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Foreword

This volume is the first of several special issues d Terra Antartica to
present the results of the Cape Roberts Project, in which the Antarctic
programmes of Australia, Germany, Italy, New Zealand, UK and USA are
collaborating to take a series of cores off the Antarctic coast from adrilling
rig set on the fast sea-ice to investigate climatic and tectonic history of the
region (Barrett & Davey, 1992; International Steeling Committee, 1994).
Although thisfirst season of drilling was curtailed at a depth of 148 mbsf
(metres below sea floor) by an unusual storm-generated ice break-out, the
corerecovered representsasignificant advance for geological understanding
in the region, both with new facies and with early Neogene ages from the
presumed Paleogene sequence. Down hole conditions were also more
difficult than expected and improvements arc being sought for the drilling
system to deal with these. But not theleast of thechallengeswasfor the Cape
Roberts Science Team of 50 scientific technical and support staff, meeting
in early October for thefirst time, to process, describe, sample and analyse
thecoreand completetheir first report by mid November and within 3weeks
of completion of the drill hole. We thank all of those who took part in the
project for their commitment to its success and for achieving this season as
much asthe Antarctic would allow. Welook forward in late 1998 to the next
Cape Roberts special issue, the Scientific Report, with a more detailed
analysis of the results of the 1997 drilling, and to the next drilling season.

Weare grateful for the support of the national Antarctic programmes of
Australia, Great Britain, Germany, Italy, New Zealand and the United States
for making this project possible, and in accommodating the delays brought
about by ice conditions in the Antarctic. We thank Gillian Wratt and
AntarcticaNew Zealandfor coordinatingthelogisticsof theproject and Jim
Cowie as Project Manager for maintaining a difficult operation on asound
and securefooting despite the challenges of the Antarctic environment. We
also thank Scott Borg and the US National Science Foundation for making
available the Crary Science & Engineering Center a McMurdo Station so
that thescientific studiesreported here could becarried outimmediately after
the drilling. Finally we gratefully acknowledge the editorial role taken by
ChrisFielding and Woody Wise in helping complete thisvolume.

Peter J. Barrett
A

Carlo Alberto Ricci

November 1997
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Background to CRP-1, Cape Roberts Project, Antar ctica

CaPE RoBERTS Science Tram™

Abstract - Thefirst hole of the Cape Roberts Project, CRP-1, was chilled in October, 1997, to adepth of 148 metres
below theseafloor (mbsf) beforebeingterminated unexpectedly by thelossof fast sea-iceseaward of the rigfollowing
aseverestorm. Thesiteliesin 150 m of water at 77.008°S and 163.755°E, 16 km off Cape Roberts. This part of the
report outlines the geol ogic setting, agently tilted sequence near themargin of the Victoria Land Basin, and describes
the history of the growth of seaice, which provided thedrilling platform, as well asthe history of the drilling itself.
Core recovery was around 77% in soft and brittle strata to 100 m and 98% below that.

The sequence was found to comprise a Quaternary glacigenic interval down to 43.55 mbsf and below thisan early
Mioceneinterval that wasalso glacigenic. Core propertiesthat were studied include fracture patterns, porosity, sonic
velocity and magnetic susceptibility. Velocity in particular was useful in relating the cored sequence to the regional
seismic stratigraphy. A preliminary assessment suggests that the bottom of the hole is 15 m short of the boundary

between seismic sequences V3 and V4.

Analytical facilities new tothe Antarctic and used for processing samples for the project aredescribed hereand include
abench top palynological processing system and a palacomagnetic laboratory. The core management and sampling
system, which recorded over 2 000 samples, is also outlined.

INTRODUCTION

The Cape Roberts Project is a co-operative drilling
project between the Antarctic programmes of Australia,
Germany, Italy, New Zealand, UK and USA. Theaimisto
obtain continuous core through strata from 30 Main age

back to perhaps as much as 100 Ma in age beneath the
western side of McMurdo Sound, Antarctica, in order to
study the tectonic and climatic history of theregion. It is
named after CapeRoberts, thestaging point for theoffshore
drilling and a small promontory 125 km north west of
McMurdo Station and Scott Base (Fig. 1).
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Fig. 1-Map of thesouth west corner of theRoss Sea,

showing the locations of Cape Roberts, CRP-1 and

other drill sitesin the area, and McMurdo Stationl
Scott Base, the main staging point for the project.

The edgeof thefast ice before and after the October

24 break-outis also shown.
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2 Cape Roberts Science Team

Theprojectisdesignedtoaddresstwo major questions:
- did ice sheets grow and decay on Antarctica, with
attendant changes in global sea level, prior to the
earliest Oligocene 34 Ma ago, when it is widely
believed thefirst extensiveiceformed onthe continent?
- at what time did the continent begin to rift to form the
Ross Sea and the Transantarctic Mountains?
Implicitin theobjectivesisthesignificant contribution
to be made through age- and rock-type calibration for the
40 000 km of seismicsurveysin the Western Ross Sea by
coring the strata off Cape Roberts.
Thestratatobecoredformaseaward-dipping sequence
10to15kmoff Cape Robertsand seaward of theboundary
between the Transantarctic Mountains (TAM) block and
the Victoria Land Basin (VLB) (Fig.2). Seismic surveys
of the basin have traced 3 sequences into the 2000+ m of
strataoff CapeRoberts(V3, V4and V5-Fig. 3). Correlation
with the CIROS-1 hole 70 km to the south indicated that
most of the strata are more than 30 million years old
(Barrettetal.,1995; Barteket al., 1996). The Cape Roberts
Project aimsto core 1200 or more m of this sequence by
drilling at least three holes ranging in depth from 400 to
700 m and overlapping so as to ensure a continuous
stratigraphic record.
Thislnitial Report, and acompanion Scientific Report
tobepublishedlater thisyear, provideresultsfrom thefirst

drillingseason. After some uncertaintics following a year 's
postponement due to the late development of fast sea ice
in 1996 and aseries of winter ice break-outsthisycas , the
ice was thought likely to be thick enough in the drill-site
area to safely support the drilling system. A decision was
taken to send the advance party to Scott Base on the
August “WINFLY” operation to establish aland mute to
Cape Roberts and locate the first drill site. The party
arrived at Scott Base on August 25, and, after some
challenging route-findingaround theedge of theMcMurdo
Ice Shelf, reached Cape Roberts on August 30
Observations of sea-ice character and thicknessled to the
selection of sitel onthesouthern of three possibletiansect
linesindicated in theScience Plan (Barrett, 1997, Fig.3.5)
asthelocation for thefirst drill site - CRP-1.

CRP-1 was terminated prematurely after 7 days ol
coring when a large section of the fast sea-ice broke out
after an unexpectedly fierce storm on October 23-24,
leaving the rig vulnerable to further break-outs.
Nevertheless, significant core had been recovered from
both the Quaternary cover beds and the older pait of the
sectiontoadepth of 147 metres below theseafloor (mbsf),
and formsthe subject of thisreport. Basic datafor the hole
aresummarisedin table1, and the depth and range of ages
encountered are shown in figure 3 in the context of the 3
sites planned for the project.
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Tab. 1 -Site datafor CRP-I.

16 km ENE of Cape Roberts

Position

Latitude 77.008°S

Longitude 163.755°E

Water depth 153.50 m
Seaicethickness 1.60m

First core 1:30 am, 17 October 1997
Last core 2:00 am, 24 October 1997
Coredinterval 132.06 m

Corerecovered 113.32m

Recovery 86%

Depth to bottom of hole  147.69 mbsf

22-24 Ma. Mudstone with
scattered pebbles

Ageandlithology of
oldest strata

Thereport is organised as 4 related articles:
1 - BackgroundtoCRP-1. Thissectionincludesinformation
on geological context for drillhole, coring and sea-ice
observations, core properties and an overview of the
core. It also includes core recovery data (Appendix 1),
corelogson ascale of 1:20 (Appendix 2) and scanned
images of the core face after splitting (Appendix 3).
Quaternary strata. These are about twice as thick as
expected, and contain an unusual carbonate facies.
Miocene strata. Although theseare part of thedipping
""target” sequence, they arearound 8 my younger than
we expected from seismic correlation from the
CIROS-1 drillhole 70 km to the south. However the
CRP-1coreprovidesanew window ontheperiod from
171022 Main this region.
4 - Summary of results. This provides a preliminary age

model for the core and interpretations on glacial

N

w

advance and retreat over thesitein early Quaternary
and Miocene time.

REGIONAL SETTING

GEOLOGICAL SETTING

McMurdo Sound lies at the southwestern end of the
Ross Sea, between the Transantarctic Mountainsof South
VictoriaLand and the recent (5 Ma) volcanic Rosslsland
(Fig. 4). It coincides with the southwestern end of the
VictoriaLand Basin (VLB),oneof four major extensiona
basins forming the Ross Sea continental shelf (Houtz &
Davey, 1973; Davey, 1981,1983; Hinz & Block, 1984;
Cooper etal.,1987,1994). The VLB is a complex structure,
extending from Ross Island to Terra Nova Bay, and
comprising a magjor basin up to 14 km deep in the west
separated from asubbasin, intheeast by avol caniczone, the
Terror Rift, which apparently continues into Ross Island.
Ross|sland may beexpectedto be underlain by several kms
of sedimentary rocks (Cooper & Davey, 1987; Melhuish et
al., 1995). Inthisregionthe TAM formsthewestern margin
of the VLB and the deformational history of the two are
probably directly related. Two main crustal thinning events
haveformed thebasinsof the RossSeabut they arenot well
constrainedin time. Thefirst, an essentialy non-magmatic
rifting event over most of the Ross Sea, is probably related
tothebreak-upaof Gondawanain thisregion (lateMesozoic).
Thesecond event was associatedwith vol canic activity and
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Fig. 4 - Location (inset) and 63 00
bathymetry of the Cape Roberts .
Project survey area. Swath
bathymetry is shown, with contours
interpol atedfromother singletrack
data where swath data were not
available. Contours are a 25 m
intervals over the swath area, and
50melsewhere.The seismic profile
in figure 5 is along the line
NBP9601-89. Drill-site options
(sites 1, 2, 3 on NBP lines 86, 87
and 89) and thedrill site CRP-1are
marked.
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localised in the VLB, and an Eocene and younger age has
been proposed (Cooper et a., 1987,1991).

The main structural trend is north-south, with major
normal faulting forming half grabens in basement and
terminatingintheoverlyingsedimentary section.Cenozoic
faulting cuts through the sedimentary section and, in
places, reaches the sea floor. Late Cenozoic structura
trendshave been mapped also transverseto thesefeatures
(Cooper et al., 1994).

The planned Cape Robertsdrill sitesarelocated on an
offshore bathymetric rise, Roberts Ridge, in northern
McMurdo Sound, about 10to 20 km east of Cape Roberts
on thesouthern entranceof GraniteHarbour (Figs. 1. & 4).
Thisbathymetric highrisesfrom about 500 mdepthinthe
west to within 100 m of sea level. To the south, Roberts
Ridge broadens into a shallow-coastal platform 200 m
below sea level in western McMurdo Sound. Glacial
advances have truncated Roberts Ridge to the north and
west exposing the older east-dipping strata of the VLB
closetotheseafloor (Fig.5).A thick stratigraphicsection
through strata of the VLB can therefore be sampled by a

series of shalow drillholes stepping down the western
flank of Roberts Ridge.

The sedimentary geology beneath McMurdo Sound
comprisesstratathat dipgently eastfromthewesternshel f
of McMurdo Sound and apparently under Ross Island.
These same strata crop out on western Roberts Ridge,
where they were first observed in 1980 (D. Bennett,
unpublished manuscript). Subsequent multichannel
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sei smic measurementsfrom R N SPLEE and R/V OGS-
EXPLORA demonstrated that the units could be traced
into thel ower (deeper) sedimentary sequencesof the VLB
(Cooper et d., 1987; Brancolini et al., 1994). Severd

seismic surveys havedefinedthemajor seismostratigraphic
units throughout the Victoria Land Basin (Cooper &
Davey, 1987; Brancolini et a., 1995; Barrett et al., 1995;
Bartek et al., 1996). The stratigraphy, ages and facies
(based on CIROS-1 correlation) from these studies are
summarized in table 2. The mgor seismic units, V1
through V7, used in this paper follow the stratigraphy of
Cooper & Davey (1987). Drilling in southern McMurdo
Sound (MSSTS-1 and CIROS-1) sampled rocks back to
Eocenein age. They indicatedvery limitedicedistribution
intheEoceneand early Oligocene, and grounded iceinthe
late Oligocene and early Miocene (Barrett, 1986, 1989),
but the onset of glaciation in the region has not been
sampled. Correlation of these drilling results with the
CapeRobertssequences(Barrettet a., 1995; Bartek et d.,

1996) suggested that thelatter sequencesarethesameand
olderinageand may thereforecontaina record of theonset
of Antarctic glaciation. Sampling these lower units will

aso provideinformation on the age and evolution of the
VLB and uplift history of the adjacent TAM.

BATHYMETRY

Bathymetric-data coverage over Roberts Ridge has
significantly improved with the advent of multibeam
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Tab. 2 - Seismic stratigraphy of the Victoria Land Basin (after Cooper et al., 1987). Modified to take into account seismic
correlation of the Cape Roberts sequence with CIROS-1, and the revision of the age of the lower part of the hole (Hannah

et al., in press).

Thickness Velocity Age Lithology
(km) (km/sec) T e
V1 <1.2 1.7-2.3 mid Pliocene Glacial marine sediménts -
V2 0.2-1.3 2.1-2.9 mid Miocene to Pliocene Glacial marine sediments
V3 0.3-2.5 2.7-4.1 late Oligocene to early Miocene  Glacial marine sediments -
V4 a <1 4.0-4.9 early Oligocene and Eocene Marine sediments?
b <0.5 Eocene and older

Al <8 4.5-5.6 Cretaceous to early Paleogene Marine sediments?
Vo6 <8 Paleogene - Recent Basaltic volcanics
V7 5.0-7.4 Precambrian - mid Paleozoic Basement

techniques. The bathymetric map (Fig. 4) for the sea floor
east of Cape Roberts is largely based on multibeam data
collected over most of the area of the map by the R/V
NATHANIEL B. PALMER, using a Seabeam 2112
multibeam sonar survey system in February 1996. The
few areas not covered by the multibeam data were filled in
with other data sets. The data sets merge well with

discrepancies of less than 20 m in general. The compiled
bathymetry shows the steep slopes of northern and western
parts of Roberts Ridge, which we infer were caused by
glacial erosion controlled by the structures forming the
900-m-deep Mackay Sea Valley and by coast-parallel
faulting associated with the Transantarctic Mountain Front.
A tectonicinfluence on the Mackay Sea Valley is suggested
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by the observation that it forms the northern limit of
Roberts Ridge. The Cape Robertsbasin (Hamilton et d.,
1997), west of northern RobertsRidge, isupto500 mdeep
and diesaway to thesouth of Cape Roberts. Thedrill site
CRP-1islocated on the western side of RobertsRidge at
adepth of 150 m (Fig. 4).

AEROMAGNETIC DATA

Anaeromagneti csurveywascarried out by theGerman-
Italian AeromagneticResearchin Antarctica(GITARA)
project in 1994 (Bozzo et a., in press) acrossthe Roberts
Ridge region in response to a report of alarge positive
magneticanomaly just west of thenorthern RobertsRidge,
from which Behrendt et al. (1987) inferred a submarine
volcano. The GITARA aeromagnetic study (500 m line
spacing, 125 maltitude) greatly improved thedefinitionof
the magneticanomaliesand the bodi es causing them, and
suggested that the bodiesare morelikely to be fragments
of stratiformbasi cigneousbodies. Althoughthemodelled
bodiescamecloseto the seafloor, this occurswell (more
than akilometrevertically and horizontally) to thewest of
themost western proposeddrill site. Theoutline, at adepth
of 1. km, of the magnetic bodies, isshown in figure5.

SEISMIC REFLECTION DATA

The coverage of seismic profilesis now adequate to
trace boundaries of the major seismic unitsover the area
east of Cape Roberts. Only the older seismic Units(V3,
V4, V5) havebeenidentified in the Cape Robertsregion,
asV1and V2havebeenlargely eroded away here(Fig.5).
V4 hasbeenfurther subdividedinto UnitsV4aand VV4bon
thebasisof anangular unconformity betweenthetwosub-
unitsin thisregion (Barrett et a., 1995; Hamilton et 4.,
1997), but we have not subdivided the unit infigure6. V3
and V4 can be further sub-divided on the single channel
seismic data, with, for example, at least 6 sequences
recognised in V3 in some places (Henrys et d., 1994;
Bartek et d., 1996). However, track-line coverageis not
sufficient to resolvethem across thewholearea, and they
have not been delineated in this report.

The distributionof major seismostratigraphic unitsis
shown infigure6a and b, along with the primary seismic
tracks(SPLEE(1984), EXPLORA (1990), POLARDUKE
(1990), and PALMER (1996)) acrossRobertsRidge. The
stratigraphic sequences were correlated and mapped on
the basisof lateral continuity and seismic character. The
strataarefoundtostrike consi stently just west of north and
to dip gently east with dips rising from 2.5° for the upper
part of thesectiontoaround 5° for thelower part, based on
sea-floor outcrop of the units. Dips on UnitsV5and V4b
increase to the south, with Units V3 and V4a onlapping
V4b and pinchingout to thewest against V4b and the sea
floor. V5 and V4b gradually thicken towards the east.

The sedimentary section off Cape Robertsisbounded
on its western margin by amajor, steeply dipping, north
trendingfault about 5 km offshore, upthrown to the west
and bringing basement rocks to the sea floor (V7 of
Cooper & Davey,1987). Theserocksaremost likely tobe
granitoid bodies similar to the exposed rocks around

Granite Harbour. Faulting in the sedimentary section is
generaly sub-parallel to the Transantarctic Mountain
Front (NNE) or to the Mackay Glacier trough (ENE) and
is apparently mostly normal in character.

Unit V3, the presumedol dest sedimentary seismic unit
in the area (Tab. 2), is of unknown age and lithology. It
risesfrom deep in the Victorian Land Basin to reach the
seafloor from12to5 km east of CapeRoberts, where it is
truncated by a north-trending fault. V5 is estimated to
reach a thickness of between 2 and 5 km (Cooper & al.,
1987).1tslikely ageliesbetween105and55 Ma; lithologics
could include either or both shallow-marineor terrestrial
facies (see Barrett et a., 1995, for discussion and
comparisonswith possible New Zedland counterparts).

Unit V4ispresumed, from corrdeivestrataa CIROS-1, 0
be largely marine mudstone of Eocene-early Oligocene
age, although, as discussed by Barrett et al. (1995), the
baseof CIROS-1may not coincidewith thebase of V4 and
thelower part of the unit may beolder. It cropsout on the
west flank of the ridge 20 km off Cape Roberts, curving
eastwardintotheMackay SeaValey in responseto valley
bathymetry. Structurecontourson the baseof V 4 indicate
aplanar surfacedippinggently just northof east. Isopachs
constructedfor V4 (Fig.6b) show that it thickenscastward
at around 100 m/km. Itsthicknessvarieslittlefrom south
to north.

Unit V3 is the youngest of the exposed strata of the
Victoria Land Basin in the mapped area. The sequence
underlies Roberts Ridge and the area to the east with a
maximum thicknessof alittleover 200 m attained for V3
just east of the ridge crest. On the basis of seismic
correlation with the CIROS-1 drillhole and its similar
position relativetothe TransantarcticMountains, V3was
inferred to comprisea ternatingdiamictite,shallow-marine
mudstone and sandstoneof |ateOligocenetoearly Mioccne
age, as in the CIROS-1 drillhole, and records many
advances of east Antarcticice beyond the mountainsand
into the basin. Scour channels, presumably of glacial
origin, are evident in the shallow part of the seismic
profiles of this unit.

DRILL-SITE OBSERVATIONS

SEA-ICE OBSERVATIONS

Each winter a fringe of fast searice (abbreviated to
"fastice) formsaround thesouthernand western margins
of McMurdo Sound, and extendsnorth alongthe Victoria
Land coast past Cape Roberts (Fig. 1). Thefast ice was
first used asadrillingplatform in1974for DVDP-15, and
then subsequently in1979 (MSSTS ), in 1984 (CIROS-2)
and 1986 (CIROS-1). Both practical experience and
theoretical calculationsindicate that a minimum safeice
thicknessfor supporting thedrillingsystemfor aperiod of
several weeksis1.5 m(Pyne, 1986). In most yearsthisis
achieved in mid-late September. The ice grows through
October to a maximum of between 1.7 and 2.0 m but
begins to lose strength as it becomes isothermal when
temperatures rise to around -5°C, typically in late
November. This providesa' drillingwindow" for setting
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up, coring and removing the rig from the beginning o
October to late November, a period of about 50 days.
Monitoring of sea-ice conditions for ensuring the
safety of the drilling system can be divided into two
phases; apreparatory phaseand an operational phase. The
preparatory phase involves satellite monitoring of the
extent of the sea-ice with polar-orbiting AVHRR and
DMSP imagery, which have a resolution of 1.10 and
0.55 km respectively. These images were made available
after processing from ASA headquartersin Denver within
a few days of capture. The AVHRR/DMSP images were
interpreted regularly by the Science Support Manager from
theend of May,andin1997theiceedgewaswel | established
by early July, but previous large stormsin May and June
had blown out ice in southern McMurdo Sound. A storm
in mid-July moved out alarge section of theicefringe, but
it remained inlargefragments which refroze in the area of
the proposed drill site. Theedgethat devel oped at thistime
continued until August 11, when a southerly storm blew
out theiceagain in the southern past of the sound, leaving
theiceoff Cape Robertsstill fast but exposed (Fig. 7a). In
the two weeks that followed to the end of August, calm
cold weather allowed the fringe to re-establish itself.
The last step in the preparatory phase was for the
advance party led by Alex Pyne(see Cape Roberts Project

Personnel - WINFLY team) tofind aroute across the sca

ice to Cape Roberts, locate the three sites alone, the
southern transect (Fig. 4), and determine ice thicknesses
From these measurements on August 29, it wasprojected
that the ice thickness at site 1 would exceed 1.51m. Tt was
then decided that the setting up of the camp and drill site
should proceed.

Measurements in the operational phase included ice
thicknessgrowth data (Tab. 3), lateral movement of theice
as measured by GPS (Tab. 4) and depression d the ice
from the loading by the drilling system, recorded as
€elevation of thesurfaceof the sea-ice aboveseal evel (also
caled“frecboard”, Tab. 5). Icethicknessexceeded the 1.5 m
minimum requirement at al three sites by late September
and continued to thicken to 1.7 min early October. Afte
this, little change took place due to unseasonally warm
weather. Lateral-seaward movement of thefasticeat all 3
siteswas quite fast in September (0.5 m/day) but reduced
to0.14 m/day duringthedrillingpeiiod in October (Tab. 4)
Thisresulted inatotal movement of 3.3m for CRP-1, well
within the specified 26 m lateral movement tolerance d
the drilling system for a hole in 150 m of water. The
"freeboard" of around 50 mm in the last week of diilling
(Tab. 5) was expected to diminish with time, but was
considered adequate for afurther two weeks of drilling.

