episodic, high-
volume, high-density turbulent flows. A laterally
extensive slope was thought be required to provide
acceleration for the flowing suspension, and a base of
slope setting in relatively deep water was suggested.

Whatever the primary environment, it was under
some glacial influence in the form of iceberg rafting.
Outsized and angular clasts are incongruous in the
primary depositional environments envisioned for this
association and indicate that glaciation in Antarctica at
this time was sufficiently strong to support glaciers to
sea level somewhere in the region.

LITHOFACIES ASSOCIATION 4: CLEAN SAND-
STONES WITH SUBORDINATE CONGLOMERATES

The muddy sandstones of Association 3 die out
gradationally upwards, and are replaced increasingly by
beds of clean fine- to medium-grained sandstone of
Facies 5. The first thick units of clean sandstones appear
at approximately 580 mbsf and persist until about 340
mbsf. However, from about 364 mbsf upwards,
intercalations of mudstone and slightly muddy sandstone
begin to appear and become more common upwards; the
first diamictites also appear.

The dominant lithofacies is light-coloured, clean,
fine- to medium-grained sandstone, with minor pebbly
sandstone to pebble conglomerate. The sandstones are
clean, without a muddy matrix, and are dominantly well-
sorted with equigranular well-rounded quartz grains. A
minor component consists of clean but poorly-sorted
subangular to subrounded quartz grains, some with a
coating consisting of a clay mineral which gives a
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greenish-grey hue to the sediment, Most beds exhibit
vague to well-developed parallel stratification. Cross-
bedding is common, and low-angle divergent laminae,
coupled with apparent convex-upwards lamination at
520 and 558 mbsf, may indicate hummocky cross-
stratification. Mottling, possibly representing burrowing,
is present at scattered horizons. Other evidence of life is
limited to extremely rare and questionable macrofossil
fragments. However, thin-section study of the clean
sandstone reveals that it is strongly cemented with
calcite (see section on Diagenesis), some of which may
have been derived from detrital shelly material.

Asin Association 3, sandstone beds commonly show
a generally fining-upward trend from a thin layer of fine
gravel or granules at the base. The fining often occurs as
a rapid transition upwards through increasingly finer
sandstone with moderate to well-developed planar
launination.

The subordinate conglomerates are poorly-sorted,
matrix- to clast-supported, with a matrix of fine-grained
sandstone, and contain angular to well-rounded clasts
consisting almost entirely of dolerite. Conglomerate
beds commonly have sharp bases and frequently show
crude normal grading, consisting cither of coarse-tail
grading, or of massive conglomerate passing with rapid
fransition upwards into laminated sandstone.

As for Association 3, outsized clasts occur in
association with angular clasts isolated on bedding planes
of the well-sorted sandstone, and within conglomerates.
Striated clasts also occur rarely (see section on Clast
Features).

Depositional Processes and Environment

Shelly material is rare, and possible bioturbation is
limited to two stratigraphical intervals. However, the
widespread occurrence of carbonate cement suggests that
more shelly material may have originally been present,
althoughitdoesnotaccountfor the quantity of cementation.
A marine environment is inferred for the association.

The architecture of the sandstone and conglomerate
facies are very similar to those in Association 3. The
main differences are that many of the sandstones are
well-sorted and are carbonate cemented rather than clay
cemented, and that conglomerates form a much lower
proportion of the sediments. The low mud content of
Association4 compared with Association 3 is emphasised
by the relative scarcity of soft-sediment deformation.

The sediments of Association 4 were most likely to
have been deposited in a shallow-water marine setting.
This was probably shallower than Association 3 because
theapparentcleanness and better sorting of the sandstones
and the much more common large-scale cross-bedding
suggest a greater influence of wave or current activity.
Again, the possible occurrence of hummocky cross
stratification suggests that the succession was deposited
above storm wave base. Deposition as delta-frontdeposits
seems probable. The graded conglomerates may have

been deposited, as for Association 3, as high-density
turbidity currents or debris flows forming delta-front
deposits,

A minority view considers that, as for Association 3,
both the conglomerates and the thick fining-upward
sandstone units were likely to have been deposited as
sediment gravity flows in deeper waters considerably
below wave base.

Association 4 is under iceberg influence as described
for Association 3, with glaciers probably supplying much
of the sediment for the association from further inland.

LITHOFACIES ASSOCIATION 5: MUDDY SAND-
STONES AND MUDSTONES, WITH SUBORDINATE
CONGLOMERATES AND DIAMICTITES

Above c¢. 378 mbsf, the nature of the sediments
changes significantly. They become notably more muddy,
with thick units of mudstone (Facies 1) and poorly-
sorted, muddy, very fine to coarse-grained sandstone of
Facies 3. Moderately sorted, stratified or massive,
medium- to coarse-grained sandstones of Facies 5, and
matrix-supported conglomerates of Facies 10 form
subordinate butimportant units. The new and significant
facies is massive diamictite of Facies 7, which occurs
with increasing frequency and unit thickness towards
the top of the drillcore.

Association 5 is also notable for the cognmon
occurrence of trace fossils and shelly fossils, including
unbroken shells. Soft-sediment deformation structures
are also common throughout; cross stratification is rare.

Units of mudstone, often with shelly fossils and
burrow mottling, are up to 24-m thick. The mudstone is
commonly sandy, stratified at a decimetre scale, and
contains dispersed clasts. Soft-sediment deformation
and water-escape structures are common. Lonestones
locally appear to penetrate underlying laminae.

Fine-grained muddy sandstone with dispersed clasts
is also common, grading locally into clast-poor, sandy
diamictite. The dispersed clasts are dominated by dolerite,
with granule-sized coal fragments and small clasts of
granitoids appearing intermittently. Various forms of
soft-sediment deformation are common to pervasive,
including load casts, load balls and deformed bedding,
sedimentary dykes and water-escape structures. Some
sandstone beds show loading into underlying mudstones,
and slumping is evident at some horizons.

Conglomerate units are commonly matrix-supported,
and moderately topoorly-sorted with angular torounded
clasts. Crude upward-fining, with coarse-tail grading in
conglomerate beds which may be in excess of 1-m thick,
is relatively common. Diamictites, some in excess of 6-
m thick, occur sporadically throughout the facies
association, but are most common in the upper part.
They vary from clast-poor sandy to muddy diamictite,
which is commonly weakly stratified to locally massive,
and muddy sandstone with dispersed clasts.
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Depositional Processes and Environment

The depositional environment is clearly fully marine,
as shown by the common presence of macro- and
microfossils, trace fossils and frequent bioturbation.
Foraminiferal studies in the section of core from O -
~200 mbsf suggest that deposition occurred in mid- to
outer-shelf depths (50-200 m: see section on Foraminifera);
and study of macrofossils in the section of core from
16.72-300 mbsf indicates deposition within much the
same range (30-120 m: see section on Macrofossils).
Macrofossils from the uppermost part of the core (0-
16.72 mbsf) suggest slightly increased depth ranges
between 100-300 m.

Probably the most critical lithofacies from the point
of view of environment is diamictite, which in previous
Cape Roberts drillcores has been interpreted mainly as
having a direct or indirect glacial origin. The diamictitic
character may originate from debris-flow deposition
primarily originating from ice-contact deposits, or some
units, especially those that grade into and out of massive
diamictites, may be from direct rain-out of ice-borne
debris that is then acted on by currents. Alternatively,
subglacial tills can exhibit these types of structures.
Massive diamictite is the facies most likely to be of
subglacial origin, although it too may originate from
debris-flow processes associated with ice contact, or
rain-out processes. Based on the association of other
lithofacies with diamictites, the subglacial origin for
diamicts thus far appears unlikely.

Conglomerate units which show coarse-tail grading
are inferred to be debris-flow deposits, either directly
associated with ice-marginal processes, or deposited at
the base of locally developed slopes. Slump structures and
other evidence of downhill creep within muddy sandstone
and mudstone facies also suggest the presence of a slope
or glacial pushing or overriding. The combination of
Lithofacies 2and 8 iscommoninice-proximal glacimarine
settings associated with grounding-line fans and subglacial
stream discharges (Powell, 1990).

Many sandstone beds that are ungraded and show
poorlamination are inferred to be the results of deposition
by traction currents. Others, which show some grading
and which are loaded into underlying mudstones, show
indications of rapid deposition and entrainment of water,
causing soft-sediment deformation and suggesting
emplacement by sediment gravity flow,

These facies are interpreted in terms of deposition in
glacimarine and open coastal/shelf environments by a
combination of traction currents, fall-out from
suspension, sediment-gravity flows and rain-out from
icebergs. Proximity to a glacial terminus is inferred to
account for deposition of diamictites, conglomerates
and associated Lithofacies 2 and 8. Better-sorted
sandstones are likely to have been depositedin arelatively
shallow marine environment, possibly as delta top or

delta front deposits. The periodic occurrence of
diamictites suggests a cyclic history of glacial advance
and retreat for the period of time covered by Association |.
Based on the inferred degree of meltwater influence on
the succession, a cool-temperate to sub-polar climate is
inferred, similar to that at the base of CRP-2/2A.