SEA ICE COVER
McM urdo Sound

Aug 20: ice has
been removed
south of CRP-1

McMurdo Station
Scott 156

McMurdo Station
Scott Base

Oct 2: lce edge has
developed south and
east of CRP-1

» McMurdo Station - "
ott Base 4

Nov 1: Ice south
and east of CRP-1
. breaks out during
: storm of Oct 24

Fig. 7- DMSP satellite imagesofwestern McMurdo Sound showing the locations of CRP-1, and of Cape RobertsCamp (CRC), at thesouthernentrance
to GraniteHarbour. a) Imagefrom August 20. Thesea-icefringe that had formed around M cMurdo Sound has been blown north by galeson August 11,
but theicein the area of the drill siteremainsintact. b) Image of October 2. Thesea-icefringe hasformed again toits normal position in southern and
western McMurdo Sound, lasting until thestorm of October 24. ¢) Image of November 1. A "bite" has been taken out of theice edge south of thedrill
site by swells from the east following the storm of October 24, leaving the drill site at risk.



However, it could have been asignificant point of concern
after that. A further analysis of these data, along with
weather datafrom these and past years will appear in the
Scientific Report for CRP-1.

Distance to the edge of the fast ice (marked by an
iceberg 4.9 kmeast of thesite) wasalso checked every few
days, and did not change measurably through the set up
and drilling period. In addition regular checks were made
ontheroutetothedrill sitetomonitor possibledevel opment
of cracks in theice. Thewell known " CapeRobertscrack",
which forinseach year running NNW-SSE about 2 km off
Cape Raoberts, had grown toatypical width of around 10in,
withice thickness ranging from 70 cm at the edge to afew
cm of open water in the middle. Nevertheless it could be
crossed, with bridging, by 22 tonne crawler tractor 8
kilometres to the north and 11 kilometres to the south of
CapeRoberts. Noother crackswereidentified, but several
small cracks in the local Cape Roberts area were often
crossed without bridging and larger frozen cracks of
thinner icewere seen in the of fshoreice. Weconcludethat
until the storm of October 23-24, fast-ice behaviour lay
well within the limits set for safe drilling operation.

The storm of October 23-24 was unusual both in the
severity of the winds (exceeding 50knotsat CapeRaoberts),
and in the swell that propagated through the ice from the
openwatersof the Ross Sea. Theswell was detected early
on October 23by thedrilling team and theScience Support
Manager, the project's sea-ice adviser. The maximum-
safe limit for vertical-ice movement by swells with a
period of 10-12 second had been set at 30 mm, based on
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advicefrom Dr. Tim Haskell, sea-ice physicist. Thislimit
was exceeded in the early hours of October 24. After
securing the drill site the personnel returned to Cape
Roberts. After the storm, the fast ice had broken out to
within | kin of the rig (Fig. 7c), well below the accepted
safe limit of 5 km. As a consequence of the exposure to
possiblefuturestormsand the premature weakening of the
fast ice by temperatures around 7°C warmer then average,
the drill-site equipment was taken to Cape Roberts and
plans for further drilling abandoned for this season.

CORING HISTORY

Thevarious elements of thedrilling system and camp
wereon site by the end of October 4 and therig assembled
and in position by October 5. On October 6 two sea-ice
holes were drilled for the video hut and drill rig. The sea
riser was then lowered on its first full deployment with
both rigid and inflatablefl oats(Fig. 8), and set into thesea
floor on October 12. Thistook alittlelonger than planned
due to technical problems. The riser was then under-
reamed to adepth of 16 mbsf through a mixture of mud,
sand and cobblesand onto a46-cm thick boulder of what
was later found to be dolerite. It was cemented in and
tension adjusted with the inflatable floats.

Coring began late on October 16 with the H drill
string (core size 61 mm), the first core (of grout with
thetop 3 cm of adolerite boulder at the bottom) coming
onto therig floor at 1:30 a.m. on October 17. Coring
proceeded steadily but with difficulties encounteredin

Tab. 3 -Measurementsof ice thicknessthrough time for the three proposed drill sites on the southern transect of
the Cape Roberts Project (Fig. 4). Satellite images indicate that the ice cover began to form around July 1.

Position Lat Long 1Jut 31 Aug 9 Sep 29 Sep 10 Oct 11 Nov
(em)  (em)  (em) (em)  (em)  (om)
DS3-1 77.0079 163.7482 0 128 145 158 171 171
DS3-2 77.0088 163.6496 0 125 142 154 171
DS3-3 77.0152 163.5877 0 124 146 158 169

Tab. 4 - GPS measurements of the movement of each of the proposed drill sites on transect 3 (southern) aswell as the actual site for CRP-1.

Ice Movement

Site  Lat Long 18 Sep 29 Sep 11 Oct 18 Oct 20 Oct 1 Nov 4 Nov 7 Nov Rate* Dir
(dogrees) (degrees) (m)  (m) (m) (m) (@) (m) (m) (m) (m/day) (°true)

CRP-1 77.0076 163.7552 0.00 092 141 282 303 383 014 60°

DS 3-1 77.0079 163.7482 0.00 5.72 9.07 10.08 9.97 0.20 77°

DS3-2 77.0088 163.6496 0.00 5.21 11.65 11.83 0.18 72°

DS3-3 77.0152 163.5877 0.00 4.33 11.04 11.49 0.19 70°

* rate based on thefollowing periods: CRP-1 Oct 11- Nov 7; DS 3-1 Sep 29 - Oct 20; DS 3-2 Sep 29 - Nov 4; DS3-3 Sep 29 - Nov 4.

Tab. 5 - Freeboard measurements (in mm) of water level below the sea-ice surface at CRP-1.

Date Oct3 Oct6 Oct 16 Oct 18 Oct 19 Oct 23 Oct 25 Oct 25
Notes (see below) a b c d e
Drill Hole Freeboard 160 100 60 55 45 40 -10 120
Video Hole Freeboard 160 100 50 40 50 40 0 120

Notes: a. Estimate of the sea-ice surface freeboard one day prior toloading the Drill Site; b. Estimate of thefreeboard in
the Drill and Video holesimmediately after final positioning of the drill rig; c. Measured freeboard @ 1108 NZDST at
the begining of the October 23-24 storm; d. Estimate of the freeboard after the storm with large snow drifts around the
rig; e. Estimate of the freeboard after the site is completely cleared.
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t
D

two 5 tonne
inflatable floats

rigid floats

sea riser

video
guide wires

submarine video
camera and lights

5" seariser casing

coring with * cemented 16m bsf

H-size

F g. 8- Drilling system used for CRP-1. Theseariser comprises5" OD
casing set 16 minto theseafloor, cemented and then over tensioned with
inflatablefloats. It was designed to support the rotating drill string and
to withstand lateral movement of the sea-ice and currents, which reach
up to 35 cm/sec at thissite. The mud hut isfor mixing, conditioningand
extracting drill cuttings from the drilling fluid. The video hut holds the
winch, monitor and control system for the submarine video camera
system. Thisruns on guide wires from the surface to the sea floor and
allowsthedrill-site team to view all partsof theseariser for operational,
safety and environmental reasons.

recovering soft pebbly sand and maintaining hole
stability. The softnessof much of thesediment required
relatively short corerunsto achievereasonabl e recovery
and high mud weights and viscosities were used to
maintain holestability. Unstabledown-holeconditions
persisted well below the 20 m or so expected. In fact
they extended bel ow the Quaternary sediments (base at
43.5 mbsf) and into the Miocene sequence as a
consequence of both brecciation and some soft sand
layers. Thisconditionled to almost total lossof drilling
fluid at arate of 5 tonnes/day, hard to sustain without

resupply for more than afew days. These difficulties
continued down to 100 mbsf with down-hole progress
averaging around 16 m/day and recovery around 77%.

Lateon October 21 drilling conditions became firm as
pebbly mudstone and then diamictite were encountered
Rate of progress increased to 20 m/day and recovery to
98%, but the near total loss of drilling fluid continued
throughtheinterval above 100 m. Therewasalsoit thin but
potent interval of loose sand between 114 and 1 17 mbsi
that rose8 m in the hole after the inner tubewasretiicved.
Nevertheless the formation was considered competent,
and by the evening of October 23 it had been decided to
case and cement in theH rod at the depth then reached
(148 mbsf) and to continue the hole with N rod (45 mm
corediameter). Thiswould precludedown-holelogging, to
this level, but it was clear from the mud loss and the
washing needed on several occasions to get theinner tube
back to the bottom of the hole that withdrawing the drill
pipe to above 120 mbsf would lead inevitably to collapse
and loss of the hole.

During the day of October 23 the drillsite team noted
movement between the tensioned sea riser anchored into
the sea floor and the drill rig on the floating sea-ice
platform. This movement was attributed to sea swell
travelling through the searice platform. It ranged from
short period (10-12seconds) tolessregular longer periods
of 25+ secondsand wasaccompanied by increasingwinds.
Later during thisshift and into thefollowing " night™ shift
the larger long period movement caused uneven bit
pressures during coring and obvious fracturing of the
recovered core. The Science Support Manager advised
that themaximum safelimit for vertical icemovement was
30 mm for the short period movement (see Sea-lce
Observationssection). M easurementsweretakenregularly,
and in theearly morning of the24th, withswellsconsistentl y
exceedingthelimit and highwindsprevailing, theScience
Support Manager advised that personnel should be
evacuated from the rig. The storm continued through the
day, but a party was able to reach therig for refueling in
winds exceeding 50 knots.

On the morning of October 25, the storm had abated,
and the weather was clear and calm. A helicopter
reconnaissance by the Project Manager and Science
Support Manager revealed that extensive fast ice had
brokenout to the east and south of the drill site, leavingthe
rigwithin 1 km of the new iceedge. Planswerethen made
for immediate recovery of therigand other equipment at
the site. Before the recovery operation began, the drill
team was able to tag the bottom of the hole and rotate the
drill string, indicating that the hole was till in good
condition. Almost all of the equipment was back at Cape
Robertswithin 24 hours. The seariser wasalso recovered
in subsequent days, apart from the sea-floor guide base
and 18-m section cemented into the sea floor.

Thisaccount isessentially alay summary of eventsfor
thisInitial Report. For atechnical and authoritative account
the reader isreferred to the Drilling Manager's Report to
the Cape Roberts Project Manager, Antarctica New
Zealand. Matters relating to the seaice are addressed in
more detail in the ScienceSupport Manager's Report, and
in an article to be prepared for the Scientific Report.
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CORE PROPERTIES
FRACTURE ARRAYSIN THE CRP-1 CORE
Introduction

Complementary studiesof fracturesin thecoreand in
theborehole walls were designed to determine the stress
field history, including thecontemporary stressdirections,
associated with rifting along the structural boundary
between the Transantarctic Mountains and the adjacent
Victorial.and rift basin at Cape Roberts. This boundary
appeal s to have been reactivated during the multiple rift
phases which occurred within Antarctica during
progressive breakup of the Gondwana supercontinent,
although age constraints on the timing of structural
movementsarefew. A well-dated structural record of the
kinematic and dynamic history along the Transantarctic
Mountains Front can be obtained from fracture analysis
of strata cored by the Cape Roberts Project, potentially
spanning themajor part of therift history. Because rocks
of suitable age are not exposed on outcrop in Antarctica,
an age-controlled post-Jurassic fracture record can only
be obtained from drilling the basin strata.

For the CRP-1 drillhole, only the corefracturestudies
were completed. Fracture logging of core was used to
map natural fracturesyielding kinematicand palaeostress
information and to identify any induced fractures that
may reflect theinsitu stressfield. Natural fractures are
those present in the rock prior to drilling and intersected
during coring. Induced fractures form in response to
drilling- or coring-rel ated perturbations of thestressfield,
or dueto subsequent handling of the core. Fractureswere
abundant throughout the CRP-1 core, averaging 5
fractures/m. Although surface kinematic/dynamic
indicators were sparse, these data together with
morphologic and geometric characteristics of the core
fractures allow usto makeapreliminary interpretation of
key fracture types. Natural microfault and fracture arrays
and clastic dykes are present. Induced fractures include
petal and petal-centrelinefractures, potentially indicative
of insitu contemporary stress directions, disc fractures,
and subhorizontal fractures formed due to sea swell-
related influences on the drilling process (see Coring
History section).

Fracture Study Procedures

The whole core prior to splitting was systematically
logged for fractures, which were numbered sequentially
downward from core top. Depths to the top and base of
each fracture were recorded. Fracture attitudes (dip and
dip direction) weremeasured with respect toan arbitrarily
placed red line scribed along the length of the core.
L ogging included observations on fracture morphology,
fracturesurfacefeatures, and fractureterminations, cross-
cutting and abutting relations. Featuresof special interest
were photographed or scanned. Procedures for logging
fractures in cores and criteria used for distinguishing
natural andinducedfracturesgenerally followed Kulander
et al. (1990).

Initial plans called for scanning the circumference
d the entire core using the CoreScan® equipment
leased fiom DMT, Germany. The CoreScan® obtains
digital images by rotating the whole core on rollers,
scanning segments up to 33 cm in length, and digitally
joining these segments into ‘unrolicd’ core images a
maximum of 100cm in length. The 1 m coiescanswere
then digitally joined into core runs using the Corelog®
software provided by DMT. Dueto thepoor induration
of coie material, it was not possible to do whole-core
scanning of most of the interval 16-95 mbsf. The
subsequent coie interval 95-147 mbsf was scanned
with the exception of highly fractured intervals,
resulting in multiple short gaps in the whole-core scan
records. Theslabbed face of the entire working half of
the core was also scanned after placement in the core
boxes. Note that, due to evacuation of the drillsite lab
with processed coie material, the archive half of the
core had to be scanned for Boxes 35, 36, and 37.

The fracture measurements made on the core were
entered into DMT’s Teclog® software to generate
plots of fracture attitude, type (where known), and
fracture density. In addition, a utility in the Corelog®
software was used to digitize structures from the
‘'uniolled’ whole-core scans and to produce plots of
fracture attitude and type vs. depth for each core iun.
These plots were used to check hand-measured
orientations and to identify additional, handling-
induced fracture planes.

In CRP-1, the instability of some sections of the
borehole precluded using an orienting tool (designed by
Alex Pyneat Victoria University of Wellington) todirectly
orient core runs. Borehole instability and the early
termination of drilling prevented downhole logging with
dipmeter and borehole televiewer tools. Fracture mapping
from these oriented downhole log records would have
been used to orient the cores by matching borehole wall
and core fractures (cf. Nelson et al., 1987); in particular,
matching the borehole televiewer imagesof theborehole
wallswith the whole-core scan images provides a robust
method of core orientation (e.g., Schmitz et al., 1989;
Weber, 1994). In the absence of thesedata, several means
of determining core orientation are being explored. In
some segments of core it was possible to obtain direct
measurements on bedding and/or cross-bedding, and
these can be oriented to match seismically-determined
regional dip. Where successive core runs fit together,
sectionsof coreupto—10 minlength canbeoriented from
bedding dip direction. Additional data on bedding dip
will be obtained from the whole-core and slabbed-core
scanrecords and used to orient larger interval s of thecore.
Core sections lacking bedding may be oriented by
matching distinct fracturesetswith consistent orientations
withoriented coreruns. This approach may constrain the
general orientation of most of thecore. Inaddition, it may
be possible to use palaecomagnetic inclination vectorsto
orient portions of the core. Until these further analyses
are carried out, however, the fracture data presented
representsorientation only with respect toan" arbitrary
north" defined by the red scribe line, which differs
between core runs.
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Fracture Distribution and Density

Fracturesoccurred inal portionsof thecoreexcept for
unlithified sand intervals. Fracture density, plotted as
fractures/m, isshown in figure 9. Note that breaksin the
histogramwith nofracturesreflect intervalswherenocore
was recovered. Fracturedensitiesin theQuaternary section
averagel.5 fractures/m and rangefrom 1-2fractures/m. In
the Miocene section, fracture densities range from 1-15
fractures/m and average about 6 fracturedm. The marked
increase in fracture density across the contact between
Quaternary and Miocene strata isonly partly attributable
to increased induration, as much of the upper Miocene
section is also quite poorly indurated, and it appears that
the Mioceneinterval has been moreintensely deformed.
Although fracturedensity varies between lithol ogic units,
suggestive of mechanical differencesbetween rock types
and/or induration, our preliminary comparison of fracture
density vs. lithology doesnot reveal any consistent relations
at thiswhole-core scale. The marked increasein fracture
density near the base of the core coincides with a major
storm period when the vertical oscillation of the drill bit
due to the sea swell was repeatedly breaking the core.

Fracture Types

Unambiguous natural fractures in the CRP-1 core
include microfaults which offset bedding, vein fill, and
clastic dykes. Probable natural fracture sets have been
inferred based on geometry and a very sparse set of
fracture surface features. The absence of well-developed
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H g. 9- Fracturedensity plot showing the number of fractures per metre
with relation to depth and lithologic and age boundaries within the
CRP-1core. Notetheincrease in fracturedensity acrossthe Quaternary/
Miocene boundary and aso at the bottom of the CRP-1 core where
fractures were induced during drilling due to the influence of the sea
swell from a storm. Stratigraphic column modified from figure 18.

surface features likely reflects the poorly indurated nature
and medium/coarse grainsize  much of the core material,
sincedelicatesinfacefeaturesare best devel oped in highly
indurated, fine-grained materials (e.g., Kulander et al,
1979).

In the CRP-1 core, microfaults occur in 2 distinet
intervals of well-laminated sandstone at 65-70 mbsf and
109-116 mbsf. With oneexception, thefaultshave not mal
offset of bedding. At around 66 mbsf awell-developed se!
of conjugate normal microfaults ispresent (Fig. 10) Fault
dips range between 55 and 70 degiees and thefaultshave
curved, listric profiles. Bedding offsetsrange from
2-6 mm.

Clastic dykesoccur in thecore at 133.30and 139.05 mibst
Thedykesinjected diamictite, are made of sand, are plana:
with sharp boundaries, and have a thickness of
approximately 1-2 cm. Both dykes dip a 77 degrees
(Fig. 11). Indentation of lonestonesinto thedyke margins
due to compaction attests to the soft state of the material
during and after injection of the sand dykes. Avein occurs
at 112mbsf with apull-apart opening acrossthesuiface of
1-3mmand afill that appearstobefineclasticmatei ial(?)

Fractuiesurfaceswith moderate to steep dips between
-45-80 degrees are common in the CRP-1 fracture array

Hg. 10 - Corescan® image of conjugate normal microfaults within
sandstonein slabbed CRP-1 core at 66 mbsf. Horizontal width of coreis
6.1 centimetres and vertical length is18.5 centimetres.
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Fig. 11 - Corescan® image of a high-angle clastic dyke on the
‘unrolled’” circumference of the ("RI'-I  core from 139.05 to
139.22 mbsf. While dashed lines mark planar dyke margins. The
steeply-dipping dyke appears as a high-amplitude sine wave on
the 'unrolled’ core surface. The arrow points to compaction-
related indentation of a lonestone into the dike margin.

(Fig. 12). Such dipsareatypical of fracturesinduced
by stresses related to drilling, coring and handling.
Several factors arc consistent with these fractures
being pre-existing fracture planes. Based on this
evidence and their apparent incompatibility with
induced fracture geometries, we tentatively interpret
them as natural fractures.

Avariety ofdrilling-, coring- and handling-rel ated
stresses can cause fractures and these breaks can
have characteristic patterns related to in situ stress
conditions. Several distinct types of fracturesin the
CRP-1 core were definitely or very likely induced
during drilling and coring.

Petal and petal-centreline fractures form in
response to stress induced beneath the advancing
drill bit, thusoriginateoutside of thecoreboundaries
and havecurved forms that follow theinduced stress
trajectories (Kulander et a., 1990). Curviplanar
fractures that terminate within the core occur at
29.65 mbsf within the Quaternary section and
throughout the Miocene strata to the base of the
CRP-1 core. Although these fractures lack the
distinctive surface plumes and arrest lines reported
by Kulander et al. (1990), thefact that they curveinto
the core margin (Fig. 13) and terminate within the
core shows that they are induced fractures. The
distinctive curviplanar form and the position of the
steep 'centreline' portion following thevertical core
axis(Fig. 13) arediagnostic characteristics of petal-
centrelinefractures(Lorenz etal.,1990). Theincrease
in occurrence of fractures with petal-centreline
morphology during storm periods when sea swell
and resultant vertical motion caused variationindrill
bit weight at the base of the borehole is consistent
with the genesis of petal-centreline fractures
(Kulander et al., 1990; Lorenz et al., 1990).

Disc fractures are fractures normal to the core
axisthat generally forminregionsof high horizontal
stresses. Subhorizontal to low-angle (<30 degree
dip) fractures are very abundant in the CRP-1 core
(Fig.- 12). Many of these fractures were lined with
drillingmud or associated with microfracturedrubble
zones probably induced by drilling, indicating that
they are either natural fractures or induced during

Fig. 12 - Corescan® image and Corelog® structural plot of a
typical fractured interval in CRP-1 core, containing populations
of subhorizontal/low angle and moderately dipping fractures
(marked by dashed whitelineson 'unrolled' coresurfaceimage).
Thevertical line on the coreimage is the scribe line defining an
arbitrary 'north'referencelineforfractureattitudemeasurements.
The 'tails' in the arrowplot show fracture dip direction with
respect to thisreference lineand thislineisshown asthevertical,
dashed referencelinein the'3-D Core' plot.
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Fig. 13- Photograph of a petal-centreline fracture a 29.7 mbsf within the Quaternary section of the CRP-1 core. Notediagnostic curvature inward
and down-core axisfrom core margin. Horizontal length of coreis17.5 centimetres.

drilling or coring when drilling mud had access to the
fracture planes. One such fracture had an origin point on
the fracture surface indicating nucleation at a lonestone,
proving an induced, tensile fracture origin. Low-angle
fractures followed bedding or cross-laminae in many
cases. Aproportion of thesubhorizontal/low-angle fracture
set may represent disc fractures, in part localized by
bedding anisotropies.

Another population of subhorizontal fracturesformed
duetovertical motion of thedrill string, when thedrill bit
rose and 'plucked’ asegment of corefrom the baseof the
borehole. Subsequent spinning of thecore segment asthe
drill bit re-engaged isshown by the exquisitely devel oped
circular lines and grooves on these fracture surfaces
(Fig. 14). The marked increase in fracture density near
the base of the cored interval (Fig. 9) is due to the
development of these fractures during the storm that
resulted in the early termination of drilling.