BASIN HISTORY

The genesis of the western margin of the Victoria
Land Basin is encapsulated in the first few centimetres
above a sharp, nearly planar contact with basement
Beacon Supergroup quartzose sandstone at §23.11 mbst.
This contact, which is an unconformity, is overlain by a
thin sequence of breccia and conglomerate composed of
Beacon Supergroup sandstone, and inferred to represent
debris deposited on talus and alluvial fans (Lithofacies
Association 1). These deposits imply a steep topography
in a subaerial environment, probably caused by vertical
movement on boundary faults during the initial phase of
Victoria Land Basin rifting.

These earliest deposits are followed by asedimentary
system dominated by conglomerate deposited initially
in a high-gradient fluvial system, and then in closc-
inshore marine conditions. This association (Lithofacies
Association 2) suggests sedimentation on a subaerial to
marine fan-delta system as an adjacent fault scarp(s)
erodes and continued basin subsidence occurs.

The overlying deposits are dominated initially by
conglomerates and granular sands and then by a mixture
of conglomerates and muddy sandstones (Lithofacies
Association 3). This association records a phase of rapid
subsidence and basin infilling indicating high
sedimentation rates. Some sedimentary structures in the
sands may suggest that the basin floor was mainly within
shelf depths, and at times probably shallower than storm
wave-base. The basin appears to be shallower from
about 580 m upwards, containing an abundance of clean,
well-sorted sand with comimon traction current features,
and only a minor conglomerate component (Lithofacies
Association4). Weinfer that the nature of these sediments
reflects a decline in the pace of subsidence, allowing the
basin to fill to a higher level. The pace of uplift also
declined slightly, resulting in lower gradients and
dominant deposition of sand, in a shallow-marine
environment with active current and wave activity
possibly above fair-weather wave-base.

The common rounded pebbles in pebbly sandstones
and conglomerates in both lithofacies associations
suggest derivation from a nearby fluvial system, and
deposition was probably on the marine portion of adelta.
Sediment gravity-flows were triggered either by floods
in the fluvial system, or by seismic activity along the
active adjacent fault system, and deposited as delta front
sands and conglomerates: the well-sorted sands were
deposited largely on the delta top where they were
exposed to winnowing wave and current action. The
primary environment was under some glacial influence
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in the form of iceberg rafting, indicating that glaciation
at this time was sufficiently strong to support glaciers o
sea level somewhere in the region.

I'rom about 380 mbsf upwards, the nature of the
sedimentary record changes. Well-sorted clean sands
become rare and are replaced by muddy sands, and mud,
diamictites and conglomerates become more prominent
upcore (Lithofacies Association 5). Soft-sediment
deformation and fluid-escape structures become
common, and rare slumps occur. Water depths indicated
by the fossil record are mainly in the mid to outer shelf
range, although the top 16 m of core may be deeper,
suggesting that the basin is generally deepening. The
facies association indicates a glacimarine and open shelf
environment, subject to cyclical glacial advances and
retreats. Proximity to a glacier terminus is inferred to
accountfor deposition of diamictites and conglomerates,
associated with morainal banks and grounding-line fans.
Although rapid sedimentation is suggested by the high
watcrcontent of the finer-grained sediments, the apparent
continued deepening of the basin indicates that subsidence
was outpacing sediment.

TECTONIC HISTORY
BASIN HISTORY

CRP-3 cored the oldest part of the Cenozoic sequence
off Cape Roberts, with biostratigraphical work showing
that all of the core is of early Oligocene age, possibly
extending into the latest Eocene at the base of the section
at 823 mbsf. If we include the lower Oligocene strata in
CRP-2A below the unconformity at 443 mbsf in CRP-
2A, and accept a small stratigraphical gap between the
two holes (see section on Chronology), we find that . 1
000 m of lower Oligocene strata are present at the
western edge of the Victoria Land Basin. Assuming the
age at the base of the Cenozoic strata is ¢. 34 Ma, this
represents atan averagerate of net sediment accumulation
¢. 200 m/m.y.

The consensus view of the depositional setting for
the CRP-3 strata is that all but the lowermost section is
shallow marine. The consistency of the depositional
setting, never far from the shoreline, suggests steady,
rapid subsidence and an abundant sediment supply tofill
the basin continuously. Although more chronological
data and more complete palacobathymetrical data are
being gathered for amorerigorous and complete analysis
(Wilson et al., in preparation), a diagram has been
prepared to show the history of basin subsidence (Fig. 7.6).
The diagram is presented as if for a stratigraphical
column located at CRP-1, but is based on ages and
thicknesses from all three CRP drill holes. The trend
indicates rapid subsidence from c. 34 to 31 Ma, much
slower subsidence from 31 to 16 Ma, and from that time
no net basin subsidence to the present.

A subaerial erosion surface marks the basal contact

between the Tower Oligocene (or possibly uppermost

Focene) strata and underlying quartz sandstone

interpreted to be part of the Devonian Taylor Group, the

lower part of the Beacon Supergroup. The sandstone is
considered mostlikely to be part of the Arena Sandstone,

a formation that typically lies 400 to 600 m above the

Kukri Erosion Surface (Barrett & Webb, 1973; Woolfe

etal., 1989). This surface is a major regional unconformity

separating Beacon strata from underlying upper

Precambrian-Ordovician igneous and metamorphic

basement rocks.

The presence of rift-basin fill resting directly on
Devonian Beacon Supergroup strata has several
important tectonic implications:

1) the major part of the Beacon section, the sills of Ferrar
Dolerite within it and the overlying Kirkpatrick Basalt,
must have been eroded prior to or coeval with the early
phases of down-faulting that displaced the Beacon to
form the rift-basin floor;

2) the age of the Cenozoic strata just above the
unconformity on the Beacon most likely represents
the age of the rifting event that formed this section of
the Victoria Land Basin. USGS seismic line 403/404
shows that almost most of the floor of the basin off
Cape Roberts is younger than the oldest Cenozoic
strata cored in CRP-3 (Fig. 7.7), and

3) the Beacon strata cored in CRP-3 provide a marker
horizon that can be matched with reasonable
confidence to the middle part of the Devonian Beacon
strata in the adjacent Transantarctic Mountains. This
suggests ¢. 3000 m of down-to-the-east displacement
across the Transantarctic Mountain Front (Fig. 7.8).
A key result of CRP drilling has been the

demonstration that mostof the regional seismic sequences

originally correlated through the VictoriaLand Basin by
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Fig. 7.6 - Diagram showing the subsidence of the floor of the Victoria
Land Basin at CRP-1 through time, projecting data from CRP-2 and
CRP-3 to the CRP-1 site. No account has been taken of compaction,
or of the many unconformities. The diagram shows a short period of
rapid subsidence from 34 to 31 Ma, followed by a longer period of
slower subsidence to 16 Ma with virtually no net subsidence from that
time to the present day.

DEPTH (m)




198

Initial Report on CRP-3

Tab. 7.1 -Comparison of ages for seismic sequences inferred from regional geological data in 1987 compared with the ages established from Cape
Roberts core. Ages from the core are found to be much younger than expected.

Cape Roberts Science Team

1=, Miocene at base

Early Oligocene (possibly latest Eocene)

Late Oligocene-Holocene (MeMurdo Voles), & Jurassic (Ferrar

Sequence Cooper ct’ al., 1987
Vi - —l l\honuu to Present ‘ - Qu;ﬁcrnury
V2 FLate Oligocenc (o I5.-M. Miocene ?
V3 Paleogene to fate Oligocence
Vi Palcogene andior older Late Oligocene
V5 Cretaccous to carly Paleogene
Vo6 Palcogene to Holocene. & Jurassic to Palcogene
Supergroup)

w7 Precambrian to E. Paleozoic

Cooperetal. (1987) are much younger than was inferred
from the regional geology (Tab. 7.1). The V4/V5
sequence boundary was transected in CRP-2A at ¢. 443
mbsf, coincident with a upper/lower Oligocene
unconformity (Henrys et al., in press). A series of
seismic events, informally labeled o-v, have been
identified from preliminary analysis of the vertical
seismic profiling in CRP-3 and seismic reflection

Precambrian to E. Palcozoic

interpretation (sce section on Correlation of Seismic
Reflectors). These reflectors must all mark lower
Oligocene horizons, and all occur within the V5 seismic
sequence, which extends to the floor of the basin a few
kilometres east of CRP-1 on Roberts ridge (Fig. 7.7).
Seismic sequence V6 comprises the discontinuous to
chaotic reflections that occur at shallow depths in some
places and at large depths in the middle of the basin. It

VLB

LINE 403/404 -

- =
PR V7
- V7

VICTORIA LAND BASIN ——

Fig. 7.7 - Seismic section showing the western margin of the Victoria Land Basin off Cape Roberts (from Cooper et al., 1987, plate 2). The 3 CRP
holes are projected onto the section, which runs less than 2 ki to the north. The section shows that the Cenozoic strata to be onlapping to the east,
and indicates that CRP-3 cored into the oldest body of Cenozoic strata in the basin. As CRP-3 cored into lower Beacon Supergroup strata at 823
mbsf, we show the Beacon to underlie the Cenozoic sequence for several km eastward into the basin.
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Fig. 7.8 - Schematic cross-section across the Transantarctic Mountain Front, showing our current view of the geometric relationship between the
Cenozoic strata at the western margin of the Victoria Land Basin, the Beacon Supergroup strata beneath, and the granitic basement of the
Transantarctic Mountains. The faults to the west of Cape Roberts, and their displacements. have been taken from Fitzgerald (1992, Fig. 21).

lies just beneath the sea floor off volcanic Beaufort
Island, and hence is in part McMurdo Volcanic Group,
but it was considered also to include Paleogene (as yet
unsampled early rift volcanic rocks) or possibly Mesozoic
(Ferrar Supergroup) at depth in the middle of the basin.
It was not mapped west under Roberts ridge, where
seismic sequence V35 rests directly on V7, but was
tentatively inferred in the small graben with magnetic
anomaly between Roberts ridge and the coast (Cooper et
al., 1987, plate 2). Perhaps the intrusive body in CRP-3
is a sample of this unit.