Handling-induced fractures of many varieties
developed during core processing and transport. Some
such fractures mimic the geometry of the fractures
previously described and may havenucleated onincipient

Hg. 14 - Photograph of the surface of a typical drilling-induced,
horizontal fracture that developed near the base of the CRP-1 core
(244.2 mbsf). The core was broken and spun due to sea swell-induced
vertical mation of the drill bit, resulting in the finely etched circular
groovesand striae. Core is 6.1 cm in diameter.

drilling- or coring-inducedfracturesthat had not propagated
completely through the core. Much of the fracturing
visibleintheboxed corewasdueto collapseof round core
in theflat trays as the boxes flexed during transport.

Brecciation of Core M aterial

In addition to the discrete fracture planes that occur
throughout thecore, significant portionsof thecore material
have a brecciated texture indicating another mode of
deformation of thesection. Weakly developedbrecciation
first appearsinthe Quaternary(?) sectionat approximately
40 mbsf. The uppermost section of Miocene strata is
extensively brecciated, down to approximately 50 mbsf.
Additional brecciatedintervalsfrom 10-80 cm thick occur
sporadically down to about 84 mbsf. Brecciated textures
have not yetbeenstudied in detail, but somecharacteristics
can be summarized at this point. Most of the breccia is
characterized by a'jigsaw puzzle' fabricinwhich littleor
no motion has occurred between clasts (Fig. 15). Clast
shapes range from sharply angular to subrounded and
clasts themselves are all the same material as the
surrounding in situ rock. Irregular, but generally steeply
inclined, zonesof brecciation occurinwhichthemicrocrack
network isfilled with pale, fine-grained material. Lack of
clast transport, of any extraformational clasts, and of any
signof shearingsuch asstriae or slickensides, suggest that
these are not tectonic breccias associated with faulting.
Instead, aninsitu brecciation process, perhaps related to
hydrofracturing of the core under elevated pore fluid
pressure conditions, seems a more likely genesis for the
brecciated intervals.

Interpretationof Fracturesand Stress Regimes

Detailed interpretation of the types of deformation and
stress regime(s) associated with thefracture populations in
the CRP-1 core must await further data that will allow
orientation of al or parts of the core. However, severa
important points can be made at this stage.

The microfault arrays have a conjugate geometry and
offset sense which demonstrate a vertical maximum
compressive stress during deformation, and this
deformation regimemust beyounger than -18.5-20.5 Ma.
Thehigh-angleclastic dykesin thecoreareal so consistent
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with this stress orientation. A stressregime with vertica
maximum compressive stress is characteristic of a
continental rift regime and these structures may reflect
tectonic deformation of the Cape Roberts region.
Alternatively, aglacial load may haveimposedthevertical
compression responsiblefor these structures.

The mode of formation of breccias within the core
needstobefurther investigated. If brecciationprovestobe
related to hydrofracturing, high fluid pressures in a
subglacial environment may be a likely setting for
deformation. Thisin turn may provide constraints on the
deformation regimeresponsiblefor devel opment of faults
and fractures throughout the core.

The presence of petal-centreline fractures is very
significant, asthisfracture typemay mark the orientation
of theinsitu stressfield, having strikes that parallel the
regional maximum horizontal stress direction (Plumb &
Cox, 1987; Lorenz et d., 1990). The petal-centreline
fractures in the CRP-1 core occur in strata of both
Quaternary and Miocene age and are clearly neotectonic,
induced fracture sets. This demonstrates that, when core

Fig. 15 - Corescan® image of brecciation
textures in slabbed CRP-1 core at 50.00to
59.10 mbsf. The right-hand image is a
negative image of the left-hand side,
emphasizing the 'jigsaw puzzle' fit of the
fragmentsand minimal relative movement
between clasts. White dashed lines outline
deformed surfaces (bedding?) marked by
changes in clast size in the brecciated
material.

orientationisavailable, it will bepossibleto placethefirst
constraints on the contemporary stress regime aong the
Transantarctic Mountains Front.

PHY SICAL PROPERTIES
M ethods

Drill Site laboratory work for CRP-1 included non-
destructive, near-continuous determinations of Wet Bulk
Density (WBD), P-wave velocity and magnetic
susceptibility in 2 cm intervals. The Multi Sensor Core
Logger (MSCL, Geotek Ltd., UK) was used to measure
core temperature, core diameter, P-wave travel time,
gammearray attenuation and magnetic susceptibility.

M agnetic susceptibility was measured in terms of SI
units (m, kg, J). Data are corrected for loop-sensor and
core diameter asfollows:

magneticsusceptibility (105 ST) =
measured value(10° Sl) / K-rel
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K-relis a sensor-specific correction calculated from
the diameter of the core over the diameter of the loop
sensor according to the correction instructions for the
Bartington M S2 sensor systems (Tab. 6).

P-wave velocities were calculated from the core
diameter and travel timeafter subtractionof thetravel time
through the transducer caps (P-wave travel time offset,
Tab. 6). The arrival time of the P-wave pulse is detected
using the second zero-crossing of thereceived waveform.
Resulting P-wave velocitiesare normalized to 20°C using
the core temperaturelogs.

The gammadetector iscalibrated using aluminum, carbon
and nylon of known dendties. Quantification of Wet Bulk
Densitieswas carried out according to thefollowingformula:

WBD = a+ b * (I/-p* d) * In (I/Io)

a, b: system-specific variablesto correct for count-rate
dependent errors as described by Weber et al.
(2997);

d: core diameter;

L specific attenuation coefficient for gamma rays;

In (I/Io): natural logarithm of the ratio of attenuated

(sample) over nonattenuated (air) gamma
counts per second.

Porosity is calculated from the WBD asfollows:
POR = (dg - WBD) / (dg - dw)

dg: grain density = 2.65g cm?;
dw: pore-water density = 1.024 g cra.

The technical specifications of the M SCL system are
summarized in table 6.

Stratigraphy Based on Physical Properties
Based on theresults of the whole-core logging, there

are six major units in the CRP-1 core. These units are
defined intermsof both thelevel and scatter of amplitudes

of magnetic susceptibility, P-wave velocity and porosity
Magnetic susceptibilities range on a large scale from
nearly 1to more than1000 (103 SI, Fig. 16) so that the data
are plotted on a logarithmic scale. The log d P-wave
velocity isdiscontinuous because noresultswere obtained
in fractured and unconsolidated sections of the core.

Unit PPI, which extends from the top of the core to
31.89 mbsf, is defined by relatively high magnetic
susceptibility, low P-wave velocities and, on average,
porositieswell above().5. Thereisarelatively large degree
of scatter observed in thedata, in particular intheporosity
log. This includes a few exceptional data pointsd very
low porosity. The unit also includes a large boulder d
dolerite |ocated at thetop of thecore, whichischaracterized
by high magnetic susceptibility (upto790), P-wavevel ocity
near 6 000 ms™' and a porosity of 0.

Unit PP2(31.891063.20 mbsf) exhibits lower magnetic
susceptibilities (mostly below 100), P-wave velocities
between1500and 2000ms! and relatively high porosities
similar to Unit PP1. Porosities peak in the middle part o
the Unit PP2 at nearly 0.8 where no P-wave results were
achieved. The entire unit is characterized by the highest
degree of scatter in the physical properties data of the
entire CRP-1 core. The boundaries at thetop and bottom
of Unit PP2 are sharp.

Unit PP3 (63.20 to 92.19 mbsf) is defined by the
lowest magnetic susceptibilities measured in the core.
P-wavevelocity iswell above 2 000 ms™ and porosity
gradually decreasesfrom about 0.5t00.35. Also, there
is remarkably little scatter in the data as compared to
the units above. The physical property logs appear to
becyclic in both themagnetic susceptibility and porosity
logs.

Unit PP4 (92.19 t0103.41 mbsf) ischaracterized by a
sharp increase of magnetic susceptibility at the top of the
unit tomorethan 100(10-3 ST), whereasthegeneral pattern
of P-wave velocity and porosity remains similar to the
overlying Unit PP3.

Unit FPS (103.41 to 141.60 mbsf) is defined by a
relatively sharp downcore increase of P-wave velocities to
valueswell above3 000 ms™ and adecreaseof porosity to 0.2,

Tab. 6 - Specificationsfor Multi-Sensor-Core Logger MSCL-25.

P-wave Velocity and Core Diameter
Transducer diameter

Transmitter pulsefrequency
Transmittedpul se repetition rate:

Received pulseresolution
P-wavetravel-time offset

Wet Bulk Density
Gammaray source
Source activity
Sourceenergy
Collimator diameter
Gamma detector

Magnetic Susceptibility

Loop sensor type

Loop sensor diameter

Alternating field frequency
Magneticfieldintensity

Loop sensor correction coefficient K-rel

5 am (7.5 anincluding transducer caps)
500 kHz

1kHz

50 ns

21.85us

Cs-137

356 MBq

0.662 MeV

5mm

Scintillation Counter (John Count Scientific Ltd.)

MS-2B (Bartington Ltd.)
san

0.565kHz

approx. 0 A/m RMS
1.45
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Similar to the above Units PP3 and PP4, the downcore
variation of al threephysical parametersappearssomewhat
cyclicalthough Unit PP5ischaracterized by an increasein
data scatter compared to the overlying unit. In particular,
there isa relatively high amount of scattered data points
indicating very high magnetic susceptibility (>1 000 10-
Sl), P-wave velocity (>6 000 ms™') and very low porosity
(<0.2)insomenarrow intervalsof Unit PP5. Also, between
about 108 and 115 mbsf and near the bottom of Unit PP5
there arc two layers of relatively high porosity (>0.4).

Unit PP6 (141.60 t0147.69mbsf) exhibitsasignificant
downcorc gradient back to higher porosities (up to about
0.55) and lower P-wavevelocities (2000 ms). Magnetic
susceptibility scatters between 10 and 100. The physical
properties of Unit PP6 appear to be somewhat similar to
that of Unit PP4, although the magnetic susceptibility is
lower in PP6.

Discussion

All unit boundaries of the physical properties match
boundaries in the lithostratigraphy. The lower boundary
of PPl coincides with the boundary between
lithostratigraphic Units 2.3 and 3.1. The base of PP2
correlates with the boundary between 5.3 and 5.4. Unit
PP4isequivalent to 5.8 in thelithostratigraphy. The unit
boundary of PP5 to PP6 islinked to the transition from
lithostratigrahic Units 6.3 to 7.1.

In general, it appears that the higher degree of scatter
in the physical property datais mostly observed in units
containing diamicts. In particular, large lonestones cause

hightovery highP-wave velocities and very lowporosities.

Major units of diamictites such as the lithostratigraphic
Units2.1, 4.1, 6.1 and 6.3are al characterized by a high
degrec of datascatter. Lonestones are much lessabundant
in the middle (Units5.1 t05.8) and the lowermost part of
the core (Unit 7.1), where alower degree of datascatter i s
observed in the physical properties. Thiswouldimply that
the degree of data scatter, particularly in the P-wave and
porosity logs, is a reflection of distance from the ice
margin asinterpreted from the sedimentological evidence
(see Quaternary and MioceneStrata, thisvolume-section
on Facies Analysis). The physical property Units PP1and
PP2 as well as PP5 would then be more proximal

glaciomarine, and Units PP3, PP4 and PP6 more distal

glaciomarine.

It is interesting to note, however, that there is no
significant change in the physical properties at the major
unconformity in the core, which is located at about
43.55 mbsf in the upper part of Unit PP2. This may be at
least partly explained by thefact that the physical property
datain Unit PP2 are more strongly affected by poor core
quality than in other parts of the core. Major partsof this
section arefractured or unconsolidated. Thisalso caused
thelarge gapsin the P-wavel og because no P-wavesignal
was recorded. In particular, the very high porositiesin
Unit PP2 of morethan 0.7 areunlikely for unconsolidated
sands observed at that depth. This may be explained in
terms of artifacts from the drilling operation such as
mixing of the sandswith thesuspended drilling mud. Itis,
therefore, likely that the physical propertiesin the lower
part of Unit PP2 have been somewhat altered. Thus, the
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Fig. 16 - Logs of whole-core physical propertiesand physical property Units PP1to PP5in core CRF-1
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unconformity between thelithostratigraphicUnits4.1 and
5.1 may be masked in the dataset.

On the other hand, there is a very good coincidence
between the increase in magnetic susceptibility and the
increaseinvolcanic debrisinthecore(seeMioceneStrata,
this volume - section on Sand Grains and Provenance)
above the lower boundary of Unit PP2, which suggests
major changes in the geological record controlled by
changesin the palaeo-environment rather than artifacts at
this boundary. In marine sediments, changes in
susceptibility are normally controlled by variation in the
content of magnetite. Magnetitehasasignificantly higher
susceptibility (k = +10-?) than most common minerals
(-10°to+10-%) and ismoreabundant in vol canic rocksand
ashes. Higher magneticsusceptibilitiesin theupper part of
the core (Units PP1 and PP2) may then reflect higher
volcanicactivity and, subsequently, deposition of vol canic
debris at thedrillsite superimposed on variation of marine
and glaciomarine sedimentation.

In termsof the acoustic behaviour of the rocks, there
are two major boundaries seen in the physical property
logs. (i) Thesteep gradient of downcore increase of P-wave
velocity combined with a decrease in porosity defines a
strong change in acoustic impedance at the top of the
diamictite at about 103 mbsf. If resolved in seismic
profilesthishorizonwill createarel atively strong reflector.
(if) A similar strong, but reverse, gradient in porosity and
P-wave velocity is seen at the transition between the
mudstones of lithostratigraphic Unit 7.1 (PP6) and the
overlying diamictite of Unit 6.3 (PP5). The resulting
impedance contrast would imply seismic reflection
with strong negative peaks in the wavelets, if the
mudstone unit isthick enough to beresolvedinseismic
sections.

P-wave Velocity (ms-T)
2000 3000 4000 5000 6000

In summary, there isalot of coincidence between the
physical properties and other resultsfrom the CRP- 1 core
Major changes in the lithology can be traced using the
physical properties. Magnetic susceptibility seems to In-
significantly influenced by the content of volcanically
derived material. These correlations will beclarified after
additional correctionsarc appliedtothedataduringfinthe:
data processing. These include calibration of the whole
core data using results from plug samples, correction for
overburden pressure release, correction of possible errors
in the detection of P-wave travel time-onsets, corrections
for detector drift and temperature effects on the magnetic
susceptibility and correction for drift of the gamma detector,

ESTIMATED DEPTH TO BASE OF V3

Measurements of P-wave velocities were used to
calculateatwo-way travel timelogfor the CRP-1 corc site
(Fig. 17) in order to estimate the base of the V 3 seismic
unit. Unrealisticdata points, probably caused by poor coie
quality, were removed from the P-wave velocity log.
However, there may still be some errors in the data
because, for very low amplitude levels on the receiver
side, the Geotek system has difficulties detecting the
arrival time of the P-wave pulse correctly. Thiserror may
be up to +/- 20% for some data pointsif the detection is
affected by anegativeor positive offset of onewavelength
on the received P-wavelet. It is assumed, however, that
this error would largely smooth out, if the 2-way travel
timeiscalculatedfor eachindividual depthinterval between
2 data points and then summed up (Fig. 17). For large!
gapsin the data set, the P-wave velocity wasestimated on
the basis of the average velocities measured in the
underlying or overlying units.
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Fig. 17 - Continuous P-wave log (left) used to calculate the two-way travel-time sum log (right) of the CRP-1 core.
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For the total length of the core, atwo-way travel time
of neairly 0.15s isdetermined. The two mgjor reflections,
which are suggested from the impedance contrast of the
physical properties record to be at 103 and 140 mbsf (the
transition from lithostratigraphic Units5.8t06.1and from
Units6.3t07.1), revea two-way travel timesof 0.107 and
0.137 s, respectively. Since the mudstone of Unit 7.1 has
a lower velocity and lower density than the overlying
diamictite, a negative amplitude peak should result for
acoustic reflection from thetop of thislayer. Indeed, in the
seismic line across the CRP-1 drill sitearelatively strong
negativeamplitudeispresentat atravel timeof about 0.14 s
whichformsthe V3/V4 boundary. Therefore, itissuggested
that thisreflector correspondsto thetopof lithostratigraphic
Unit7.1at 141.5mbsf. Thiscorrelation i ssupported by the
fact, that abovethe V3/V4 boundary avery strong positive
reflection amplitudeisseenwhich can beexplained by the
impedance contrast in the coreat the top of the diamictite
at 103 mbsf (0.107 s two-way travel time, respectively).
However see Correlation of Seismic Reflectors below.

STRATIGRAPHICSUMMARY

Thesdtratigraphy of CRP-1hasbeen presented at three
levels: 1:5,1:20 and 1: 500. In thissection of thereport, the
core isdescribedaccordingtologsa ascded 1:500 (Pig. 18).
Logging of the core revealed two main depositional
intervals, for which provisional ages of Quaternary and
early Miocene have been obtained, largely on the basis of
diatom taxa. The two intervals are described in separate
articles in this volume.

The Quaternary section (15.00-43.55 mbsf) is
distinguished from that of the Miocene in being largely
unconsolidated. The boundary isunclear becausethecore
isheavily fractured at thisposition and thecritical boundary
was not recovered during drilling. However, diamicton
lies above the boundary and sandstone below. Although
the drilling operation was not designed to sample
unconsolidated sediments, as much as 68% recovery was
achieved. Four lithostratigraphic units (1, at the top, to 4)
have been identified, with lithostratigraphic Unit 2 being
further subdivided into three subunits.

The Miocene section (43.55 mbsf - base of hole at
147.69 mbsf) comprises largely lithified strata. The
boundary is taken at the top of a fractured sandstone
interval. Recovery of the upper part of the core (around
70%) was little better than that for the Quaternary on
account of brittlefracturesthat pervaded much of thecore,
and aso occasional loose sand layers. Three major
lithostratigraphic units (5-7) have been identified, two of
which are further subdivided into subunits. The
lithostratigraphic units and their principal lithologies for
the whole core are asfollows:

Quaternary
Unit 1.1, 0.00-19.13 mbsf, diamicton (little recovery)
Unit 2.1, 19.13-22.00 mbsf, diamicton
Unit 2.2, 22.00-29.49 mbsf, sand
Unit 2.3, 29.49-31.89 mbsf, diamicton
Unit 3.1, 31.89-33.82 mbsf, muddy packstone
Unit 4.1, 33.82-43.55 mbsf, diamicton

Depositional

environment

Shallow marine;strong
glacialinfluence

9

Shallow marine; dominance of
sand/mud with minor ice-rafting

{Shallow marine: ice-raftingdominant
{CA¥pen-wateshell-bankminor ice-rafting

Shallow marine; dominatedby
iceberg sedimentation in
proximal/distal settings

Shallow marine; dominatedby
gravity-flow sedimentation
with minor ice-rafting at
top and bottom

(—Tce-prox. rhythmites + dropstones™|

Shallow marine; dominated by
gravity-flow sedimentation

Proximal glaciomarine

Shadow marine; dominated by
gravity-flow sedimentation; minor
ice-raftingin middle

Fluctuating vols.of "\
— ice-rafted debris & -4
gravity-flowsedn.

5.7

Shallow marine; dominated by
gravity-flow sedimentation
with fluctuating input of
ice-rafted debris

MIOCENE

g

High density iceberg
sedimentationnear
fluctuating ice-margin

11

Shallow marine; dominated by
gravity-flowsedimentation
with variable input of
ice-rafteddebris

6.2

Highdensity iceberg or
grounding line sedimentation,
with short-lived recession
phases with mud
or sand deposition

6.3 130

paaraaalessasran o

Suspended sediment settling
on shelf with minor ice-rafting

H g. 18 - Graphiclog summarising the lithology and lithostratigraphic
subdivision of CRP-1.

Miocene
Unit 5.1, 43.55-53.70 mbsf, sandstone
Unit 5.2, 53.70-61.51 mbsf, interbedded siltstone,
diamictite and breccia
Unit 5.3, 61.51-63.20 mbsf, diamictite
Unit 5.4, 63.20-70.28 mbsf, sandstone
Unit 5.5, 70.28-78.85 mbsf, sandstone and claystone
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Unit 5.6, 78.85-81.16 mbsf, sandstone and siltstone
Unit 5.7, 81.16-92.19 mbsf, siltstone and sandstone
Unit 5.8, 92.19-103.41 mbsf, mudstone

Unit 6.1, 103.41-108.76 mbsf, diamictite

Unit 6.2, 108.76-119.28 mbsf, sandstone

Unit 6.3, 119.28-141.60 mbsf, diamictite

Unit 7.1, 141.60-147.69 mbsf, mudstone

CORRELATION OF SEISMIC REFLECTORS
WITH CRP-1

The CRP-1 drillhole sampled only strata above the
V3/V4 boundary (Fig. 5). Seismic data indicate that the
drillhol efinished about 15m abovetheboundary, although
amajor lithol ogical change (diamictite to mudstone) was
sampled about 6 mabovethebaseof thehole. Thischange
was taken as the V3/V4 boundary in the Core Properties
section above, but on the basis of thelimited thickness of
the lowest mudstone unit and the discrepancy in depth
between the lithological change and the interpreted
V3/V4 boundary, we consider that the boundary was not
reached.

Strong reflections are associated with the shallower
major diamictite units sampled by the drillhole. In some
cases the reflections become stronger down dip of thin
diamictite unitsinthedrill core, suggesting that these may
thicken to the east. Near the sea floor, the seismic data
indicate scour channels. A weak seismic reflection,
inferred to correspond to the base of a channel in the
region of thedrillhole, corresponds closely in depth with
the unconformity marking the base of the Quaternary
sediments cored.

CRP-1lieson seismic line NBP9601-89 (Fig. 5, shot
point2032), aW-ElineacrossRobertsRidge. Reprocessing
of line NBP9601-89 has improved the resolution of the
data across CRP-1. CRP-1 reached a depth of 148 mbsf,
equivalent to 145 ms twt below sea floor (see Core
Propertiessection). Several seismiceventscanbeidentified
at this depth or above and can be related to the cored
section (Fig. 19). Thediscussion herewill belimited toan
analysisof themajor unitsasadetailed linkageisuncertain
due to the wavelength of the seismic signal. Further
analysis using synthetic seismograms will be carried out
for the Research Report.

The drillhole cored almost to the boundary between
the seismic Units V3 and V4. A double positive peak
(compressive, shown black on the seismic records)
corresponding to an acoustic impedance increase, has
been interpreted for this boundary (Figs. 5 & 19). This
boundary cropsout at thebaseof astepintheseafloor. The
drillhole terminates at about 15 ms (15 m) above the
V3/V4 boundary (Fig. 19).