Seismic sequence V7 is acoustic basement for the
region, and comprises rocks that pre-dated the Victoria
Land Basin. This unit was interpreted to include igneous
and metamorphic rocks of Ordovician and older age, and
probably the sedimentary Beacon Supergroup and the
igneous Ferrar Group. V7 was inferred by Cooper et al.
(1987) to lie at approximately 1.0 seconds TWT beneath
the western margin of Roberts ridge, but CRP-3 cored
into Beacon Supergroup strata, a unit previously
considered part of the ‘acoustic basement’, at 823.11
mbsf, considerably shallowerthan the 1.0 secondreflector
(shown below CRP-3 in Fig. 7.7). We think, therefore,
that the reflector identified by Cooper et al. (1987)
instead marks the top of an igneous or metamorphic (or
both) basement underlying the Beacon strata. On the
seismic profiles in proximity to CRP-3, theregion beneath
¢. 770 mbsf is obscured by a strong multiple, making it
impossible at present to identify or trace reflectors that
may correspond to the Oligocene/Beacon unconformity
surface.

The dip pattern documented in CRP-2/2A, with
gradually steepening dip with depth (Jarrard et al., in

press), continues in CRP-3, where dips steepen from ¢. 10°
up to ¢. 22° above the unconformity truncating the
Beaconstrata. The dip direction appears to be toward the
east-northeast, based on preliminary interpretation of
dipmeter and BHTV data. In addition, these log data, as
well as analysis of bedding dip on whole-core scan
images, indicate that there is little angular discordance
between the Oligocene strata and the Devonian Beacon
strata across the unconformity (the downhole logging
data indicate that the dips are similar but the Beacon has
amorenortherly dip direction). Thisis surprising because
in similar settings down-faulted strata typically dip
toward the uplifted block.

East-west seismic reflection profiles also show a
fanning array of stratal wedges that thicken to the east.
The greater subsidence to the eastindicates either growth
faulting on a west-dipping, west-side-down normal fault
zone, or greater thermal subsidence along the basin axis,
or both. Regional seismic lines (Cooper & Davey, 1987;
Brancolini et al., 1995) show that this east-dipping,
eastward-thickening pattern continues at least to the
eastern margin of the Terror Rift. Tracing the Oligocene
seismicreflectors cored in CRP eastward, they disappear
beneath the base of the seismic lines and indicate that
over 8 km of Oligocene strata are present within the
Victoria Land Basin.

IGNEOUS INTRUSION
Anigneousbody c. 16 min vertical thickness intrudes

the Beacon strata between 901 and 918 mbsf. The
igneous rock is pervasively altered such that no original
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mineralogy is preserved. All four chemical analyses
carried out are highly altered, but trace element ratios
suggestasub-alkaline chemical affinity, which excludes
the McMurdo Volcanic Group (see section in Petrology).

Possible origins for the body are a previously
undiscovered phase of the Jurassic Ferrar Dolerite, which
forms extensivesills, and in places dykes, within Beacon
strata cropping out within the Transantarctic Mountains,
ora heretofore unrecognised episode of early rift-related
magmatism (older than 34 Ma). An acromagnetic survey
over the Cape Roberts region documented a strong
anomaly to the west and northwest of the CRP dril] sites,
modelled as a sheet-like igneous body (Bozzo et al.,
1997). It is possible that the igneous body cored in CRP-3
is related to this body.

DEFORMATION

Naturally-formed microfaults are particularly
abundant in the Oligocene strata cored in CRP-3. Most
of the microfaults cutting the Oligocene strata are dip-
slipnormal. The density of small faults in CRP-3records
significant strain, suggesting proximity to one or more
major faults. Three larger-scale faults of unknown
displacement were cored in CRP-3. Faults at 260 and
540 mbsf are brittle faults characterized by veining and
high-fracture permeabilities, whereas a third is inferred
from a zone of shear between 790 and 806 mbsf that
includes cataclastic features.