Lithostratigraphic Unit 7.1 is the lowest unit in the
core. Only 6 m of the unit was sampled before drilling
ceased, so it could extend significantly below the base of
thedrillhole. If Unit 7.1isthicker than c. 10 m, its upper
boundary, which corresponds to a high negative acoustic
impedencecontrast surface(from highvelocityinUnit 6.3
(diamictite) to low velocity in Unit 7.1 (mudstone)),

should appear asdistinct reflector with negativeamplitude

peak, as seen on seismic data (Fig. 5) just above the
interpreted V3/V4 boundary. The age of the sedinients
from the base of the drillhole isestimated as about 23 Ma
(Miocene Strata, thisvolume - section on Diatoms). This
issignificantly younger than the ageinferred for the V3/V4
boundary (late Oligocene, 30 - 34 Ma). This could imply
avery condensed section between thebase of drill holeand
V3/V4 (15 m in 10 my), and preliminary analysis of
pal eomagneti cdatasuggestsvery low sedimentation 1ales
(MioceneStrata, thisvolume- sectionon Palacomagnetism
and Mineral Magnetic Properties), but other explanations
seem morelikely. Thereisnoindication of any significant
wedging out (downlap) of the oldest sediments of V3 on
the V3/V4 boundary, which support the concept of a
missinglower part of V 3inthe CapeRobertsregion. If the
lowest part of V 3 had pinched out, it would have been seen
ontheseismicdataby Cooper et al. (1987), who noted that
units V3 and V4 are conformable over most of the VI .B.
A re-evaluation of the correlation of geology and age of
the sediments between CIROS-1 and the Cape Roberts
region, on the basis of the seismic data, isplainly needed.
Furthermore, if the V3/V4 boundary isabout 23 Ma in age,
then this has implications for the inferred glacial and
tectonic history of the region based on seismic data (¢.g.,
Brancolini etal., 1995). Amajor unconformity i n theRoss
Sea at about 23 Ma corresponds in time to major plate
readjustmentsin the Southwest Pacific.

The next shallower seismic unit corresponds to the
lithostratigraphic Units 6.1, 6.2 and 6.3 from 103 to
142 mbsf. Units 6.1 and 6.3 are composed of diamictite
(Unit 6.2 is sandstone) but only Unit 6.1 hasasignificantly
higher velocity than the adjacent units. Thetop of the Unit
6.1 appears as a high amplitude positive reflector. 'The
physical propertiesof Unit 6 arefairly homogeneous. This
lack of amajor change in properties of unit 6 causes the
semitransparent character of its corresponding seismic
unit with only discontinuous weak reflectors (one may
correspond to the upper boundary of the lower diamictite
Unit 6.3).

Theoverlying seismicunit (60ms thick)ischaracterised
by continuous, high amplitude reflectors, that dip gently
eastwards at an angle of about 2.5°. This seismic unit is
correlated with lithostratigraphic Unit 5 (from 43 to 103
mbsf), which is mainly composed of aternations of
sandstonewith generally low velocity, andthindiamictites
with higher vel ocity. Thesealternations cannot be detected
on the seismic line because their thickness is below the
resolution of the seismic data. However, towards the east
wherethesei smi cunit thickens, someof thethindiamictites
extrapolated along dip correspond to continuous high
amplitude reflectors that may represent more expanded
sections of the thin diamictites units recognised in the
CRP-1 core. The continuity in character of the reflectors
of this seismic unit to the east of the drill site CRP-1
suggeststhat thelithology of theshallow part of this unit
is similar to that recognized in the core, although the
geometry of the reflectors shows alower dip.

The upper seismic unit corresponds to the
lithostratigraphic Units1.1- 4.1 (from O to 44 mbsf). Itis
mostly hidden by theringing effect of the seafloor, but a
weak reflection at 45 ms below sea floor corresponds
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closely to the the base of Unit 4.1. This discontinuous
reflection appearstodefinealocal " cut andfill"" or channel
geometry, possibly glacial in origin, along most of the
seismiclines. A stronger reflection, justdiscernable through
the coda of thestrong sea-floor reflection, at about 30 ms
bel ow seafloor, may correspond to thetop of the diamictite/
carbonate Units (2.3 and 3.1) at 30 mbsf.

TECHNIQUES

PALYNOLOGICAL PROCESSING
Introduction

Processing procedurescommonly usedin palynol ogical
research (e.g., Barss & Williams, 1973; Gray, 1965)
include: 1) acid digestion of mineral clasts and cementsin
HCL (to remove carbonates) and HF (to removesilicates)
acids, 2) controlled oxidation (to remove organic debris),
and the concentration of palynomorphs by heavy liquid
separation and /or sieving (Fig. 20). It is evident that
sampleprocessingforstratigraphic palynology isrelatively
complex, compared to that of other microfossil groups,
and requires considerable care and skill on the part of the
processing technician. Itisno overstatement to say that the
potential success of any palynological study isdetermined
in the processing laboratory, long before the palynol ogist
scans thefirst slide (Wrenn, in press).

Consequently, it was important for successful
palynological support of the drilling program to establish
a palynological processing facility manned by an
experienced processor intheCrary Scienceand Engineering
Laboratory. Equally important, special consideration was
required for handling harmful vapours generated by HF
and HCL acid digestion of samplesbecauseof thesensitive
environment of Antarctica

Traditional palynological processing is by cold-acid
digestion in open beakersunder afumehood. Therearea
number of drawbacks to this approach. Rock digestion
commonly takes one to two days because cold acid
reactions progress slowly and it is often necessary to add
fresh acid during digestion to expedite this process.
Consequently, the open-beaker method consumes
considerablequantitiesof reagents. Inaddition, significant
harmful vapours are released to the atmosphere, even
though the acids are cold. Safety is a major concern
becausefrequent handling of reagentsand the presenceof
acid filled, open beakers are a continual threat to
processors. Finally, acid digestion fumesarevented outside
the laboratory to the atmosphere.

Venting of acid vapours, particularly those of HF,
would not be permitted in Antarctica. Rather than employ
traditional open beaker, cold-acid sample digestion,
samples were dissolved in hot acids within the closed
samplevessel of aProlabo Model 401focused microwave
acid digestion unit (Fig. 21). Theunit focuses microwaves
on the acid and samplecontained in aclosed, microwave-
transparent digestion vessel at atmosphericpressure. This
maximizes sampl e heating and increases thereaction rate
of rock digestion. (It isimportant not to heat the sample

Core |

~ 5 g sample

Crush

A

Tareto 0.1 g

Acid Digestion

olabo M 401
10 ml HCL 10% Plf’ a "avc ¢
20 ml HF 50% Missays

20 ml HCI 36%

l
4

Wash

Centrifuge between steps

Visual
inspection

<q

Sieve to <125 :m

Y
Heavy Liquid
Separation
(Napolytungstate)

<<

Visual
inspection

6-125:m
palynomorph slides

Mount in
glycerine jelly

F g. 20 - Flowchart of palynological-processing procedures used on
samplesfrom CRP-1.

high enough toincrease thenatural thermal maturity of the
palynomorphs.)

Acids are pumped directly from reagent bottles into
thedigestionvessel, and thedurationand degree of sample
heatins arecontrolled bv acomputer. Computer control of
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reagent pumping minimisestheamount of reagent handling
by the processor. Vapours generated during hot-acid
digestion are evacuated from thevessel and neutralizedin
a boric acid/sodium hydroxide scrubber (Fig. 22) before
being vented to the atmosphere. See Ellin & McClean
(1994), Jones(1994), Joneset al. (1995) and Jones & Ellin
(in press) for discussionsontheuseof microwavedigestion
in palynological sample preparation.

CRP-1 SampleProcessing

Ten "fast-track" samples (Tab. 7) were received and
processed for palynological analysis during coredrilling.

Fig. 21 - Prolabo
M401 microwave
digestion unit, pump
and computer control
unit.

An additional 45 sampleswere selected, where possible,
from fine sand and silt units at roughly a4 minterval; 31
of thesewerestudied for thisinitial report. Approximately
five grams of each sample was processed, except for
sample P-6. Tengramsof thisfinesandstoneweredigested
in the hope of increasing recovery.

In addition to these general processing steps noted
above, one Lycopodium tablet! was added to each
sample at the start of acid digestion to facilitate the
estimation of the palynomorph concentration/gram of
sediment (Fig. 20).

Some samples required a second hot HCL treatment
after microwave acid digestion to remove preci pitates of

FH g 22 - Processing
technician John
Simes(New Zealand)
inspecting fume
scrubbing unit. Note
themicrowaveunitin
thefumehoodbehind
John.

! Lycopodium tablets were produced by Department of Quaternary Geology, Lund University, Lund, Sweden. Batch#124961; 12542 +/-414 spores/

tablet.
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Tab. 7 - CRP-1 paynology samples proccessed during drilling operations.

Top Base Lab. # Wt (g)
0.00 8.50 P3 c.5
20.60 20.61 P51 6.1
21.04 21.14 P4 c.5
25,10  25.11 P50 6.3
31.50 31.51 P49 5.9
32.05 32.15 P5 c.5
31.90 31.93
32.34  32.37
32.37 32.40
32.58 32.61
32.77 32.80
32.98 33.01
33.31 33.34
33.50 33.53
33.72. 33.75
34.00 34.01 P38 55
36.62 36.63 P48 6.9
39.06 39.07 P47 6.4
42,41 42.43 P46 5.9
45.04 45.14 P6 104
48.35 48.36 P13 5.4
53.50 53.60 P10 5.4
54,45 54.46 P17 5.1
58.43 58.44 P18 5.4
59.58 59.68 P8 5.6
62.90 62.91 P19 5.4
67.54 67.55 P20 5.6
70.02 70.03 P21 54
74.87 74.88 P22 5.6
78.15 78.25 Pii 54
78.15 78.25 P16 3.8
78.75 78.76 P23 5.3
82.18 82.19 P24 5.6
85.36 85.37 P25 5.6
87.42 87.43 P27 5.6
92.34 92.35 P28 5.3
96.37 96.38 P29 5.3
99.02 99.12 P12 51
100.47 100.48 P30 5.6
104.75 104.76 P31 57
108.75 108.76 P32 6.0
112.44 112.45 P33 59
116.45 116.46 P34 5.2
120.27 120.28 P35 5.6
120.40 120.50 P14 52
124.08 124.09 P36 54
128.12 128.13 P37 5.1
132.07 132.08 P39 5.6
136.20 136.21 P40 5.7
139.14 139.15 P41 6.4
141.80 141.92 P15 5.3
142.34 142.35 P42 5.6
144.31 144.32 P44 5.3
145.65 145.66 P43 5.4
147.68 147.69 P45 6.4

Type Lithology
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Unit

—

muddy diamicton

muddy diamicton

muddy diamicton

sandy mud

soft sandy mud

cal carcous muddy sand
biogcniccalcareous sand
biogeni c calcareous sand
biogcnic calcareous sand
biogenic calcareous sand
biogenic calcareous sand
sandy muddy gravel
calcareous sandy mud
calcareous sandy mud
calcareous sandy mud
sandy mudstone

muddy diamicton

sandy muddy gravel
muddy
finesandstone
sandy mudstone
siltstone

= hem e b b b b ek bk S b R e

o
diamicton

et e B
e

clayey mudstone 5.2
coarsesiltstone 5.2
coarsesiltstone 5.2
muddy sandstone 5.3
silty sandstone 5.4
siltstone 5.4
silty sandstone 5.5
silty claystone 5.5
silty claystone 5.5
silty claystone 5.5
massivesiltstone 5.7
clayey siltstone 5.7
siltstone 5.7
mudstone 5.8
pebbly mudstone 5.8
mudstone 5.8
mudstone 5.8
sandy diamictite 6.1
sandy diamictite 6.1
silty claystone 6.2
sandy siltstone 6.2
muddy diamictite 6.3

muddy diamictite
siltstone
mudstone

muddy diamictite
muddy diamictite
muddy diamictite
clayey siltstone
clayey siltstone
silty claystone
claystone

silty claystone

NNo oo o
-G W W W W W

Key tosampletype: F=rush, R=regular, Q=foraminiferal processingresidue(seetext); * reprocessed.

an unknown nature. These precipitates may have been
generated from the digestion products of the volcanic
claststhat are present in most samples. Dueto thelimited
processingtimeavailableduringthedrillingseason, it was
not possible to determine the optimum programming of
the unit for this rock type to remove these precipitates.

Rather, HCL was added to theresidue and heated in ahot-
water bath on ahot plate, while another samplewasbeing
run through themicrowave unit. Thisremoved most of the
precipitates.

Undigested minera grainswereremovedfromresidues
by heavy liquid treatment (Fig. 20) with non-toxic, water-
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soluble sodium polytungstate (Sp. Gr. 2.4). This high
specificgravity fluid wasused becausemany palynomorphs
sank in heavy liquid separations run at a lower specific
gravity (Sp. Gr. 2.0). It was discovered that this was due
in part to a very thin pyrite coating on the palynomorphs.
Thisimpaited adark gray to black color to the dinocysts
and aciitarchs, but thecoating was so fine grained that the
specimensweretransparent. Pyritesphereswerenot noted
within the palynomorphs. Treatment of the sampleswith
nitric acid removed the pyrite coating and changed
palynomorph color to light brown.

Fine-grained mineral and organic debriswasremoved
by sieving the residue on a6 p. nylon cloth using asieving
device described by Raine & Tremain (1992). Residues
weremounted in glycerin jelly and sealed with fingernail
polish.

In many of the Quaternary and Miocenesampl essmall
numbersof contaminant pollenand sporeswereidentified,
despite care in laboratory cleanliness and the McMurdo
laboratory location remote from living plant sources.
Modern contaminant specimens could be recognised by a
combination of features, including generally colorless or
pal e yellow exine, remnant protoplasm, and bright (white
or greenish) autofluorescence in blue-violet epi-
illumination. Contaminant taxa i dentifiedreflect theregions
of origin of the equipment and personnel involved in the
project, and presumably originate from dust adherent to
packaging, equipment, and clothing: Artemisia and Betula
from North America, and Nothofagus cf. fusca and
Dicksonia from New Zealand. Pollen of Pinus, Poaceae,
and cosmopolitan weeds (Rumex, Hal oragaceae) wasalso
identified. A single Pinus pollen grain wasidentified from
aglycerine petri dish exposed in thelaboratory for aweek
during processing. Thedrillingmud (asyntheticpolymer)
was also checked for contaminants and only rare modern
Hal oragaceae pollen (possibly of laboratory origin) were
found. The Lycopodium tablets used for estimation of
palynomorph concentration wereal soexaminedfor purity:
no contaminant miospores were encountered during a
scan of approximately 17 000 grains of Lycopodium
clavatum type in a control slide prepared from severa
dissolved tablets.

Palynological processingin the Crary Laboratory was
asuccess, due in large to the use of the environmentally
friendly and efficient focused microwave digestion unit.
The speed of acid digestion and the safe handling of acid
vapors by the digestion unit made it possible for
palynostratigraphic support to be provided onsite in the
unique Antarctic environment for the first time. For the
Cape Roberts Project, rapid microwave processing meant
that palynologic analyses can provide critical input as
drillingisin progress. Thistechnology opensthe door to

safe and fast palynological processing in remote regions
of theworld, aswell as on offshore oil rigs and on board
ships.

PALAEOMAGNETICLABORATORY
The CRP palacomagnetic laboratory in the Crary

Science and Engineering Center (CSEC), McMurdo
Station, was the first palacomagnetic laboratory to be

established on the Antarctic continent. It may also bethe
highest latitude palaesomagnetic laboratory ever
established. A number of challenges were encountered
during establishment of the laboratory, and we docunient
these here to assist future endeavours of this type.

Due tothe expenseand logistical difficulties involved
in using a cryogenic magnetometer in the Antarctic, the
laboratory wasequi ppedwith two spinner magnetorneters.
The AGICO Brno JR-5A magnetometer is the most
sensitive spinner magnetometer currently available. The
high sensitivity isobtained by rotating the sample at high
speed (89.2 revolutions/second), which can produce
mechanical instabilitiesif there is any external vibration
of theinstrument. In addition, the high rateof rotation can
cause poorly consolidated samples to disaggregate.
Because of thesefactors, thelaboratory wasalso equipped
with a Molspin spinner magnetometer, which is more
robust, but lesssensitive, than the AGICO magnetometer.
The Molspin magnetometer is well-suited for measuring
relatively strongly magnetised and/or poorly consolidated
samples, aswell asfor determining the mineral magnetic
properties of selected samples.

Demagnetisation capabilities were provided by a
Mol spinalternatingfiel d(AF) demagneti serandaM agnetic
M easurementsMMTD60 Thermal Demagnetiser. ANASC
Scientific IM10-30impul semagneti serwasusedfor studies
of the acquisition of isothermal remanent magnetisation
(IRM) andfor back-field demagnetisation experiments. A
Bartington InstrumentsM S-2 magneti csusceptibility meter
was used for susceptibility measurements. Theequipment
for the project was contributed jointly by the Istituto
Nazionaledi Geofisica(Rome, Italy) and the University of
Cdlifornia, Davis.

Prior to establishment of the laboratory, a number of
roomsin CSECandinsurroundingbuildingswereassessed
for their suitability to house a palacomagnetic laboratory.
Intheabsenceof amagnetically-shielded room, theprimary
consideration was to find low field gradients in a
magnetically "quiet" environment. Of the sites surveyed,
CSEC room 242 was found to have the most uniform
ambient magnetic field. Vibration measurements,
performed with an accelerometer, also indicated that this
room wasleast affected by buildingvibrations. Inorder to
maintain low ambient field gradients, wooden furniture
was built for the room. The components of the furniture
were assembled using non-magnetic fastenings. A
vibration-dampening tablewasconstructed for theAGICO
magnetometer by placing a granite slab on top of alayer
of shock-absorbent rubber balls which were set in a
rectangular recess in the table. This design proved to be
highly effective, even when significant vibrations were
caused by movement of large objects on theloading dock
adjacent to CSEC 242.

The build-up of electrical static, due to the aridity of
the Antarctic atmosphere, is a hazard that can cause
problemsinthelaboratory. In somecases, staticdischarge
from operators to equipment has been known to cause
resetting of equipment, which required shutting down,
restarting andrecalibration. All pal acomagneti cequi pment
was therefore placed on anti-static mats, and fine-gauge
grounding cables attached to wristbands were placed
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around thelaboratory to enable operators to be grounded
at all timeswhile handling equipment and samples.

Cylindrical palasomagnetic samples (25 mm diameter
x 22 mm height) were collected using a modified drill
press. In planning for theCape Roberts project, experience
was acquired by sampling similar material from the
CIROS-1 core, which isstored at FloridaState University,
Tallahassee (cf. Wilson et al., 1998; Sagnotti et al.,
submitted). The CIROS-1 core has been stored at 4°C
since 1986 and is now almost completely dry. During
sampling of the CIROS-1 core, compressed air was used
to cool thedrill bit. While the CRP cores were expected to
be water-saturated at the time of recovery, there was no
way of knowing how consolidated the sediments would
be. Inorder to cover all possibilities, thedrill pressusedfor
sampling the CRP cores was configured so that either
water or air could be used as thecoolant. Because drilling
isnot aclean procedure and contamination could occur if
sampling is conducted in proximity to other parts of the
core, aspecially-designed drilling hut was constructed for
the palaeomagnetic sampling. The dust produced, when
air was used asa coolant, was extracted with an industrial
vacuumcleaner. For CRP-1, water wasfar moresatisfactory
as a coolant than compressed air.

Our success in establishing the first palaecomagnetic
|aboratory in Antarcticahasdemonstrated that, with careful
planning and cooperation, it is possible for a group of
researchers from two different continents to assemble a
comprehensive palacomagnetic laboratory on a third
continent and to haveit fully operational within one week
of arrival. This laboratory has enabled fulfillment of the
primary objective of the palacomagnetic goals for the
Cape Roberts Project (i.e., theinitial characterization of
the palaeomagnetic and mineral magnetic properties of
the CRP-1 core).

CORE MANAGEMENTAND SAMPLING
Drill Siteand Cape Roberts Camp

Initial corecuration began at thedrill site. Thedrillhole
wasdesignated asCRP-1. Downhole depthsare expressed
as metres and measured to the nearest centimetre, and
represent the depth in metres below the sea floor (mbsf).
Thelength of coreis defined by depth from the seafloor
to thetop and bottom; afeaturein the coreis specified by
the depth to its uppermost part. All work was carried out
from top to bottom of each core length. The core was
boxed as three rows per box, with top to upper left and
bottom to lower right.

The corewasfirst cut into one metrelengthsand then
longitudinally into an Archiveand aWorking half using a
diamond saw. The Archive and Working halves were
placed into separate core boxes, each box marked on one
end with Archive or Working and the interval of core it
contained. Additional yellow plastic separators bearing
the interval were placed at the appropriate places in the
core box itself. Foam blocking was used to stabilize the
core. Any voidsin the corewere to befilled with foam to
mitigate any potential movement of the core during
transport.

Sampling of the core began a the drill site, a ten
centimetre section of thewholecorewastakenevery 20im
for strength tests, and a ten centimetre section of the
Working half was taken also every 20 m asa "fast-track"
sample for rapid age determination.

Transportation

Core Boxes to McMurdo Helicopter Pad - Insulated,
vinyl-covered carrying cases, with acapacity of three core
boxes each, were used to transport the core viahelicoptet
between the Cape Roberts Drill Site, the Cape Roberts
Camp, and McMurdo Station. The carrying cases were
placed inside the helicopter to protect the core from
freezing. An average of four boxes were transported pes
day, athough poo1 weather created aback log d core at
the drill site and ashipment of ten cases on one occasion.
The Working half and Archive hdf of the core were
transported on alternate days as a safety measure.

Core Boxes to Core Sorage Facility (CSEC-CSF) -
Thecases containingthecorearrived at M cM urdo between
10p.m. and midnight each day. Casesweretransported, by
truck, from the helicopter pad to the Crary Science and
Engineering Center-Core Storage Facility (CSEC-CSF),
building number 3. The coreboxeswereremoved fiom the
carrying cases, logged in and placed on shelving. The
ArchiveandWorkinghalveswere placed insepal ateaicas
of the Facility. The CSEC-CSF was maintained & a
temperature of 4°C and humidity of 30%.

"Fast-Track"Samples fromuhe Drill Site - The decision
was made to remove at the Drill Site Lab aten centimetre
section of the Working half of the core about every 20 m
down hole for rapid dating and to include this with each
core shipment. These samples are denoted as
"PALAEOGROUP" in the data base.

Paperworkfrom the Drill Ste - Related corelogsand
other coring paper work were placed in the carrying cases
along with the core boxes.

Crary Laboratory, McMurdo - A core laboratory was
set up in room 201 of the Crary Science and Engineering
Center (CSEC). Thewalls, thefloor, the benches, and all
equipment in the room were thoroughly cleaned prior to
the core arrival at the lab and at the end of each sampling
session to minimizethe potential for contamination of the
core. The temperature of the room waslowered to 18°C.
The humidity of the room was a low 33% despite the
addition of a humidifier. The laboratory contained 34
metres of bench space covered with an easily cleaned
surface. Fluorescentlighting wasaugmented by theaddition
of high intensity halogen lighting to enhancethe viewing
of the core.