Striae on fault surfaces record a kinematic change
down-core from consistent dip-slip motion to more
complex oblique shearing within the shear zone below
790 mbsf. The oblique shear pattern is continuous into
and is characteristic of the entire lower section of the
core, including the Devonian Beacon sandstone. All
observed faults above 823 mbsf cut strata of earliest
Oligocene age, and must therefore be Oligocene or
younger. It is not yet possible to say whether the two
kinematic types mark discrete deformation episodes or,
alternatively, whether all the deformation is the same
age, butthere is a partitioning of strain between different
faults or with depth in the section.

The attitude of the larger-scale fault planes is hard to
estimate. None close to CRP-3 can be seen in the seismic
data. If the large faults are parallel to small faults imaged
by the BHTV, itis possible that the faultat 260 mbsf dips
eastward, and the fault at 790 mbsf dips westward.
However, further analysis of seismic, log, and core-
based data will be required to provide adequate constraints
on orientation. VSP data provide 3 depths to the top of
astrongreflector at 790 mbsf, indicating a plane dipping
¢. 10° to the east. This plane has the same depth and
strike as the top of the sheared layer of coarse
conglomerate found in the core at this level, though a
shallower dip than estimated from well logs. The VSP
datado not indicate any offset of strata by a fault through
the drill hole at this level.

Both the Beacon strata and the intrusive igneous
body are characterized by extensive faulting. Brecciation
of the Beacon sandstone is also very common, associated
with injections of clastic material. These deformation
features are atypical of Beacon strata that crop ontin the
Transantarctic Mountains. The deformation is theref'ore
likely to be due to rift-related down-faulting along the
Transantarctic Mountains Front. This brecciation and
mobilisation may also have been associated with
intrusion-related hydrothermal activity.

PROVENANCE AND TRANSANTARCTIC
MOUNTAINS UPLIFT

Petrological investigations in CRP-3 haverevealed a
continuation of compositional trends observed in CRP-
1 and CRP-2/2A (Cape Roberts Science Team, 1998,
1999). The absence of fresh alkaline volcanic detritus
below ¢. 300 mbsf (c. 25 Ma) in CRP-2A continues
down to the oldest Cenozoic strata in CRP-3. However,
this observation is tempered by the presence in CRP-3 of
rare grains of fresh brown, green and colourless glass of
unknown composition. If that glass is alkaline in
composition, its scarcity and the very fine size of the
fragments suggest that it represents products of eruptions
from a volcanic source distant from the McMurdo Sound
region. Possible sources include the alkaline volcanic
centres in northern Victoria Land.

The uppermost 200 m of CRP-3 is dominated by
clasts of Ferrar Supergroup (dolerite and basalt). The
sand grains also show peak values for clinopyroxene,
which has its sole source in the Ferrar Supergroup in
CRP-3. In the bulk mineralogy XRD study, feldspar/
quartz (F/Q) ratios are high and alkali feldspar/quartz
(K/Q)ratios are low, indicating enhanced Ferrar-derived
plagioclase above ¢. 200 mbsf. Below 200 mbsf, Ferrar
clasts diminish in abundance, and there is a notable
increase in the proportion of sedimentary rock types that
were probably derived mainly from the Beacon
Supergroup. Thisis also evident from sand grain modes,
which are dominated by quartz grains (mean value for
total quartz grains ¢. 82%), and reflected in diminished
F/Qratios from XRD study. The proportions of rounded
grains (Qr/Qa>0.3) between 200 and 500 mbsf also has
significance because this ratio offers a proxy for the
relative proportion of rounded quartz grains contributed
by the lower Beacon Supergroup (Devonian Taylor
Group). These relationships suggest that the change at ¢.
200 mbsf represents a down-core shift from basement-
dominated detritus to more detritus derived from the
Beacon-Ferrar ‘cover’ sequence. Such adown-core shift
was also recognised at the 307 mbsf unconformity in
CRP-2A (Smellie, in press; Talarico etal., in press). The
significance of its recurrence in CRP-3 is still unclear,

The sand-grain modes and XRD bulk mineralogy
investigations also highlight a second possible petrological
transition, although it is not supported by any evidence
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from the clast studies. At ¢. 550 mbsf, the sand mode and
bulk mineralogy studies show a series of coincident
compositional changes affecting samples below that depth.
These include a diminished proportion of quartz and
increased feldspar grains, much lower Qr/Qaratios, higher
I+/Q ratios, and much lower K/Q ratios. These petrological
changes suggest that the provenance has undergone a
compositional shifttodetritus dominated by material derived
from the upper Beacon Supergroup (Permian-Triassic
Victoria Group), which the sandstone resembles to a
remarkable degree. Work is in progress to assess this view.