Sequenceof Eventsin the CSEC Core Laboratory

The morning following the arrival of the core at
McMurdo Base, thecorewasrepackaged intothecarrying
casesand transported by truck to thecorelabin the CSEC.
Thecoreboxeswereremovedfrom the carrying casesand
placed on thelab benches in sequence, from the top of the
core to the lowest interval that had been received at that
time.
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Initial Core Appearance - Ingeneral, the corearrived
from the Cape Roberts Camp in good condition. The core
was moist with asheen of water on the cut surface of the
sediment. The softer sediment did exhibit longitudinal
separation towardsthe middle of the core. Thiswas most
likely due to the relaxation of the sediment and the lack of
suppoit. Occasional minor longitudinal shiftingwithin the
individual metre-long sectionswasevident, but waseasily
rectified.

Core Logs Reclzecked, Photography and Viewing of
the Core - After each shipment of theWorking half of the
core was received, Mike Hambrey and Chris Fielding
rechecked the core logs received from the Cape Roberts
drill site for discrepanciesagainst the actual core. During
thistime they al so photographed sedi~nentol ogi cdleatures
of interest. They presented their interpietation of thecore
to the Cape Roberts science group at the CSEC.

X-radiography - The science plan called for theentire
core to be subjected to x-radiography analysis. The
x-radiography unit purchased for use by the Cape Roberts
Project required that the core be removed from the core
boxes and placed on aspecial designed tray that could be
manually positioned in the unit. However the soft and
fractured nature of the core above 100 mbsf made this
difficult to achieve.

In an effort to complete the science objectives in an
expedient manner, atrial box of corewashand transported
totheMcMurdo Medical Facility, whereastandard hospital
X-ray unit was used. The results were poor. The decision
was made to revert to the original plan and carefully
remove selected coherent sections of the core by hand for
placement in the x-radiograph tray.

Of the approximately 45.38 metres of Quaternary age
sedimentonly 13.81 metresor 30.5%was X-rayed. Of the
102.30 metres of the older sediment only 53.6 metres or
36.02% was X-rayed. This small percentage was due to
the unexpected volume of soft Quaternary age sediment
and thefractured nature of the older sediment. Only select
sections of the core deemed safe to be removed were
subjected to x-radiography analysis. The curator was
responsible for the determination and removal of these
sections.

Flexible plastic strips of a size that closely
approximated the core section to be removed were
carefully worked between the core section and the core
box. The section was then placed on the specially made
carrier for positioning in the x-radiography unit. The
correct orientation of the core was maintained during the
entire operation.

The plastic sheets and the x-radiograph carrier were
washed toprevent contamination prior tothe X-radiography
of the next core section.

Sample Requests - Prior to the actual sampling, those
scientists authorized to receive samples from the core
were given a three letter "investigator code" which
consisted of the first three letters of their last name, a
supply of labelsand tooth picks. Each person markedtheir
code on both ends of a 25 mm by 75 mm self-adhesive
label usingwaterproof ink. Thelabel waswrapped around
a common wooden toothpick, thus forming a "'flag" to
mark theinterval to be sampled.

Each scientist wasa so provided with asampl e request
form onwhich he/she listed thefollowing information: the
date, their investigator code, their name, the core number,
the box number, thetop and bottom of theinterval requested,
the volume requested, and any comments on sampling.
These forms were returned to the curator to be utilized
during data entry and during the actual sampling.

Selecting Sample Intervals- Due to the relaxation of
time constraints, an average of six boxes or eighteen
metresof corewasavailable for sampling at each sampling
session. Theinvestigators were reminded at thebeginning
of each sampling session that sampling "was for core
characterization, not detailed analysis" and of the total
number of samples, the intervals and volumes of each
sampl easset forth in the Cape Roberts Science Planfor the
older sections of the core. The unexpected recovery of a
volume of Quaternary age material necessitated arevised
sampling plan. Whilea plan was formulated, the decision
wasmade to samplethe Quaternary agematerial at theend
of the sampling period.

Theinvestigators were given on average one and one
half hoursto select their intervalsby placing their sample
flag alongside the core and to fill-in the sample request
form. The palacomagnetic investigators marked their
samplesby placing 4 mmby 7 mm slipsof stiff paper over
their requested interval. Copies of the core logs were
provided to facilitate their selection of sampleintervals.
They were also reminded to write legibly and not to
contaminate the core by removing and replacing their
sampleflag in a different location

Disputed Sample | nterval s- Disputesbetween multiple
disciplines requesting the same interval were resolved
through discussions with the on-ice partiesinvolved, the
Project Science Coordinator and the curator.

Data Entry and Sample Labels - The curator entered
the data from the completed sample request formsinto a
relational database. Thesedataincluded: theinvestigator,
the core number, the depth interval, the volume of the
sample, the date, and comments.

These data were used to provide each investigator
with a paper copy of his/her sample request at the end
each day's sampling. In addition, a record of the total
number of samples removed from the core by each
investigator was provided at the end of the sampling
programme. The comment section recorded the type of
sample taken, e.g. sediment, fossil, or clast, and the
discipline and typeof analysisto be performed with each
sample, e.g. petrology-thin section or paleontology-
diatoms. Theinformation wasal so used togeneratelabels
using a Seiko Thermal Label Printer. The self-adhesive
labels contained the same information as the sample
request form for each of the sample bags. The database
alsocontainstheaddress of each science participant of the
Cape Roberts Project.

Thissampleinformation and other coringinformation
will beincluded on mirror databasesand World WideWeb
sites. Thesewill be established by the curatorial facilities
at the Antarctic Marine Geology Research Facility, at the
Florida State University in Tallahassee, Florida and the
Alfred-Wegener-Institutefor Polar and Marine Research
in Bremerhaven,Germany.
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Sampling

Sampling Parties - Duetothevolumeof coreexpected,
thecurator alonecould not possibly fulfill al of thesample
requestsin atimely manner. Therefore, the Cape Roberts
science group at the CSEC was formed into sampling
parties consisting of four people. Thesefour peopledivided
into two groupseach contained a person who removed the
sediment from the core and another who held the baginto
which thesediment was placed, sealed and placed it inthe
appropriate requesting investigator's box. The curator
supervised these groups.

The sampling parties were arranged so that the
palaeontology, sedimentology and petrology disciplines
wererepresented. Themajority of personsin thegroup had
previous sampling experience. However, all personswere
instructed on the following procedures: the correct
orientation of the core in the core boxes, the use of the
sample"'flags" and the sampl e request form to |locate the
correct sampleinterval, and mostimportantly, thenecessity
to use thesampling tool only once per sample and to avoid
touching the corewith their handsto avoid contamination
of thecore. Thepartici pantswereal so shown representative
styrafoam models of thevolumes requested on thesample
request forms.

Sampling Priority - Palaeontological samples were
taken first, followed by the palacomagnetic and then the
general sampling. Priority was given to on-ice studies of
the material.

Palaesomagnetic Sampling - Palaeomagnetists
performed their own samplingduetothespecial techniques
required. To avoid contamination of the core, orientated,
coherent sectionswereremoved from thecorebox, placed
onacarryingtray and takentothepal aecomagneticsampling
lab, a separate building located on the loading dock of
CSECroom 201. A diamond drill was used to removethe
sample. The core section was replaced in the core box in
the proper orientation. Hidden faults in some sections
necessitated the reconstruction of the core. If the section
was badly fragmented it was placed in abag |abeled with
theinterval and replaced in the core box.

Sampling Equipment - Sampling equipment included
measuring tapes, various size plastic bags and vials,
separate wash and rinse bottles, common laboratory
spatulas, small scoopsand forcepsfor thesofter material,
and hammers and chiselsfor the more lithified material.
A diamond saw was used to cut large clasts for samples.
All of these toolswere cleaned prior to the beginning of
thesampling session and between thesampling of different
intervals. At no time was any tool used more then once
beforeit wascleaned. The cleaning consisted of washing
with hot water and a laboratory detergent, rinsing with
cleanwater, and afinal washwithfilteredwater. Thetools
were allowed to air dry to minimize the potential for
contamination of the tools by paper or cloth fibrefrom a
drying medium.

Curatorial Duties after Sampling - Thevoidsleftinthe
core following sampling were filled with carefully cut
foam blocks to stabilize the core. The core was misted
withfiltered water and then returned to the Crary Science
and Engineering Center-Core Storage Facility.

In the coie lab the benches, the floor, and all sampling,
equipment were washed in preparation for the in-xt
shipment of core.

Core Shipment

The core was re-examined in the CSEC-CSF prior to
packaging for shipment to the facilities in Florida and
Germany. The core was checked for the stability d the
sediment. Additional foam blocking was added where
needed and the core was misted with filtered water a final
time before the core-box lids were taped in place.

Thecore boxeswere placed into heavy, reinforced tri
wall cardboard containers, sixteen coreboxesper containet,
placed four boxes side by side and four boxes high to
minimize crushing. Metal bands were used to strap the
container to awooden pallet. Thecontainers were maiked
with arrows pointing to the upright position. Fragile, Do
Not Freeze, Place Nothing On Top signswere placed on
the container.

The pallets were placed into a storage container
refrigerated to4°C. Thecorecontainerswereto beseemed
withinthestorage unit with no other material placed on top
for shipment via the cargo ship Greenwave to Lyttleton,
New Zealand. The Working half of the corewill be off-
loaded for air transport to Germany. The Archive half will
continue aboard the Greenwave to be off-loaded in
Californiaand transported overland viarefrigerated truck
to Florida.

Summary of Curatorial Duties

The curator was responsible for the transportation of
the core boxes from the helicopter pad at McMurdo to the
Crary Science and Engineering Center-Core Storage
Facility (CSEC-CSF), from the CSEC-CSFtothecorelab
in CSEC room 201, the return of the core to the CSEC-
CSF, and the crating and dispatch to the facilities in
Florida and Germany.

Because of the higher temperature and lower
humidity of thecorelaboratory (CSEC room 201) core
dehydration was a concern. This was counteracted by
misting the core with filtered water on a half hourly
schedule or as needed as some lithologies dried more
rapidly then others.

The curator maintained the stratigraphic integrity of
the core during removal of sections for X-radiography,
paleomagnetic and general sampling.

The curator reduced the possibility of contamination
and minimize disturbance of the core through instruction
of proper sampling techniques and maintaining a clean
laboratory environment.

All original paperwork, includingthe coredescription
logs, core recovery logs, physical property and sample
request forms, was maintained by the curator.

Thecurator entered and maintained dldatain thedata
base concerning sampling and generated total lists of al
samples taken by each investigator.

All requests by news mediaand investigators to view
thecoreafter theinitial sampling and requestsfor additional
sampleswere coordinated by the curator.
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Quaternary Stratain CRP-1, Cape Roberts Project, Antarctica

CapPeE RoBERTS ScieEncE TEAM*

Abstract - The uppermost part of the corein Cape Roberts Project - 1 (CRP-I), to 43.55 mbsf, isinterpreted to be
Quaternary in age. The interval comprises poorly consolidated clays, silts, sands, gravels, diamictons, and an

association of mixed skeletal carbonate-terrigenous clastic sediments. The interval has been divided into four

principal lithostratigraphic units based on major changes in lithology. Some of these units have been further
subdivided. Notablewithin the Quaternary interval is ashort section (c. 32-34 mbsf) of mixed skeletal carbonate-

terrigenous clastic sediment which contains a rich and diverse assemblage of benthic macroinvertebrate fossils.

Petrological investigationsaf largeclasts and sandssuggeststhat Quaternary sedimentsin CRP-lwere derived from

a variety of basement sourcesincluding Precambrianto Early Palaeozoic metamorphicand granitic rocks, Jurassic
dolerites, and theDevonian - Triassic Beacon Supergroup, with avariabl ethoughsignificant contributi onfrom coeva

volcanicactivity associatedwith the McMurdo Vol canic Group. The Quaternary section of CRP-| isdated by diatom
biostratigraphy & 1.25 - 1.8 Ma, and has aso yielded awide variety of macrofossils and microfossils. Diatomsare
the most prevaent fossil group, foraminifers are aso ubiquitous, palynomorphs more restricted in occurrence and

nannofossils scarce. The assemblage containsthefirst report of the cal careousdinoflagellate Thoracosphaera from
the Quaternary of the East Antarcticmargin. Theinvertebrate assemblage, whichisvirtually insitu, isdominated by
molluscs, with appreciable numbers of bryozoans and lesser numbers o echinoids, serpulid worms, octocorals,

barnacles and brachiopods. The section is interpreted to represent shallow-marine depositional environments that
experienced considerable variations in climate and proximity to ice, ranging from 1) possibleterrestrial exposure
during sea-level lowstand, 2) glaciomarine deposition under the influencedf nearby glacia ice, 3) deposition under
seasonal seaice, similar to today, to 4) timesof warmer-marinetemperatureswhen carbonatesedimentsaccumulated
beneath seasthat lacked searice. At least two cyclesdf relativesealevel riseand fall are recognisedfrom a sequence
stratigraphicanaysis.

LITHOSTRATIGRAPHY sedimentary structures, colour and fossil content. Two
distinct facies associations can be identified within the
"Quaternary™ section (Tab. 1). Association A comprises
four facies of a predominantly terrigenous nature, and

embraceslithostratigraphic Units 1,2 and 4. Association B,

INTRODUCTION

The Quaternary part of the coreisunconsolidated and

clearly distinguishable from underlying rocks, which are
Miocene, although precise dating of the boundary and of
the immediately overlying and underlying rocks has not
yet been achieved. Of thefour lithostratigraphic units (1,
at thetop, to 4), defined on the basis of lithology, Unit 2is
further subdivided into three subunits. In the following
discussion, the principal Quaternary lithofacies are
described. The key characteristics of each unit are then
summarised, largely on the basis of the 1:20 scale logs,
which are given in Appendix 2; a brief preliminary
interpretationisalsogiven. Itshould benoted that, whereas
the diamictons suggest glacial conditions, the sandstones
and mudstonesmay beinterpreted both withinand outside
of aglacia context.

FACIESANALYSIS

Although many lithologies grade into one another, a
number of characteristicfaciesmay beidentified. They are
defined on the basis of lithology or associations of
lithol ogi es, bedding contacts, bed thickness, texture, fabric,

from Unit 3, alsohasfour facies, but thesearerichinadiverse
fauna and are thus highly calcareous. Examples of these
facies are illustrated in figure 1. The carbonate interval is
unique, and is thus described separately in a separate
section (Carbonate-Rich Unitsection). Several of theother
faciesarerepresented inthe Miocenesection, althoughin
a lithified state, and these are more fully described in
Miocene Strata, section on Facies Analysis(thisvolume).

DESCRIPTION OF SEQUENCE

LithostratigraphicUnit 1.1 (0.00-19.13 mbsf),
Diamicton?

Description. Only one dolerite boulder, at least 40 cm
long, someloosegravel, and af ew centimetresof diamicton
in the "fast-track" samples, were recovered from
lithostratigraphic Unit 1.1. The texture of the diamicton
wasnot availablefor analysis, but clastswerepredominantly
subrounded and subangular. The lower contact was not
recovered.

*J. Anderson, P. Armienti, C. Atkins, P. Barrett, S. Bohaty, S. Bryce, M. Claps, M. Curran, F.J. Davey, L. De Santis, W. Ehrmann, F. Florindo,
C. Fielding, M. Hambrey, M. Hannah,D.M. Harwood, S. Henrys, F. Hoelscher, JA. Howe, R. Jarrard, R. Kettler, S. Kooyman, C. Kopsch, L. Krissek,
M. Lavelle, E. Levac, F. Niessen, S. Passchier, T. Paulsen, R. Powell, A. Pyne, G. Rafat, 1.J. Raine, A.P. Roberts, L. Sagnotti, S. Sandroni, E. Scholz,
J. Simes, J. Smellie, P. Strong, M. Tabecki, F.M. Talarico, M. Taviani, K.L. Verosub, G. Villa, P.N. Webb, G.S. Wilson, T. Wilson, SW. Wise,

T. Wonik, K. Woolfe, I.H. Wrenn.
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Tab. | - Summary o facies, facies associationsand their processd formation in the Quaternary section

Association A - Quaternary section (Units 1, 2 and 4)

Fades Litliology Geometry, Fossils Interpretation
Contacts, Structures

Al Diamicton to Composite intervals Scattered shell debri sGlacimarine, fine
muddy/sandy gravel <8 m+, contacts andMiliolidforams  fraction deposited from
(conglomerate), varying  gradational or sharp, in some units. aqueous currents and
texture and fabric but someirregular unit suspension fallout,
mainly very poorly bases, apparently coarse clasts introduced
sorted, matrix muddy to unstratified. mainly fromfloating ice.
sandy, variableclast
content, clasts <boulder
grade, subangular -
subrounded.

A2 Gravel, moderately to Singleclast thickness None observed. Lag deposit, winnowed
well sorted, clast- layer (3 cm), contacts by current and/or wave
supported, occursat unit  sharp. activity.
boundaries.

A3 Sand, fine- to medium- Simplebeds <1.5 m Scattered shell debris  Rapiddeposition from
grained, variable but thick, sharp-bounded, and Miliolidforams submarine currents,
generally low mud normal or reverse in some units. possibly density
content. grading in some beds currents.

A4 Mud and sand/mud Intervals <1.3 mthick, None observed Mainly fallout from
mixtures, rare associatedwith Facies 3 suspension, distal
granule/pebble clasts. above. equivalent of 3 above.

Association B - Quaternary section (Unit 3)
Fades Lithology Geometry, Fossils Interpretation
Contacts,
Structures
Bl Sand, fine- to medium-  Simplebed <0.2 m Scatteredshell debris Rapid deposition from
(As 3 above) grained, variable but thick, sharp-bounded. andMiliolidforams. submarine currents,
generally low mud possibly density
content. currents.

B2 Mud and sand/mud Intervals<1.8 mthick, Noneobserved. Mainly fallout from

(As 4 above) mixtures. sharp-bounded, normal suspension,; distal
andreverse grading, equivalent of | above.
associatedwith Facies
1 above.

B3 Calcareous muddy Compositeintervals Abundant cal careous Outer, open shelf (no
diamicton to <1.0 mthick, sharp- macrofossils permanent ice cover),
calcareous silt with bounded, crudeflat (bryozoans, bivalves, littleif any agitation,
dispersedpebbles stratification defined gastropods, echinoid particul ate surface,
(Bryomol). by changesin fossil spines, octocorals, mainly epifauna,

and/or clay content. ostracods, serpulids, minimal
brachiopods), and transportation, minor
forams. ice-rafted debris.

B4 Shell hash (coquina). Single, 2 cm thick Abundant intact valves  Accumulation of shells

unit, sharp-bounded,
somealignment of
fossils.

of bivalves.

in biostrome, insitu,
during time of minimal
sediment supply.

Interpretation. Glacially influenced deposition, but
context unknown.

Lithostratigraphic Unit 2.1 (19.13-22.00mbsf),
Diamicton

Description. The principal lithology of lithological
Unit 2.1lisaclast-rich to clast-poor muddy diamicton. The
massive olive-black (5Y 2/1) diamicton has no visible
structure, but there are subtle gradations between muddy

diamicton (dominant) and sandy diamicton. Particlesizes
range from clay to cobble (possibly boulder) size, with a
median in thesilt to very fine sand range. Clasts make up
<1 to 45%of the sediment, pebbles dominant. Shapes are
predominantly subrounded and subangular, with granite
and dolerite being the most common. The sand fraction
contains dightly more quartz than feldspar, with lesser
amounts of volcanic glass. A quartz-rich volcaniclastic
sand occursfrom 19.13to 19.57 mbsf. Thelower contact
of Unit 2.1 was not recovered.
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10 cm

H g. 1- Principal faciesof the " Quaternary™ part of core CRP-1. a) Sand and angular dolerite pebble layer at top of a clast-poor muddy diamicton
lithostratigraphic Unit 2.2, 24.38-24.61 mbsf. b) Massive clast-rich muddy diamicton, lithostratigraphic Unit 2.2, 24.70-24.90 mbsf. ¢) Dolerite
lonestone resting on bed of intact and broken shells, belonging to muddy packstone facies, lithostratigraphic Unit 3.1, 32.82-33.04 mbsf. d) Shelly
clast-richsandy diamicton, lithostratigraphic Unit 3.1, 33.47-33.71 mbsf. €) Muddy packstonewith prominent fragmentsof bryozoa, lithostratigraphic

Unit 3.1,32.47-32.71 mbsf

Interpretation. The massive diamicton probably
represents either sedimentation close to the grounding-
lineof aniceshdf or glaciertongue,or proximal glacimarine
sedimentationinaniceberg-dominated environmentwhere
continuous rain-out of basal debris is occurring without
significant winnowing by bottom currents or effective
biogenic activity. More distal glacimarineconditionsare
indicated by theintervalswith lesser proportionsof clasts
in a sandy/muddy matrix. The fine-grained component
may also be derived from suspended sediment emanating
from subglacial streams at a grounding line, or from a
variety of other sources.

Lithological Unit 2.2 (22.00-29.49mbsf), Sand,
Sandy Mud and Minor Diamicton

Description. The dominant lithology in lithological
Unit 2.2isan olive-black (5Y 211) moderately to poorly
sorted, muddy, fine to medium sand. It is compact but
uncemented. Thesand component comprisesmostly quartz
and feldspar, and also more than 10% (locally 30%)
volcanic glass. One interval, at 26.50-27.15 mbsf, is
fossiliferous, withforaminiferaandfragmentsof bivalves
among the fossils identified. Minor facies include
(i) sandy mud as a gradational variant of muddy sand;
however, the core is disturbed by drilling, and (ii) clast-
poor to clast-rich muddy diamicton in which clasts of
granite and dolerite upto3 cminlargest occur. Thelower
contact was not recovered.

Inter pretation. Depositionin ashallow-marine setting
is suggested for the sand and mud fractions, but the
absenceof sedimentary structures precludesidentification
of the processes involved. The gravel, as well as some

other fractions, was probably contributed by icebergs,
and, where diamicton is present, a proximal glacimarine
setting isenvisaged. Theglacial component appearsto be
of basal-ice derivation on the basis of clast shape.

Lithological Unit 2.3 (29.49-31.70 mbsf), Diamicton

Description. Lithological Unit 2.3is made up mainly
of olive-black (5 2/1) clast-poor to clast-rich muddy to
sandy diamicton. Thesediment i scompact but uncemented,
and isthickly-bedded. It gradesespecially between pebbly
sand and sandy mud, and silty sand and muddy granule
gravel. Clasts are up to pebble size (6 mm maximum),in
concentrationsrangingfrom 1t055%. They aremainly of
granite or dolerite, but some consist of weakly indurated
sandstone. The lower contact is gradational over 1-2 cm.

I nter pretation.Shallow-marine depositi oni ssuggested,
with icebergs close to the source glacier dominating the
supply of debris. Alternatively, the diamicton may have
been deposited just seaward of the grounding-line of the
glacier. Recessiona phases are indicated by the sandy
muds and muddy sands.