Coal fragments of sand and granule size have been

observedin CRP-3 from 150 mbsfto adepth of 780 mbsf

(sce the Petrology chapter and the core logs in the
Supplement to this volume). These extend up-section to

the unconformity at 307 mbsf in CRP-2A. The coal is of

high rank and almost certainly from the Weller Coal
Measures, a 180- to 250-m-thick formation with coal
beds totalling 10 to 35 m in thickness that today crop out
¢. 100 km to the west in the Transantarctic Mountains
(see section descriptions in Barrett & Webb, 1973).
Terrestrial palynomorphs of Permian, Triassic and
Jurassic age also record a Beacon provenance (see
section on Palynology). Some of these forms are much
less thermally altered than palynomorphs from outcrops
in the mountains, and they are, therefore, presumed to
have been eroded from Beacon strata with a smaller
proportion of intrusive dolerite, perhaps further inland.
The provenance implications of the distribution of coal
fragments and palynomorphs as compared with
petrological provenance indicators are not clear, and
plainly deserve further study.

IMPLICATIONS FOR REGIONAL RIFT HISTORY

The Cape Roberts site is only the second place along
the Transantarctic Mountains rift shoulder where offset
of Beacon strata along the frontal fault system can be
directly demonstrated. At Cape Surprise, in the central
Transantarctic Mountains near Shackleton Glacier,
Barrett (1965) documented down-faulted Beacon at the
coast, estimating 5 000 mdisplacement. At Cape Roberts,
assuming a marker horizon at the level of the Devonian
Arena Sandstone, the offset is estimated at ¢. 3 000 m.

Fission-track datafromthe Transantarctic Mountains
in southern Victoria Land indicate that large-scale uplift
commenced at ¢. 55 Ma (Fitzgerald, 1992). Although no
lower Eocene strata are present at the Cape Roberts site,
the unconformity documented in CRP-3 shows that a
thick section of Beacon Supergroup and Ferrar
Supergroup must have been eroded prior to the earliest
Oligocene, and this erosion could have occurred during
Eocene mountain uplift.

The great thickness of Oligocene strata that can now
be demonstrated in the Victoria Land Basin shows that
rapid basin subsidence began no later than the earliest
Oligocene and possibly somewhat earlier, slowing

significantly in late Oligocene and Miocene times. The
Oligocene and younger faulting of the strata implies syn-
depositional rifting, although the geometry of faulting
remains (o be determined. This majorrifting eventin the
western Ross Sea is contemporaneous with, and very
likely related to, newly documented sea-floor spreading
in the Adare Trough, immediately north of the northern
Victoria Land continental margin (Cande et al., 2000).

CONCLUSIONS AND FUTURE PLANS

Drilling of CRP-3 completes the coring planned for the
Cape Roberts Project. With a depth of 939.46 m, it
exceeded the target depth of 700 m by around 30% and
created 4 new record for bedrock drilling in Antarctica.
Corerecovery was 97%. with losses mostly in the upper 10
m and occasional loose sand between 400 and 600 mbsf{.

If CRP-2/2A fed largely the climatic goals of the
project, with its fine record of early Miocene glacial
cyclicity and the means of dating it, CRP-3 has provided
a treat for the tectonic objectives, revealing
i) the total post-Jurassic offset across the margin of the

West Antarctic Rift System off Cape Roberts

(¢.3000 m),

i) the age and nature of the oldest sediment in this
section of the Victoria Land Basin (34 Ma,
conglomerate), and

iii) subsidence history for the life of the basin (rapid
from 34 to 31 Ma, then slower to 17 Ma and with
none at all after then).

Further work on analysis of fractures, along with
core oriented from bore hole televiewer data, will
contribute directions of movements from which changes
in regional stress regime through time can be deduced.

The recovery of 116 m of Beacon sandstone and
intrusive was significant notonly inproviding areference
plane for calculating offset across the margin of the West
Antarctic Rift System, but also in showing that with
CRP-3 the entire Cenozoic section off Cape Roberts had
been cored. The seismic section figured by Cooperet al.
(1987) had previously shown that these were the oldest
strata in the basin (7.7). We can therefore conclude that
there is no further point in coring off Cape Roberts to
find the transition into strata representing warm Eocene
times. The Eocene McMurdo erratics show that such
strata do exist, but we must now presume that they occur
only to the south of their current position (Minna Bluff,
150 km south of Cape Roberts), and must have been
eroded from beneath the Ross Ice Shelf (Levy and
Harwood, 1999).

Despite the discovery from CRP-3 that deposition
began in the Victoria Land Basin just after the late
Eocene cooling, there was some success in extracting a
climate record from the core. The cyclic patterns
recognised in the strata of CRP-2A continue down into
the upper part of CRP-3. Below c¢. 300 m the motif



202
CRP-1
CRP-2
Mobtres Quaternary ———
diamict -
100
200
300
400
Sequences of:
mudstone,
sandstone,
diamictite, A s
conglomerate +o-e

Age (Ma) @
Significant s
unconformities
Tephra v

Outsize clasts
01-05m .
05-12m -

— 1100

Sandstone with thin (<4 m)
beds of conglomerate

v

Dolerite conglomerate & thin
basal sandstone breccia

Beacon Supergroup
(Arena Sandstone?)