Lithological Unit 3.1 (31.70-33.82mbsf),
Muddy Sand and Packstone

Description. Highly fossiliferous, very poorly sorted,
muddy gravelly sand makesup lithological Unit 3.1. The
colour rangesfrom greenish grey (5GY 6/1) to olive grey
(5Y 4/1). The sediment is compact but uncemented. The
unit is characterised by both weak and strong, thin to
medium bedding, aswell asgrain-sizevariations. Locally
bedding is defined by micro-shell beds. Bedding inclined
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at a few degreesis typical. Contacts between beds vary
from sharp to gradational. Stratification is defined by
variations in fossil content and orientation, including
bryozoans(dominant),gastropods, foraminifers, bivalves,
sponge spicules, echinoderm spinesand worm tubes. The
clasts range from granules to cobbles, with angular to
subrounded shapes. Concentrationsof clastsaverage 1-5%,
but locally reach 75%. Lithologies include dolerite
(dominant), granite and finer grained volcanics. The
terrigenoussand component ismostly quartz and fel dspar.
Minor lithologies include fossiliferous clast-rich sandy
diamicton and fossiliferous calcareous sandy mud. The
lower contact is sharp.

Inter pretation. Open-water shell-bank, with fossils
indicatingal00-150 mwater depth, with sedimentation
controlled by weak currents. Entireshellsaremainly in
situ, but most of the sediment comprises broken
fragments, although these have been transported only
a short distance. Slow cal careous sedimentation rates
and reworking of bioclastic layers are indicated,
superimposed onwhich isiceberg-rafting of terrigenous
sediment. Deposition isprobably in adistal position to
the glacier grounding-line.

Lithological Unit 4.1 (33.82-43.55 mbsf), Diamicton

Description. Lithological Unit 4.1 comprises weakly
stratified, clast-poor to clast-rich muddy to sandy
diamicton. Coloursrangefromolivegrey (5Y 4/1)toolive
black (5Y 211). Thesediment iscompact and uncemented.
Bedding is defined by gradational contacts and gravel
concentrations. Clast abundance covers the full range of
diamictontypes(1-30%), but averagesabout 3-5%. Clasts
are mainly subrounded to subangular in shape.
Lithologically, theclastsincludevol caniclastic sandstone,
granite, mudstone and dolerite. Minor clast lithologies
include breccio-conglomerate (up to 80% clasts), sandy
mudstone, pebbly fine-grained sandstone and fine-grained
volcanic sandstone. A few fossil fragments occur at 4
levels. The core is brecciated below 40 mbsf. The
sedimentary contact with Miocene sandstone is missing,
and the rock is heavily fractured above and below the
boundary.

I nter pretation. Shallow-marinesedimentation, with
a high input of iceberg-derived debris, isenvisaged in
a proximal glacimarine setting. Alternatively,
deposition near the grounding-line is possible.
Background sedimentation of sand and suspended mud
is evident in phases with less intense iceberg-rafting,
indicating slightly advanced glacier conditions
compared with adjacent beds.

SEQUENCE STRATIGRAPHICINTERPRETATION

A preliminary sequence stratigraphic model has been
developed for the entire section cored in CRP-1 (see
Miocene Strata, this volume - section on Sequence
Stratigraphic Interpretation). Themodel attemptstoaccount
for cyclical vertical arrangements of lithofacieswithinthe
core by invoking cycles of relative sea-level change

associated with advance and retreat of glaciers across the
area of the drillsite.

For the most part, thelithofaciesrecognised within the
Quaternary part of the core are comparable with those
from the Miocene section. The principal differenceliesin
the occurrencedf a bioclagtic carbonateinterva (31-34 mbsf:
Facies B3, B4), which hasbeen interpreted asthe deposits
of arelatively offshore, quiet, intermittently current-washed
marine environment. Assuch, it is broadly similar to the
fine-grained clastic facies (B2), perhaps with sonic
differencesin water temperatureand clarity, etc. Usingthe
Facies Scheme detailed above, and the premises outlined
in Miocene Strata, section on Sequence Stratigraphic
Interpretation (this volume), two complete cycles can be
recognised within thecored Quaternary section. These are
comparable in vertical facies succession and thickness to
thosein the Miocenesection, and aretherefore interpreted
inthesameway (see Miocene Strata, thisvolume - Fig. 3,
section on Sequence Stratigraphic Interpretation). One
significant implication of this is that the controls on
sediment accumulation (and perhaps environmental
conditions) that were active in the Miocene were also
active in the Quaternary.

SEDIMENTOLOGY
INTRODUCTION

In addition to the characterisation of thecored sediment
by describing its visual appearance as exposed on the cut
surface of the working half, several more specific
sedimentological techniques were used. These additional
dataareused to help characterise thesediment morefully in
order tofacilitate environmental interpretations and also to
help in facies designations. T he techniques employed were
half core X-radiography of particular intervals, clast shape
analyses in diamictons and diamictites, variation of clast
proportionsdownthecore, and acomprehensivedescription
of thecarbonate-richinterval between31.89 and 33.82 mbsf.
Results from these studies are summarised below.

X-RADIOGRAPHY AND SEDIMENTOLOGICAL
FEATURES

X-radiographicimagesof thehalf-coreswereobtained
usinga Torrex 120-D x-radiographicmachinethat produces
real-timevideoimagery as each 1-m-long section of core
is passed through the machine. The imagery of the split
working half of the core wasrecorded on S-VHS (NTSC
system) video tapes before any sampling had taken place.
Settingsof x-ray intensity used for exposing the Quaternary
section were mostly at 4 mA and 85kV.

The Quaternary sectionisvery weakly lithified and
consequently, most of thecorecould not be X -radiographed
becauseitwasnotinacoreliner. Thetotal thickness of
Quaternary age sediment X-rayed was only 1.91m
(c. 4% of the total Quaternary section). A further
problem with X-radiographing this section is its
brecciated character, at least in approximately the
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Tab. 2 - List of the x-radiographed intervals.

Lithology

Diamicton

Sandy diamicton

Sandy diamicton
Laminated shelly sands
Diamicton with pebbles
Diamicton with pebbles
Diamicton

Diamicton

Box Interval

1 20.58-21.04
25.72-26.35
27.10-27.43
32.55-32.82
40.66-40.90
41.95-42.06
42.35-42.42
44.28-44.44

[ R

~~3

lower 10 m. A list of the x-radiographed intervalsis

presented in table 2 and significant features that were

noted in these intervals include:

1. Diamictons are internally structureless and do not
appear to have apreferred orientation of their clasts as
seen in thevertical face. They appear to be moreclast-
rich and sandy (e.g., 20.58t021.04 mbsf; Fig. 2a) than
thediamictites in the older intervals of the corebelow
about 45 mbsf.

2. Confirmationthat thecarbonate-richinterval isstratified
isbased ontherelativeproportionsof carbonatesand and
siliciclasticsediment (e.g.,32.60t032.80 mbsf; Fig. 2b).
Contacts between the very thin beds defined by this
variation are gradational on 0.5-1.0cm scale.

CLAST VARIABILITY

Theproportion of areacovered by clastsonthecut face
of the working half of the core, as expressed as clast
percentage, is presented in figure 3 plotted against the
stratigraphic depth. These percentages are strongly
influenced by thesizeof individual clasts, and that problem
ispartly addressed by presenting simplenumber counts of
clasts in the 4-m-log (Appendix 2). Variations in clast
percentages are often used as an indicator of proximity to
a glacier, and in CRP-1, there is a strong correlation
between high clast percentages and the occurrence of
diamict. However, individual diamict units contain
different clast proportions. For example, the diamictite of
Unit 6.3 has a mean clast concentration of about 10%
whereas the diamicton of Unit 4.1 has a mean clast

b,

Fig. 2-Two X-radiographs from the Quaternary interval wherescaleis
shown as5 cm of depth between thetick marks on theleft and right side
of the image. The first image (a) is of the diamicton at 20.70 mbsf
showingitsstructureless, coarsetexture. The other image(b) at 32.60 mbsf
isin the carbonateinterval and shows the higher siliciclastic content of
layers a the top and bottom of theimageversus the shelly-rich debris of
the thin bed in the middle.

concentration of greater than 20%. Furthermore, the
proportionsof clastsvary greatly withinindividual diamict
units, often between 1% and 100%; the latter number
indicates clasts larger than the core diameter.

percentage of clasts
i

o 20 40 60

80 100 120 140
depth {(m)

Fig. 3 - Clast percentage, counted on the cut surface of the core working half, plotted against the stratigraphic depth of the CRP-1.
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CLAST SHAPE
Introduction

Clastsoccur in much of the Quaternary interval of the
CRP-1 coredown to adepth of 43.55mbsf. They are more
abundant in thediamicton units, making thesesuitablefor
clast shape analysis. The three diamicton units sampled
were lithostratigraphic Units 4.1 (33.82-43.55mbsf), 2.3
(22.00-29.49 mbsfj and 2.1(19.13-22.00 mbsf). A total of
86 clasts were removed from the core and examined. Of
these, 34 (39%) were whol e clasts, the remainder having
been coredor sawn. Lithology of each clast wasdetermined
and the roundness assessed using the Krumbein-Powers
visual roundnesschart. Clastswere then examined for the
presence of facets and surface features such as striae.
These data are summarised in figure 4.

Roundness

Roundness of clastsin each unit is shown graphically
in thehistogramsin figure 4, and these distributionshave
been compared with histograms of clast roundness from
sediments in a modern glacially influenced Arctic
environment (Bennett & Glasser, 1996). Unit 4.1 at the
base of the Quaternary section showsa broad distribution

alii
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with a mean roundness of 0.35 (subangular) typical d
subglacially transported debris. Theoccurrence of rounded
clastsmay indicate thereworking of older fluvial material
into the glacia source.

Only 14 clasts were collectable from Unit 2.3, which
isless than desirable for reliable characterisation of the
unit. However, the limited data show a similar broad
distribution but with a marked pesk in the subrounded
category, indicating the clasts are also from subglacial
debriswith reworked fluvial component. Incontrast to the
two lower diamicton units, amore reliabledata set of 40
clastsfrom Unit 2.1 provides amorecomplex distribution
with peaksin the angular and subrounded categories and
a mean roundness of 0.32 (subangular). This is still
consistentwithasubglacial debrisassemblagebut suggests
also that supraglacial sourced debris is included in the
deposit.

Striae, Facetsand Lithology

Striae and facets occur on clastsin the diamicton units
and aredistinguishing characteristicsthat provide evidence
of basal transport in a glacier. Development of these
featuresdependslargely on clast lithology. The dominant
lithologies in these units are granite and dolerite (over
60% in al three units) with the rest being volcanic and
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sedimentary in origin. While facets are present on ovei
40% of clasts from all three units and on dl lithologics,
striaeare losscommon and found only on thefinegrained
volcanic, sedimentary, and some dolerite clasts. Unit 4.1
displays 6% striated clasts. Unit 2.3hasnone and Unit 2. |
has17%striated clasts. Several of theseclasts showed two
and possibly three sets of striae indicating basal transport
inaglacier.

Summary

The shape characteristics of clastsin the diamicton
units of the Quaternary interval of the CRP-1 core
suggest the clasts have undergone subglacial transpoit
with the incoiporation of reworked, rounded clasts
and, in the case of Unit 2.1, a possible supraglacial
component. This indicatesicegrounded near thesite o
actively calving icebergs introducing ice-iafted debris
to the deposit.

DESCRIPTION AND INTERPRETATION OFTHE
CARBONATE-RICH UNIT

Introduction

A carbonate-rich unitintheQuaternary section between
31.89 and 33.82 mbsfliesinsharp contact with underlying
and overlying, predominantly terrigenous sediments
(Fig. 5). Hereadetailed description of thispeculiar unitis
provided in order to describe the sedimentary facies,
characterize their vertical organization, and interpret their
depositional setting.

Ten undisturbed bulk sampleswereinspected in detail
under abinocular microscope for describing microfacies,
fabricand major components. Sampleswerethen washed
on standard sievesof different mesh-sizeand the residues
were analyzed to better evaluate the components in the
variousfractions (Tab. 3).

Carbonatesof thisunit areentirely skeletal, consisting
of whole to fragmented hard parts of benthic organisms
(Fig. 6). This is hardly surprisingly since biogenic
production is the only known Quaternary source for
Antarctic carbonate sediments (Domack, 1988; Taviani et
al., 1993). Coarse to minute bryozoan skeletal debris
predominates over other bioclastic components (mostly
foraminifers, molluscs, echinoids and octocorals). As
such, these carbonatesbasically represent abryomol type
of sediment, typical of cool-water shelves (Nelson et al.,
1988; Schafer et al., 1996).

Description

A detailed sedimentological analysis of the
carbonate-rich unit allows us to distinguish four main
intervals (Fig. 7).

Thecoreinterval between 33.82-33.30 mbsf isamixed
siliciclastic-carbonate sediment with a 10-40% biogenic
component. The contact with the underlying diamicton
unit is sharp. The colour is greenish grey, gradually
becomingdarker intheupper part. Theterrigenousfraction
includes silt and fine-to-very fine polymictic sand; some

32.82  31.82

31.89

Fast Track

33.30

L
33.82

32.82

Fi g. 5 - Photographiclog of the carbonate-rich unit (from 31.89 to
33.82rnbsf).

granules and small pebbles are present throughout this
interval, but their frequency increases upwards. The
biogenic sandy-fraction includes bioclasts/biosomes
derived from bryozoans, foraminifers, octocorals,
gastropods, bhivalves, sponge (spicules), barnacles and
echinoids.

The base of the interval is thin bedded due to the
alternation of coarse bioclast-rich and fine bioclast-poor
layers (Fig. 8). This vertical arrangement becomes less
evidentin the upper part, wherelayering ispoorly defined.
Often, elongated fragments of bryozoans and octocorals
show imbrication and preferred orientation within the
coarse layers.

Theinterval between 33.30-32.82 mbsfrecordsadecrease
inthecarbonatecomponent (to10-15%). Thecol our darkens
rapidly to become olive black at the very top.

This interval shows an increase in ice-rafted debris
(IRD) culminating at 32.90 mbsf in the deposition of a
predominantly polymictic, poorly sortedlayer withcobbles
upto20cm (Fig.9). Apocket of coarse, mixed terrigenous-
carbonate sediment is evident at the base of a large
doleritic cobble (32.95mbsf). Thebioclasticcomponentis
mostly echinoid spines and largeflat bivalve fragments.
Overall, the carbonate biogenic fraction is similar in
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Tab. 3- Description and compositional characteristics of representative intervals of the carbonate-rich unit.

Interval Sediment type Main biogenic components Comments
(mbsf) >1 mm > 500 um >63 pum
31.93 mixedsiliciclastic- bryozoans bryozoans bryozoans, predominance of
31.90 carbonatesand (dominant), (dominant),  foraminifers, lithics (including
benthic benthic echinoids significant volcanic
foraminifers, foraminifers, (spines) glass)
bivalves, octocorals,
gastropods, serpulids,
octocorals, sponges
echinoids (spicules),
(spines), bivalves,
serpulids, gastropods,
brachiopods  echinoids
(spines),
brachiopods
32.40 Dbioclasticfine-medium  bryozoans, bryozoans, foraminifers, multiplegrain thin
32.37 sand(carbonate gastropods, gastropods bryozoans, layers (up to 1.cm),
component up to benthic echinoids preferred orientation
60-70%) foraminifers, (spines) of elongated particles
bivalves, (bryozoans),
octocorals, clay chips
echinoids
(spines),
ostracods,
serpulids
32.37 Dbioclasticfine-medium  bryozoans, bryozoans, bryozoans,
32.34 sand(carbonate gastropods, gastropods,  foraminifers,
component up to bivalves, bivalves, echinoids
60-70%, or higher in the serpulids, echinoids (spines),
finefraction) echinoids (spines), octocorals,
serpulids sponges
(spicules),
gastropods,
bivalves
32.61 bioclasticfine-medium  bryozoans, foraminifers, foraminifers, well defined couplets,
32.58 sand(carbonate gastropods, bryozoans, bryozoans, imbrication and
component up to bivalves, sponges echinoids preferred orientation
70-80%) octocorals, (spicules), (spines) of elongatedparticles
serpulids, ostracods, (octocoralsand
echinoids gastropods, bryozoans),
(spines), bivalves, clay chips
bivalves octocorals,
serpulids
32.80 silty finesand with octocorals, octocorals, foraminifers, somebiogenic
32.77 bioclasts (with scattered bivalves, foraminifers, octocorals, particles areyellow-
volcanic granules and echinoids echinoids bryozoans, stained, fragmented
small gravels) (spines), (spines), echinoids andworn (relatively
bryozoans, ostracods, (spines), prolonged exposure
barnacles, serpulids sponges on thesea-bottom)
gastropods (spicules)
32.98 sandy silt with bioclasts bryozoans, bivalves, foraminifers, largest bioclasts
32.95 (carbonate component gastropods, gastropods, echinoids concentrated below a
c. 15%) echinoids echinoids (spines), dolerite cobble,
(spines), (spines), bivalves, terrigenousfraction
octocorals, octocorals sponges predominantly
barnacles (spicules) volcanic
33.01 silty sandwith bioclasts bryozoans, bivalves, foraminifers, terrigenous fraction
32.98 (carbonatecomponent gastropods, gastropods, echinoids predominantly
c. 10%) benthic serpulids, (spines), volcanic
foraminifers, echinoids bivalves,
bivalves, (spines), sponges
echinoids octocorals (spicules)
(spines),
octocorals,

barnacles
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Interval Sediment type Main biogenic components Comments
(mbsf) >1 mm > 500 um >63 pm
13.34 mixedsiliciclastic- bryozoans, bryozoans, bryozoans, wel definedcouplets,
33.31 cabonatesand bivalves, bivalvcs, foraminifers, imbricationand
serpulids, serpulids, sponges preferredorientation
echinoids octocorals, (spicules), of elongatedparticles
(spines), gastropods,  echinoids (octocoralsand
gastropods,  formas, (spines), bfyozoans)
octocorals,  echinoids serpulids,
benthic (spines) ostracods
foraminifers
33.53 mixedsiliciclastic- bryozoans,  foraminifers, foraminifers,
33.50 carbonatesand echinoids gastropods,  bryozoans,
(spines), bryozoans,  sponges
benthic echinoids (spicules),
foraminifers, (spines), echinoids
octocorals,  ostracods (spines)
barnacles,
bivalves
33.75 mixedsiliciclastic- bryozoans, foraminifers, foraminifers,
33.72 carbonatesand echinoids bivalves, echinoids
(spines), gastropods,  (spines),
benthic bryozoans,  ostracods,
foraminifers, echinoids bryozoans,
octocorals,  (spines), sponges
bivalves, ostracods (spicules),
gastropods, bivalves
serpulids,
barnacles

composition to the interval below. The mgjority of the
coarse bioclastic fraction is concentrated just below the
dolerite clast. Thisinterval appearsto be massive with no
evidence of layering.

Abovethe IRD layer, thehterva between32.82-31.95mbs
represents a peak in carbonate accumulation making
up to 70% or more of the sediment. The main biogenic
components are foraminifers, bryozoans, bivalves,
gastropods, octocorals, echinoids, sponges spicules,
ostracods and serpulid worm tubes. In a few cases,
bryozoans appear to be preserved in growth position
(32.50 mbsf: Fig.10). Theterrigenousmatrix i srepresented
by silt and fine-to-very-fine sand with minor amounts of
coarser dolerite and volcanic granules.

This interval displays a well-developed, thin
alternation of bioclast-concentrated (up to several cm
thick) and bioclast-depleted levels (normally only few
mm thick). Thecoarse bioclasticlayers normally show
preferred orientation of elongated bioclasts (generally
bryozoansand octocorals) or animbricated fabric, and
in placescontain small clay chips. Thecontact between
coarse and fine-grained layers is always discrete, but
no evidence of abrupt or scoured surfaces is
recognizable.

The interval between 31.95-31.89 mbsf shows a
decreasein thecarbonatefraction and agreater admixture
with ice-rafted detritus. The biogenic component is
represented by foraminifers, bryozoans, echinoids,
octocorals, and bivalves. The terrigenous component is
dominantly poorly sorted silt and fine sand with small
dolerite pebblesand granules.

Facies definition

The entire carbonate-rich unit can be conveniently
subdivided into two main facies, based on overall
composition, proportionbetweenterrigenousand biogenic
components, type of sedimentary structures and fabric.

Facies A isbasically represented by aternating mm-
to-cm-thick, medium to coarse bioclastic layers
(packstones) and finer, mm-to-cm-thick muddy layers.
Bioclastic layers often display imbricated fabric, total or
partial absenceof matrix, preferredorientationand packing
of its skeletal components (mostly bryozoans). Muddy
layersoften retaindelicate aragonitic biosomes. Incertain
intervals, thereis aternation of coarse and fine-grained
layers, forming distinct coupl ets(Fig. 8). Admixturewith
terrigenous components varies considerably.

The ratio between terrigenous and bioclastic
components may serve to subdivide Facies A into two
main subfacies.

Subfacies A1 is predominantly terrigenous, athough
carbonatecomponentsareobvious, but often below ¢. 15%.
Subfacies Al typifiesthelower part of thecarbonate-rich
unit, between 33.82 and 33.30 mbsf. Couplets are well
developed (Fig. 8).

Subfacies A2 is predominantly carbonate (CaCO,
content up to c. 70-80%), athough variable admixture of
lithics may bepresent. When preserved (Fig. 10), couplets
are thinner than their equivalents in Subfacies Al. A
distinct series of couplets predominates in the interval
between 32.82 and 32.25 mbsf, grading upwardinto more
homogeneous, coarser, bioclastic sands. This subfacies
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H g. 6 -Examplesof grain assemblages from the carbonate-rich unit. a) Carbonate-dominated particle assemblage (fraction > 500 mm): sediment is
prevaently fragmented bryozoans, echinoid spines and sponge spicules (32.34 mbsf). b) Carbonate-dominated particle assemblage (fraction > 500 mm):
skel etal particlesare very diverseandincludefragmented bryozoans and molluscs, benthicforaminifers, echinoid spines and sponge spicules(32.77 mbsf).
c¢) Bryozoan-dominated skeletal assemblage (fraction > 1. mm); note absolute predominance of elongated-bryozoan skeletal parts (32.58 mbsf).
d) Bryozoan-dominated skeletal assemblage (fraction > 1 mm); note absolute predominance of foliaceous-bryozoan skeletal parts(32.37 mbsf).
e) Typical bryomol-type carbonate sediment (fraction > 1mm) showingoverwhel mingimportaneeofbryozoan andmolluscskel etal parts(32.31 mbsf).
f) Peculiar echinoid-rich gravelly-sand from the base of alarge dolerite cobble (32.95 mbsf: fraction > 1 mm).

characterizes theinterval between 32.82 and 31.89 mbsf,
laying immediately above an IRD rich layer.

Facies Bisapredominantly terrigenous sediment with
littleadmixure of abioclasticcomponent. It may incorporate
almost bioclastic-free, pebbly-gravelly sandsrepresenting
IRD(32.98 mbsf: Fig. 9). The contacts (c. 33.30and31.95 mbsf)
with underlying FaciesA are gradational.

Discussion

A persistent depositional theme seemsto characterize
theentire carbonate-rich unit. The most prominent feature

is the repetition of current-influenced bottom conditions
resulting in the formation of shell lags alternating with
muddy layers. Times of little current activity are marked
by the deposition of fine-grained sediment veneers, but
these are seldom preserved intact. Currents had enough
energy to rework carbonate grains, causing total or partial
winnowing of the fine matrix, imbrication of clasts and
preferred orientation of elongated particles.

A palaecodepth in excess of 100 m (possibly in the
range of 100-150 m or more) has been inferred from the
fossil assemblage. Considering the estimated water
palaeodepth, it is hypothesized that currents may have
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H g. 7- Schematic log showing the principal intervalsrecognized in the
carbonate-rich unit.

been generated during particularly strong storms, not by
the direct action of waves, but possibly by return flow
currents. Theresulting energy was moderate asevidenced
by the: (1) preservation of delicate skeletal biosomes
within packstones(includingthin-walledaragoniticshells),
(2) lack of substantial wear in many bioclasts, (3) recurrent
preservation of previously-deposited thin layers,

F g. 8- Example of the coupletsin the Facies A1 (33.80-33.66 mbsf).

H g. 9-Detail of the upper part of the Facies B, dominated by ice-rafted
detritus. Note relative coarsening of sediment a the base of the large
dolerite cobble, possibly eddy-generated (32.85-33.09 mbsf).
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H g 10- Detail of thel ower partof Facies A2, showinghighconcentration
of bioclastic sediments. The couplets are thinner thanin FaciesAl. In
thelower part bryozoans appear to preserved in growth position; inthe
upper part fragments of bryozoans and octocorals display imbricated
fabric (32.44-32.67 mbsf).

(4) complete absence of biota typically thriving under
strongbottomcurrents. Itislikely that most bioclastswere
sourced only ashort distanceaway fromtheir depositional
setting, as suggested by substantialy in sizu branched
bryozoans in close association with bryozoan-rich
packstones.

Skeletal carbonate muddy sandswithsimilar biotaare
known to occur in the upper Pleistocene and Recent of
Antarctic banks and deep-shelves (e.g., Taviani et d.,
1993). There, carbonate sediment may beformed because
of thecombination of healthy benthicbiol ogi cproductivity,
open-marine conditions, the absence of an ice-shelf,
relatively shallow-water depths, and little dilution by
terrigenous sediment. It is reasonable to infer that the
topographic high on which the site has been drilled had
temporarily acted asasediment-starvedbank under open-
marine conditions where carbonate biota could thrive at
times during the Pleistocene.

Thisdepositionalthemeshowstemporaryinterruptions,
notably by fluxes of poorly sorted terrigenous sediment,

most probably ice-rafted detritus. The most conspicuous
of theseeventsismarked by thecobble-bearinglayer. The
external surfaceof thecobbleisdevoidof attached epifauna
(foraminifers, bryozoans, barnacles or coras) or thei
biological scars, suggesting short-lived sea-bottom
exposure. The sandy fraction of this IRD layer shows
evidencedf reworking by bottom currents.

In summary, the carbonate-rich unit isinterpreted as
bank-type sedimentation occurring under open-marine
conditions. The presence or absence of seasonal sea-ice
cannot be established based on the carbonatesedimentary
record alone. Fair-weather conditions are marked by the
depositionaf muddy layers. Storm-triggeredcurrents may
have been episodical, but they generate deposits that are
possibly better recorded in the unit because thin, fair-
weather layers were more easily winnowed away o
reworked. The supply of terrigenous sediment to the
carbonate bank wasinitially high, diminishingwith time.
The time of prolific carbonate production over the bank
marks a period of glacial retreat and optimal climatic
conditions. Thecompleteshut-off of thecarbonatefactory
seems to have been quite an abrupt phenomenon, likely
linked to aglacial readvance.

PETROLOGY

INTRODUCTION

Theclastic (rock and mineral) content of the Quaternary
sequence is characterized here. A variety of different
methods of analysis was used, based on a primary
subdivision according to grain size. The distribution and
typeof coarseclasts(>2 mm)wasexaminedvisually inthe
core and on selected samples using thin sections; sand-
size grains were examined in samples selected from dl
lithologies encountered, but with special emphasis on
sand layers, mainly using smear slides; and XRD
measurementsusing an automated diffractometer system
wereused toidentify and quantify clay mineralsin thesilt-
grade fraction of bulk samples. Together, these methods
enabled the provenance and down-hole provenance
variationstobedocumentedqualitatively,detail sof which
are given below.

BASEMENT CLASTS
Introduction

Thissection presentstheprimary resultsof apreliminary
petrographical investigation of basement clasts in
Quaternary strata of the CRP-1 borehole. The supply of
clasts from the Precambrian-lower Paleozoic basement
into Quaternary marinesedimentsin theMcMurdo Sound
area has previously been documented only in a short
sequence (<10 m) recovered in the MSSTS-1 borehole,
wheregranitoidand metamorphicrockshavebeenreported
(Barrett et a., 1987). Because of the potentialy longer
timeinterval recorded in the CRP-1 core, the distribution
and lithological nature of CRP-1 basement clasts may
provide a larger dataset recording denudation of the
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crystalline basement during the Quaternary. This section
describesthe pebble-and granul e-sizeclassesand deduces
the mogt likely sources.

M ethods

Sampling, macroscopicobservationsand preliminary
petrographical analysis(polarizedlight microscopy) were
carried out following a preliminary subdivision of clasts
into two main grain-size groups:

1. pebbleswith diameterslarger than 8 mm, which were
extensively sampled and will be included in future
laboratory investigations;

2. granules and small pebbleswith diameters less than
8 mm, which were examined in the core using ahand
lens; selected samples were also examined under the
stereo-microscope.

The 8 mm size limit is conventionally chosen as the
minimum clast size needed to obtain a detailed and
exhaustive petrographical characterization of medium- to
coarse-grained rock clasts.

A sampling strategy was adopted to ensure that a
collection of samplesrepresenting all rock typesinthe
core was obtained. Only small specimens (<1x2x0.5
cm) were completely sampled, whereas most of the
coarse pebbleswere cut parallel and orthogonal to the
coreaxisin order to avoid completeremoval of awhole
core segment. Particular care was taken during clast
sampling to ensure minimal removal of adhering fine
matrix.

Results

Thecontent of crystalline-basement clastsisgenerally
high and ranges up to 40% of the core volume. Fourteen
samples were collected and listed in table 4. This table
records their clast shape and dimensions, lithology and
stratigraphical position. Thetable aso includes the main
petrographical features, as well as the most probable
source-rockunitsfromthecrystallinebasement of Victoria
Land.

Figure 11 shows the range of lithologies, distribution
of the different rock types with depth, and their
stratigraphical position within the Quaternary strata.
Smaller pebbles and granules are mainly represented by
fragments of grey biotite granite in theinterval between
16.06 mbsf and 21.90 mbsf, whereas pink biotite granite
is the dominant rock facies in the lower part of the
sequence. Coarser pebbles are also mainly composed of
grey biotitegranite, whereasother rock typesaredistinctly
subordinate and includethree occurrences of fine-grained
foliated granitoid(at 38.04, 42.35 and 43.44 mbsf), two of
biotite haplogranite (20.90 and 30.94 mbsf) and one of
pink felsic volcanic rock (at 16.06 mbsf).

The grey bictite granite clasts have isotropic fabrics
and medium-grained equigranular hypidiomorphic
textures. Feldspar phenocrystsare typically 3to 8 mmin
length. Mafic minerals comprisebiotiteandrarehornblende
and constitute 8 to 10% of the rock. Preliminary
petrographical analysis of one sample suggests a
monzograniticcornnositionandincipient greenschistfacies

ateration (sericite after K-feldspar; saussurite after
plagioclase; FeMg-chlorite and titanite after red-brown
biotite).

The grey biotite haplogranites are very fine- to fine-
grained and equigranular hypidiornorphic with a low
modal content of red-brown biotite (3-7%).

The foliated granitoids are fine-grained and mainly
consist of palegrey plagioclasecrystals, upto1-2 mmin
length, set in achlorite and /or green biotite-rich matrix.
The foliation, defined by the preferential orientation of
phyllosilicate lamellae, wraps around the plagioclase
crystals, providingevidence of sub-solidus(post- or late-
magmatic) deformation.

The pink felsic volcanic rock contains phenocrystsof
feldspar, quartz (rare) and biotite(rare), setin avery fine-
grained orange-pink groundmass (recrystallized glass?).
The phenocryst mineralogy suggests a rhyolitic
composition.

Provenance

Two main sources can be inferred on the basis of the
dominant lithologies and both are part of the Granite
Harbour Igneous Complex (calc-akaline granitoids of
Cambro-Ordovician age), which cropsout extensivelyin
the Transantarctic M ountainsover adistanceof c. 2000 km.
Thetwosourcesare; 1) post-tectonicgranitoids,including
either discordant plutons (for grey biotite monzogranites)
or dyke swarms (for haplogranites); 2) syntectonic
granitoids, including either elongated plutons or sills
(foliated granitoids) (Gunn & Warren, 1962; Allibone et
al., 1993a, 1993b). Available on-shore geological data
indicate that both intrusive suites crop out extensively
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Tab. 4 - Basement clasts in Quaternary strata: list of sampled clasts and preliminary petrographical data.

Sample Hole Box Top Bottom Clast Approximate Lithology  Main petrographical features Inferred Lithostx-atig uphic
code (mbsf) (mbsf)  shape size (cm) _ provenance Unit
TAL60 CRP-1 1 1606 1608 sub- 4x5x3 pink felsic ryolitic composition (?), Late 1.1
angular volcanic nick  phenocrysts of feldspar, rare  Paleozoic
quartz and biotiteset inavery  Gallipoli
fine-grained orange-pink Volcanic
groundmass, Smilar to TAL19  Suite (?)or
G.H.I.C*
TAL61 CRP-1 1 16.07  16.08  rounded 3x2x2 grey biotite fine to medium-grained, G.H.l.C. L1
granite isotropic fabric, M = 10%
TAL62 CRP-1 1 2036 2039 sub- 4x3x3 grey biotite  isotropic fabric, equigranular  G.H.I.C. 1.1
angular granite (medium-grained). M = 8%,
feldspars: 3t08 mm
in lenght
TAL63 CRP-1 1 2052 2055 sub- 3x2x2 grey biotite  isotropic fabric, equigranular ~ G.H.I.C. 1.1
angular granite (medium-grained). M = 8%,
feldspars: 3 to 8 mm
in lenght
TAL64 CRP-1 1 2190  21.93  angular 0.5x1x1 grey biotite- isotropic fabric, equigranular  G.H.I.C. 11
bearing (fincgrained), M = 3%
haplogranite
TAL65 CRP-1 3 3034 3035 angular 2x1x0.5 grey biotite  isotropic fabric, equigranular ~ G.H.I.C. 3.1
haplogranite  (very fine-grained), M = 7%
TAL66 CRP-1 3  30.62 30.65 angular 4x2x2 grey biotite  isotropic fabric, equigranular G.H.I.C. 3.1
granite (medium-grained), M = 10%,
similar to TAL 25, 27, 30
TAL67 CRP-1 4 3420 3422  angular 2x1x1 grey biotite  isotropic fabric, eguigranular GH.L.C. 4.1
granite (fine-grained), alkali feldspars:
2-5mm inlenght, M = 8%
TAL68 CRP-1 5 3804 3805 sub- 1x1x1 very fine-  very fine-grained, plagioclase ~ G.H.I.C. 4.1
rounded rained crystals, up to L nminsize, set
oliated In a green micaeous matrix
granitoid (chlorite or green hictite),
similar to TAL 40
TAL69 CRP-1 6 3945 3950 sub- 5x%6x5 grey biotite  isotropic fabric, equigranular  G.H.I.C. 4.1
rounded granite (medium-grained), feldspars:
1-4 mminlenght, M = 10%
TAL70 CRP-1 6 3974 39.77 angular 2x3x2 alteied isotropic fabric, dark grey, G.H.l.C. 4.1
granitoid medium-grained equigranular
TAL71 CRP-1 6 4090 40.95 sub- S5x6x4 grey biotite isotropic fabric, heterogranular ~ G.H.I.C. 4.1
rounded granite (medium- to coarse-grained),
M =10%
TAL72 CRP-1 6 41.92 4195 sub- 2x3x%2 altered isotropic fabric, G.H.I.C. 4.1
rounded granitoid dark colour
TAL73 CRP-1 7 4235 4236 rounded 1x0.5x0.5 fine-grained fine-grained, plagioclase G.H.I.C. 4.1
foliated crystals, upto 1 mminsize, set
granitoid In a green micaeous matrix
(chlorite or green hictite),
similar to TAL 40
TAL74 CRP-1 7 sub- 1x1x0.5 grey foliated  fine-grained, foliated fabric, G.H.I.C. 4.1
rounded bictite granitoid  foliation defined by biotite,

M = 10%

Note: Lithostratigraphic unit designation followsfigure 18 of Background to CRP-1(this volume); M = colour index (percentage of mafic minerals);
* Granite Harbour Igneous Complex. Samplesreferred to in the column on petrographical features arefrom the Miocenestrata (see Tab.3, Miocene

Strata, thisvolume).

along the coast between Cape Robertsand Cape Ross,
and in the mountain rangesnorth and south of MacKay
Glacier.

A local provenanceis uncertain for the pink rhyolite
pebble. Thisrock typeisclosely smilar petrographically
totheporphyriticrhyolites of thelL atePalaeozoic Gallipoli
Volcanics (Dow & Nedl, 1974) in northern Victoria
Land. Alternatively it might represent avolcanic product
of thecalc-alkaline GraniteHarbour igneous activity. The
occurrence of Cambro-Ordovician volcanic rocks has
previously not been reported from the area between the
Ferrar and MacKay Glaciers. Minor rhyolites alsooccurin
the Cenozoic McMurdo Volcanic Group (Erebus and
Melbourne volcanic provinces; Kyle, 1990; Armienti et
al., 1991), but they consist of aphyric obsidians and are
perakalinein composition.

CLAY MINERALOGY

Clay mineral analyseswereperformed on 3 Quaternary
samples. After sieving thesamples through a63 jum mesh,
the clay fraction was isolated from the silt fraction by
settlinginglassbeakers. Theclay fraction wasconcentrated
by centrifugeand thendispersedin about 10 mi water. The

clays were mounted as texturally oriented aggregates by
dropping about 1. ml of clay suspension onto aluminium
tiles and evaporating the water. The mounted clays were
solvated with ethylene-glycol vapour for about 12 hrs
immediately before the x-ray analyses.

The XRD measurements were conducted on an
automated diffractometer system Rigaku Miniflex
with CuKa radiation (30 kV, 15 mA). The samples
were X-rayed in the range 2-40 °26 in steps of 0.01°26
with ameasuring time of two seconds per step. The x-ray
diffractograms were evaluated on an Apple Macintosh
Personal Computer using the “MacDiff” software
(Petschick, unpublished freeware).

Thestudy concentrated on the abundance of themain
clay minera groups smectite, illite, chloriteand kaolinite
based on the integrated areas of their basal reflections at
¢. 17 A (smectite), 10A (illite), 7 and 3.54 A (chlorite), and
7and 3.57 A (kaolinite). Only rough estimatesrather than
percentagescanbegiven (Tab.5),becausedf anincomplete
separation of the clay from the silt fraction, and because
the textural orientation of the clay aggregates on the
mounts was incomplete. Especialy in coarse-grained
sediments, the clay content wastoosmall or theclayswere
not sufficiently crystalline to yield a clear diffraction
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Tab 5 Estimates of the abundance of the main clay mineral groups
smectite, illite, chlorite and kaolinite in Quaternary sediments from the
drillcor¢ ¢'RI'-l  The number of crosses isproportional to the abundance
of the clay minerals

Sample Smectite Illite Chlorite Kaolinite
26.89mbsf xxxxx XX X X T
30 | | mbsf dominant

37.50mbsf XXxx X X X X X X

pattern. Thusthe x-ray diffraction patternsobtained from
many of the samples were very poor.

In the Quaternary sequence of the CRP-1 drillhole,
smectite is the dominant clay minera. lllite and chlorite
occur in smaller amounts. Quartz, plagioclase and K-feldspar
areaso presentin al samples. High smectitecontents are
generaly indicative of either chemical weathering under
arelatively warmand humidclimatewithintensehydrolysis
or a source area dominated by basalts. Because the host
sediments show evidence for ice being present on the
nearby Antarcticcontinent throughoutthetimerepresented
by thecore, chemical weathering on land seems to be an
unlikely sourcefor the smectite.

Weathering the Ferrar Dolerite or any other volcanic
rock possibly present in the Transantarctic Mountains or
in East Antarctica is aso an unlikely explanation for the
high smectite concentrations, because basement-derived
or Beacon-derived illite would probably strongly dilute
the smectite. The smectite rather indicates a source local
to McMurdo Sound, which is characterized by basatic
volcanic rocks that occur over awide area between Ross
Island and Mt. Morning(McMurdo VolcanicGroup). The
oldest surface samples of this region are 19 Ma (Kyle,
1990). A ccordingtomagneticsurveys,many morevolcanic
centres of similar size but unknown age exist on the
present Ross Sea continental shelf, beneath the Ross Ice
Shelf and the West Antarctic ice sheet (Behrendt et a.,
1994,1995).

A sourceareaintheMcMurdo Volcanic Groupisalso
suggested by the correlation of high smectite contents
with high concentrations of volcanic glass observed in
smear dides (see Tab. 6). However, glacid transport of
sediment tothedrill sitewasnot restrictedtotheMcMurdo
volcanicoutcrops. Thus, therel atively highconcentrations
of illiteand chloriteaccompanying smectiteat al levelsin
the core indicate the pervasive influence of basement or
sedimentary rocks, asisalsoindicated by thecomposition
of the clasts distributed through the core.

All smectitesintheCRP-1coreseempoorly crystalline.
Poor smectite crystallinities have been observed aso in
the Oligocene and lower Miocenesedimentsof thenearby
drillcores CIROS-1 and MSSTS-1 as well as in the
Plioceneto Quaternary sedimentsof CIROS-2 (Ehrmann,
1997, in press). Although crystallinities are difficult to
interpret, the poor smectite crystallinity seems to be
characteristic of Oligocene to Recent sediments in
McMurdo Sound.

Poor crystallinity is often connected with chemical
weathering and intense degradation processes, whereas
physical weatheringunder agl acial climatetendstoproduce
better crystallinities. Because the Miocene sediments of
the CRP-1 core show evidence for aglacial climate with

physical weathering throughout, the poor crystalinity
cannot be due to chemical weathering on land. Possibly
the intense dteration processes and smectite formation
enhanced in hydrovolcanic rockserupted subaerialy and
beneath the ice or in the sea could be a reasonable
explanation(Jacobsson, 1978; Wohletz& Sheridan, 1983).
Another cause for the poor crystallinities could be the
grain size distribution. Generally, larger smectites result
inabetter crystallinity than smaller smectites. Withintense
glacial scour on the A ntarcticcontinentresultingin diamicts
with abundant silt and clay, smaller and poorer crystalline
smectites could possibly be expected.

SAND GRAINS AND PROVENANCE
Introduction

This section describes a preliminary investigation of
sand grai nsin Quaternary sedimentsinthe CRP-1borehole.
The study was undertaken to determine the major sand-
size mineral and lithic grains present, their relative
abundances and any tempora provenance variations.
Althoughtwoboreholes(MSSTS-1, CIROS-1) were drilled
in McMurdo Sound about 80 km south of the CRP-1
drillsite (Background to CRP-1, this volume - Fig. 1,
section on Introduction), one (CIROS-1) failed to recover
any Quaternary strataand only ashort sequence (<10 m)
was obtained in the other (Barrett et d., 1986; George,
1989). Moreover, theresultsof the MSSTS-1 study relied
ononly twothinsectionsof Quaternary samples. Thus, the
recovery of 25 m of Quaternary sedimentsin CRP-1 has
yielded a valuable opportunity to determine the detrital
sand content of Quaternary debrisin agreater number of
samples and within a potentially longer time frame. The
MSSTS-1 study demonstrated detrital contributionsfrom
Precambrian and lower Palaeozoic granitic and
metamorphic “basement”, quartzosestratacf theDevonian-
Triassic Beacon Supergroup, intrusive Jurassic Ferrar
Dolerites, and akaline volcanic rocks of the Cenozoic
McMurdo Volcanic Group. Detritus derived from the
latter was particularly abundant compared with older
sections of the drillcore.

M ethods

Thelack of automated production of thin sectionsdue
to unantici pated mechanical problems madethestudy rely
on smear dlides for clast identifications. "Fast-track"
samples were disaggregated in water and washed to
eliminate the fine fraction. This also resulted in
unsystematic loss of biotite and this mineral may have
been eliminated from a few samples. However, most
smear dlides were prepared without washing and any
biotite loss is unlikely to be generally important. The
disaggregated samples were then gently crushed in a
mortar toimprovetheseparation of the component grains.
Grains were mounted in resin with a refractive index of
1.56. Although no thin sections were made for the
Quaternary samples, examination of thin sections of
Miocene rocksenabled clast identifications to be verified
visually.
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Modal proportions of all sand grains were estimated
visually using a petrological microscope. Thegrainswere
divided into petrographically similar groups (e.g.,
colourless grains (quartz, feldspar), ferromagnesian
minerals, etc). They aredescribedintable6 andillustrated
infigurel2. Themodal resultsarereported intable7 using
dimensionlesscharacters. Althoughnumerical abundances
arc used in thetext, the valuesare qualitative only and the
data do not correspond to true detrital modes, which
should berestricted to countsof scdimentswith asel ected
restricted grain size (usually medium sand). Most of the
Quaternary samples aredominated by silt and clay-grade
material and only five are composed largely of sand
grains. Thediscussionwill focuson thelatter although the
resultsfor al samples are reported in table 7. Grain-size
effects on the "modes" are thus unavoidable and they
should be treated with caution.

Previous workers grouped their detrital modes to
represent the proportions of sediment derived from the
several mainlocal sources described above (Barrett et al.,
1986; George, 1989). Whilstitispossibletoassignalikely
provenance to most of the clasts observed (e.g., Tab. 6),
the limitations of using smear slides (and afew unstained

thin sections of Miocene samples; Miocene strata, this
volume- section on Sand Grainsand Provenance) prevented
the reliable determination of the relative proportions of
different grain types within each group (e.g., distinction
between K-feldspar and plagioclase). Moreover, many
lithic grainsare opaque or sub-opaque insmear slidesand
often cannot beidentified with certainty. By contrast, the
volcanic-derived grains (i.e. mainly fine-grained lavas,
tuffs and glass) arc often petrographically distinctiveand
it wasrelatively simpleto estimate their proportion. Any
inaccuraciesintroduced by omitting fromthetotal volcanic
counts mineral grains such as"'volcanic" clinopyroxenes
and feldspars are unimportant if the method of estimating
i sused consistently and only relativevariationsin volcanic
detritus between samples are considered.