~350

- 1600 AANNA 3% altered intrusive
.......... 939

Fig. 7.9 - Composite stratigraphic section from CRP-1, 2A and 3 for
the western margin of the victoria Land Basin. Lithologic data and
stratigraphic data are from CRST (1998) and CRST (1999) and this
volume. Chronology for CRP-2A from Wilson et al. (in press).

Initial Report on CRP-3

changes as sediment becomes coarser downhole (o
comprise largely sandstone with significantconglomerate
beds. Much of the obvious glacial character of this lower
section of core has been lost, but reminders persistin the
occasional survival of small striated clasts, and the
occurrence of isolated and out-sized clasts (>0.1 m) to
within a few tens of m of the base of the Cenozoic
section. Analysis of a range of biotic and lithological
datasets will be important in reaching an understanding,
of the causes of the cyclicity but possibly none so
important as the range of high quality downhole logs and
core properties measurements that were recovered from
almost the entire drillhole.

Biostratigraphical datums indicate that the upper
200 m of CRP-3 lies in the range 31 to 33 Ma, though
deeper strata could also fall within this range. Virtually
nosiliceous orcalcareous microfossils were found below
this level in the initial survey, because of either dissolution
or higher sedimentation rates or most likely both, though
further searches are planned. Preliminary magneto-
stratigraphic data suggest that the upper 350 mrepresents
C12R - further work on this, and on Sr isotopes from
shell material, which occur down to 350 mbsf, will help
strengthen the chronostratigraphy in at least the upper
part of CRP-3.

Despite the sparse biotic record, marine palynomorphs
were extracted as far down as 781 mbsf, revealing further
species (eventunally to be part of a robust new
biostratigraphical scheme for Antarctic margin sediments),
but plainly not old enough to have included the warm
Eocene Transantarctic Flora of Wilson (1967). Terrestrial
palynomorphs, though sparse, also represent an important
record of climate back to 34 Main the adjacent mountains,
which at that time supported, near sea level at least, a
relatively cold-climate, low diversity woody vegetation
of low serub or closed forest.

Work on tectonic, depositional, climatic, and
chronostratigraphical aspects of the CRP-3 core will
continue over the next few months, with results presented
at a workshop in Columbus, Ohio, in September, 2000.
These results will be published as contributions to the
third and final volume of Scientific Results from the
Cape Roberts Project in early 2001.

The 3 Cape Roberts drill holes have now cored a total
of 72 m of Quaternary (and some Pliocene) strata, and a
sequence around 1500 m thick (cored a total of 1523 m
but with 31 m overlap between CRP-1 and CRP-2, and
a gap of the order of no more than a few tens of m
between CRP-2A and CRP-3) (Fig. 7.9; Tab. 7.2). In
addition, CRP-3 cored 116 m into the bedrock floor of
the basin. Recovery for the entire cored interval has
averaged just over 95%.

As work continues on CRP-3, ODP Leg 188 is coring
onthe continental shelf and slope in Prydz Bay (Fig. 7.10),
seeking an early glacial, and if possible a pre-glacial,
record of climate from the other side of the continent. The
search for more detailed paleoclimatic data is also the
main justification for two further ODP legs proposed for
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Tab. 7.2 - Data on cored strata at the three Cape Roberts drill sites.

CRP-1(1997) CRP-2/24 (1998) CRP’-3(1999)

. WATER DEPTH 153 m 178 m 295 m

| Depth to top of first core 15 mbst S mbsf 2 mbsf
Quaternary (-Pliocenc) 28 m 22m 0
Older Cenozoic strata 105 m 397 m 821 m
Stratigraphical overtap between holes Al moverlap Gap of m 1o 10s of m between CRP-2A and

between CRP-1 and CRP-2 CRP-3

Basement 116:m
Recovery {ave —93%) R6% Q4% 97 %

| TOTAL DEPTH BSF 148 mbsf 624 mbs{ 939 mbsl’
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Fig. 7.10 - Map of Antarctica, showing regions where future deep earth sampling is being planned.

the eastern Ross Sea and Wilkes Land. These studies will
provide complementary data to those from the Cape
Roberts Project for testing ice-sheet and climate models
being developed to improve our understanding of the
global climate system (Webb & Cooper, 1999). Inaddition,
principals from Cape Roberts countries are examining

means by which equipment and experience can be
maintained for further work with the Cape Roberts drilling
system at a number of places around the Antarctic margin
where deep earth sampling may be required for climatic
or tectonic objectives. In the longer term this might
include sub-glacial Lake Vostok.
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