Results

The most abundant sand-size grains are quartz and
feldspar (oligoclase, andesine, labradorite, bytownite and
slightly kaolinized K-feldspar). Samples with low
abundances of quartz and feldspar are invariably from
diamictons in which sand-size grains are minor. The

Tab. 6 - Petrographical characteristicsand inferred provenanceof siliciclasticsand in the CRP-1 drillcore.

Clast type Description Provenance
Quartz Mainly angular to subroundedgrains; minor but ubiquitous Crystalline basement,
rounded-well roundedgrains; sharp to rarely wavy extinction; Beacon Supergroup.
ubiquitous bubble-trail inclusions and/or rare ?rutile.
K-feldspar Distinctive dusty appearancedueto partial ?kaolinite alteration; Mainly crystalline basement.
grains often abraded; mainly untwinned, raretartan twinning
(microcline); very raresanidine.
Plagioclase Twinned anduntwinned crystals; oligoclaseand andesineoften  Crystalline basement, Ferrar
abraded and show minor sericite and/or rare epidote. Dolerite, ?Kirkpatrick Basalt.
Usually fresh andangular labradorite-bytownite. McMurdo V ol canic Group.
Pyroxene Mainly palegreen pyroxene, in two distinctiveforms: Two dominant sources:
1. abraded translucent grains with conspicuous close- spaced 1. Ferrar Dolerite.
cleavage sometimes marked by ?exsolved opague oxide, and rarer
exsolution lamellae; includes low-Ca augite, pigeonite and
hypersthene;
2. transparent angular calcic augite, very fresh-looking, lacking 2. McMurdo V ol canic Group.
other distinctivepetrographical features.
Wide range of colouredclinopyroxenes (?titanaugite, aegirine).  (McMurdo V ol canic Group)
Amphibole Mainly angular crystalsof green to brownish-green hornblende. Mostly crystalline basement;
?minor input from altered Ferrar Dol.
Minor kaersutite, ?arfvedsonite. McMurdo V ol canic Group.
Biotite Mainly brown flakes, rarely green Mostly graniticandmetamorphic

Minor mineral grains

Lithic clasts

Apatite, zircon, garnet. celadonite, glauconite.
Olivine, aenigmatite, magnetite.
Celadonite, glauconite.

Thinly foliatedfine quartz-sericite phyllite; coarser equigranular
quartz-biotiterock; finepolycrystalline quartz.

Graphic- andvermicular-texturedintergrown quartz and
K-feldspar; platy and bladedplagioclase crystalswith interstitial
quartz, thefeldspar lightly altered (sericite/epidote).
Fine-grainedpilotaxiticfresh lavas; mainly feldspar laths and/or
intergranular ?titanaugite or aegirine.

Fine tuffs containing glassy pyroclasts in very finetuff matrix.
Angular to rarely slightly abradedglass coloured brown, pale
brown, palegreen or colourless; variable vesicularity (colourless
glass may be pumiceous) and feldspar or pyroxene crystals
(including aegirine).

basement; possibleFerrar Dolerite.

Crystalline basement.
McMurdo V ol canic Group.
Alteration of glass.

M etamor phic basement.

Ferrar Dolerite.

McMurdo Vol canic Group.

McMurdo Vol canic Group.
McMurdo Vol canic Group
(basaltic or basanitic, intermediate
andevolved (incl. trachytic)
comvositions.
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F g. 12 - Photomicrographs illustrating the petrographical appearance of key sand grainsin the CRP-1drillhole. a) Abraded grains of quartz (light

grey; centre) and pyroxene (dark grey; top); b) dark brown vesiculated glass with ovoid vesicles; vesiclesin other samples may be elongate; ¢) pale
brownglassof intermediate composition, poorly vesiculated and including oligoclase and clinopyroxenecrystallites; d) colourlessevolved glasswith
rounded vesicles; thisglass typeiscommonly pumiceousand usualy crystal free, alwaysoccurringin samples containingaegirine crystals; €) zoned
clinopyroxenecrystal compositionally zoned progressively from avery pale green augite core to darker green aegirine rims; f) volcanic lithic grain
(lava); itislargely opague because of oxidationof brown glassbut asingle prominent feldspar lath isevident; pilotaxitictexturesaregenerally common

inthelavagrains.

guartz, oligoclase-andesineand K -fel dspar grainsareoften
well rounded (Fig. 12a), whereas grains of labradorite-
bytownite are mostly angular.

Ferromagnesian minerals aremainly translucent, pale
green calcium-poor augite, commonly abraded and
showing prominent dark cleavage or rarer exsolution
lamellae(Fig. 12a). Transparent palegreenangul ar crystals
of calcicaugiteare also common in many samples. Other
ferromagnesian minerals are present in minor to trace
amounts (often <<1%) and include pink (?)titanaugite,
aegirine, (7aenigmatite, (?)kaersutite, and hornblende
(Fig. 12¢); olivine was observed in one sample.

Volcanic glass is very common and occurs in three
distinctive forms: brown, light brown to green, and
colourless(Fig. 12b, c & d). Vesiculationand crystallinity
vary and the glassesare essentially unaltered and lack any
rounding. The colourlessglassis often pumiceous.

Vol caniclithicgrainsareal socommon. They comprise
fragmentsaf oxidisedfine-grainedpilotaxiticlavas, which
have awiderangeof shapesvaryingfrom angular towell
rounded (Fig. 12f).

Other mineral grains present in trace amountsinclude
green and brown biotite, zircon, tourmaline, garnet and
apatite. Bioclastic debris usually comprises traces of



Tab. 7- Summary of qualitative" detrital modes” for grainsd al sizesin Quaternary strata. Datafor samplesformed predominantly o sand areindicated in bold.

Sample Section Lithology Q+F/tot Volc/tot Volec. lith/tot Basic/Evolved Biotite/tot Comments
depth (mbsf) type (aslogged) glass

19.26 Smear Diamicton XXXXXXX XXXXXXX XXXX B XXXX Tr. pyroxene. incl. aeeirine: glauconite

20.66 Smear Diamicton XXKKKKK XXXX XXXX B XXXX Common hornblende

21.47 Smear Diamicton XXXXXXX XXXX XXXX XXXX

24.49 Smear Diamicton XXXXKXX XXXX XXXX B XXXX

25.30 Smear Diamicton XXXKKXX XXXXXXX XXXX B XXXX

26.16 Smear  Sandy mud XXXXXXX XXXX XXXX B XXXX

26.90 Smear Medium sand XXXXXXX — XXXXXXX XX B Tr. bioclastic, aegirine, hornblende,
?aenigmatite, zircon

27.76 Smear Diamicton D:9:0:9,0.0,0.4 XXXXKXX XXXX BBBE XXXX

30.05 Smear Sand XXXXXXX XX XX B XX Somedevitrified basaltic glass; tourmaline, zircon

30.68 Smear Diamicton XXXX XXXX XX BBE XXXX

31.50 Smear Clayey sand XXXXXXX XXXXXXX XX BBBE X Tr. Bioclastic, aegirine, hornblende,
glauconite, tourmaline

32.05 Smear bioclastic sst XXXX XX XX BBBE 50-60% bioclastic; tr. hornblende, ?kaersutite

32.45 Smear Damicton X XXXX BE Some basaltic glass with smectite

33.10 Smear Bioclasticsedt  XXXXXXX XXXX X BBE XX Tr. Aegirine, hornblende, glauconite

33.45 Smear Diamicton XX X BE X Glauconite

33.96 Smear Silt KXXXXXX X B X

35.25 Smear Diamicton XXXXXXX XX XX E Tr. bioclastic, aegirine, hornblende, celadonite

37.70 Smear Diamicton XXXX X B X Scarce oxidized basaltic glass

38.37 Smear Diamicton XXXXXXX X

38.50 Smear Diamicton XXXXXXX OO X BBBE X

38.84 Smear Diamicton XXXX XX XX EEB X

39.84 Smear Diamicton XXXXXXX XXXX XX FEB X Tr. Aegirine, hornblende, glauconite

40.80 Smear Diamicton XAKXXXX XX BE X Tr. olivine, apatite; sanidine-bearing glass

41.50 Smear Diamicton KXKKXXX XX X BBBE Tr. hornblende, glauconite

42.80 Smear Diamicton XXXXXXX XX BBBE X Tr. Glauconite

Tr. - trace; B- brown glass; E - colourlessglass
B -brown glass; E - evolved (colourless) glass, [number of lettersof each denotes approximaterdative abundance; e.g., BBBE -brown glass>>> evolved glasg
XXXX - Common (>5-20%)

X - Trace (<1%)

XX - Presant (>1-5%)

XXXXXXX -Abundant (>20%)

g
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siliceous microfossils (spicules, radiolaria/diatoms) but is
abundant (50-60%) in onesample (a 32.05mbsf), in which
it consistsof fragmentsof microcrystal lineskel etalcarbonate.

Although this sectionisfocused solely on sand grain
petrology, significant differences with the finer-grained
samples examined are worth noting. In the latter, silt is
most abundant and is characteristically represented by
clay minera or dark fine-grained bioclastic aggregates.
Small glauconite clotsor celadonite are widespread. The
fewfinesand and silt grainspresent areangular quartzand
feldspar fragments, andpyroxeneiseither scarceor absent.

Provenance

Thevolumetrically dominant,abradedgrainsof quartz,
K -fel dsparand oligocl ase-andesinewere probably derived
mainly from the crystalline basement and Beacon
Supergroup (seealso Tab. 6). By contrast, abraded grains
of pae green calcium-poor augite with prominent dark-
coloured cleavage were probably sourced in the Ferrar
Dolerite. Volcanic-derived clasts are a distinctive
component of al samplesand mainly includelithic grains
(fine-grained lavas) and conspicuous glass. The glassis
compositionally variable. Brown glass is basaltic
(basanitic?), pale brown and green glass is intermediate,
and colourless glass is evolved. Other volcanic-derived
fragmentsprobablyincludetheangular crystal sof labradorite-
bytownite, pale green augite, aegirine and other, mainly
strongly-coloured ferromagnesian mineral s((?)titanaugite,
(7aenigmatite, (?)kaersutite, and hornblende;olivine)). The
presenceof the coloured ferromagnesianmineral sstrongly
suggests an akaline volcanic provenance similar to the
McMurdo Vol canic Group.

Volcanicglass, particularly vesicular basaltic glass, is
amost uniformly abundant in the Quaternary sediments,
reaching up to 45%in asample a 31.5 mbsf (Tab. 7), and
it i s generally more common than in the Miocene strata
(see MioceneStrata, thisvolume - section on Sand Grains
and Provenance). Volcaniclithicgrains are also generally
more common than in the Miocene strata (up to 10%in a
sampleat 21.4 mbsf), and they may be the only volcanic
component present in some samples. The colourless
evolved glasses are often strongly vesiculated and may be
present to the exclusion of basaltic glass (e.g., sample at
32.25 mbsf), although basaltic glass is generally
overwhelmingly dominant. The presence of ubiquitous
aegirinein theserockssuggeststhat the colourless glassis
perakalinein composition. Peralkalinerocksarecommon
in the McMurdo Volcanic Group (cf. Kyle, 1990).

It is notable that, despite the abundance of volcanic
detritusin thesand-size population in these samples, itis
virtually absent as larger clasts. This observation is a
variance with previous studies, which showed numerous
vol cani cpebbl esin both the Oligocene and younger strata,
somewithintermediateglasscompositions(Gambleet al .,
1986; Roser & Pyne, 1989). Moreover, the glass fragments
inthe CRP-1samplesaremorecommonly associated with
grainsaf (?)volcanic-derived calcic plagioclase than with
abundant ferromagnesian minerals. Although minor, pale
green calcic augiteis persistently present, olivine (which
should be common in volcanic detritus derived

predominantly frombasaltic and/or basanitic compositions)
isextremely rare. Theseobservationssuggest that much of
the glass (and possibly some of the lithic clasts) may be
relatively distal airfall tephra, and that theheavier pyroclasts
(e.g., ferromagnesian mineras) were largely elutriated
from thevol cani cplumecloser tosource. Thisisconsi stent
with theabsenceof any knownvolcanicsourcesinthearea
drained by the Mackay Glacier (Gunn & Warren, 1962;
Warren, 1962).

Thus, erosion and transport by glaciers were not the
sole methods by which clasts were supplied to the
Quaternary (and Miocene) strata. The variable ratio of
brown to colourlessvolcanic glasses may closely mirror
theproportionof eruptionsof basi ctoevolved compositions
in the McMurdo Vol canic Group, and it may proveto be
auseful proxy record by whichother Quaternarydrillcores
can be correlated.

PALAEONTCOLOGY
INTRODUCTION

The 43-m interval of Quaternary siliciclastic and
carbonate sediments, the lower haf of which was cored,
yielded awide variety of macrofossils and microfossils,
encompassingessentially all fossil groupsstudied on site.
Their occurrences, however, are largely sporadic or
discontinuous, and reworked taxa from older units are
frequently noted, particularly in the diamictites.
Neverthel ess,thesefossils provideage control, abasisfor
establishing regional correlations, and important
pal acoenvironmental information on what appearsto have
beenagl aciomarinesettingthat underwent somesignificant
fluctuations.

Of particular palaeontological interest is the unique
bioclastic carbonatesediment (lithostratigraphicUnit 3.1;
31.70-33.82 mbsf) in which all fossil groupsinvestigated
arepresent. A brief introduction isgiven herefor each of
these groups, which are then further described under
separate headings below.

Diatomsareubiquitousandincludemarine(planktonic
and benthic), fresh- and brackish-water taxa Their
occurrences are discontinuous and, along with their
abundances, reflect varying conditions of sea-ice cover,
sea-water temperature, sea level, and cover by aglacier
tongueor shelf ice. Postulated palaeoenvironmentsat the
siterangefrom possibly terrestrial (top lithostratigraphic
Unit 2.2) to open marine in the absence of seaice (lower
Unit 2.2 and Unit 3.1). The tentative diatom age for the
better-dated units place them withinthelower Quaternary
FragilariopsiskerguelensisZone(1.25t01.6Ma), perhaps
extending up into the lower portion of the Actinocyclus
ingens Zone.

Pleistoceneforaminifers areal so ubiquitous,occurring
in8af 9 sampl esexamined. M ostsampl escontain moderate
to rich assemblages. Preservation ranges from well
preserved to pristine with highest abundances and
diversities in carbonate lithostratigraphic Unit 3.1 and
lowest abundancesin thediamicton of Unit 41 Reworked
Pliocene specimens were noted at some levels.
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Theonly Quaternary cal careousnannofossilsarefew,
but well-preserved fragments of Thoracosphaera, a
cal careousdinoflagellate. Thoracosphaerids havenot been
reported previously from Pleistocene sediments of the
East Antarctic margin, and occur only in the carbonate
lithostratigraphic Unit 3.1, mostly in thefinest sediments,
i. e, unwinnowed muds. Their occurrence could indicate
relatively warmer watersfor this unit.

Of 10 samples processed for palynomorphs (from all
lithostratigraphic subunits except 2.3), 8 yielded spores
and pollen (miospores) or organic-walled microplankton
(dinoflagellates, acritarchs, and prasinophycean green
algae phycoma [cysts]). Acritarchs and prasinophycean
algae dominate the palynomorph assemblages, and a
number of new taxaof each havebeen noted. Foraminiferal
linings, possibly left behind after calcareous cement or
testsweredissolved duringdiagenesis, werethedominant,
and almost the only palynomorph in the carbonate
lithostratigraphic Unit 3.1. The terrestrial palynoflorais
limited as are conclusions that can be drawn from them,
particularly regardingwhetherthey areinsituor reworked.
Thehigh relative abundance of Nothofagidites lachlaniae
inSample 21.04 mbsf issimilar to that reported from the
Meyer Desert Fm. of the Sirius Group (Transantarctic
Mountains), and parallelsthereport of thistaxon fromthe
mid Pliocene of DSDP Site 274.

The macroinvertebrate assemblage that constitutes
most of the carbonate lithostratigraphic Unit 3.1lislargely
insituor nearly so, andisdominated by mollusks(over 35
taxa identified at least to genus) along with appreciable
numbers of bryozoans and lesser numbers of echinoids,
barnacles, octocorals, serpulid worms, and brachiopods.
Aragonitic forms are best preserved in muddy interbeds
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Fig.13- CRP-1Quaternary diatomabundance.
Relative diatom abundance is plotted with
lithol ogi cal descriptions,lithostratigraphicunit
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betweenwinnowed, largely calciticintervals. Thegenerally
eurybathal faunaisdominated byvagileandsessile epifauna
that are not substantially different from those now living
in modern Antarctic shelf/bank environmentsat near-ze1o
temperatures under seasonal sea-ice.

DIATOMS
Methods

The following presentation and discussion of diatom
occurrencein Quaternary sediments of CRP-1will follow
thedivision of lithostratigraphic units. Sample spacing is
variable, butlessthan 2minmost intervals (Tab. 8).When
only onedepthisindicated it represents the upper rangeof
alcmsampleinterval. All sampleswere checked initially
by examination of a strewn slide of raw sediment. This
was prepared by separation and disaggregation in 50 ml
water and settling for 1 minuteto removecoarse material.
A strewn slide was made from thesuspended material for
aquick check of diatom presence and abundance (Fig. 13;
Tab. 8). If warranted, additional concentration was done
by sieving through a 25 j. sieve.

Diatom Assemblages

Diatom occurrence and abundance determination is
presented in figure 13. Marine diatom occurrence is
discontinuous. Absencereflectsconditionsof i cecover or
extremely rapid sedimentation, which would dilute the
diatoms. Freshwater and brackish-water diatom
assemblages occur near thetop of lithostratigraphic Units
2.1, 22, and 3.1. Freshwater diatoms at the top of

Sequence ‘
stratigraphy |
& relative |
sea level |

lce margin

Abundance

>-

(a

ologic lithos . <
designations,and depositionalinterpretations. Z |21

Black bars represent diatom occurrence with am

increasingabundanceto theright. Fivefields- LLi
of-view were observed (at 250x) in a raw = |22

strewn slide of each sample. Data were g
collected in six categories: barren (X), <10, O 23
<30, <50, <100, or >100 diatomfragmentsper : ) 3‘1

five fields-of-view. Only samples equal to or
exceedingclassificationaf <50 fragmentsare
depicted; lower abundance categories most
likely representintervalsof diatom recycling
but not production.Thepresenceoffreshwater
diatomsisindicated in aseparate column.
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Tab.8 Sampleintervalsfor initial Quaternary diatom study. Samples intervalsare listed with noteson abundance, ecology, and processing

techniques
Reworking
§ N “ §
2 S N % g 2
Y 2 =} 3 g 2
s < N i5 8 g
- g < &
1.1 {8.50-8.51 X N/A X |X IM/P FT; sieve
16.06-16.07 X N/A X strewn
19.27-19.28 | <10 ¥ {small freshwater pennates only . strewn
20.04-20.14 | <10 | N/A X FT, sieve
20.18-20.19 | X | N/A |very rare marine fragments X Strewn
20.65-20.66 X N/A Strewn
2.1 12099-21.00 | X | N/A |very rare marine fragments X strewn
21042114 | X | N/A FT;sieve
21.51-21.52 | X | N/A |very rare marine fragments X strewn
21.54-21.57 X N/A Strewn
21.99-2200 | X | N/A lvery rare marine fragments X strewn
24.53-24.54 | <30 F  [ibenthicfreshwater; v. rare marine fragments ’ strewn
25.12-25.13 | <50 F  |benthic freshwater; v. rare marine fragments strewn
26.08-26.09 | <10 | N/A X Strewn
2.2 126952696 | <100| P |F. curta present but not common X X >, mM-IM, IO strewn; float
27.47-2748 X N/A Strewn
27.81-27.82 | <100 | P+F [F. curtacommon, marine planktics, freshwater  [X strewn; float
28.10-28.11 | <1001 P {F curta present but not common strewn; float
30.08-30.09 X N/A Strewn
2.3 130.70-30.71 X N/A strewn
31.10-31.11 X N/A Strewn
31.70-31.71 | <1001 P+F lireshwater andfrags. of marine planktics X - strewn
32.0532.15 | >100| P+B |F. curtaabsent FT;sieve
3230 >100 | P+B |F. curta absent smear
3.1 |31.82-33.62 | >100]| P+B {40 smear slidesin thisinterval smear
32.80 >100| P+B |F. curtaabsent smear
33.30 . >100 [ P+B [F. curta absent smear
33.72-33.75 { »1001 P IF curtaabsent strewn; sieve
34.17-34.18 | <10 | N/A X strewn
34.56-34.57 | <10 | N/A X Strewn
34.80-34.81 | <50 P | Quaternary diatom fragments strewn; sieve
3546-3547 | <30 | P+T X strewn
35.88-3589 { <10 | N/A X Strewn
37453746 | <10 | N/A X strewn
37.92-37.93 X N/A strewn
38443845 | X | N/A strewn
4.1 138933894 | <10 | N/A X strewn
39.32-3933 X N/A strewn
39.96-39.97 X N/A Strewn
40324033 <10} N/A X strewn
40.89-4090 <10 | N/A X Strewn
41.27-41.28 X N/A strewn
41774178 <10 1 N/A X strewn
42444245 <10 | N/A X strewn
43.04-43.05 X T strewn

Note: abundance representsthe number of diatom fragments observed in fivefields-of-view. Digtom assemblagesare classfied into generd
ecological groups, where'P' =planktonic; T = tychoplanktonic;'B' = benthic, and'F' = freshwater.

lithostratigraphic Unit 2.2 may indicate terrestrial Harwood & Maruyama (1992).Thiszonerepresents the
conditions during a Pleistocene lowstand of sea-level. stratigraphic interval between the highest occurrence of

Diatom biostratigraphy suggests the interval from  Fragilariopsis barronii (1.25 Ma) down to the highest
26.95 to 34.80 mbsf belongs to the lower Quaternary occurrenceof Thalassiosirakolbei(l.8 Ma). Several other
Fragilariopsis kerguelensis Zone (1.25 to 1.8 Ma) of  diatom biostratigraphic events support this age. The



52 Cape Roberts Science Team

recovery of Thalassiosira elliptipora and Actinocyclus
ingens uptointerval 26.08 to 26.95 mbsf, suggests an age
ol der than 0.65 Maat thislevel. The presenceof T. torokina
uptointerval 26.08t026.95 may suggest an ageolder than
~4 Ma, dthough the upper range of this diatom is not
well established. Thelowest occurrence of Thalassiosira
elliptiporaindicates an age younger than 2.4 Mabetween
34.81 to 35.47 mbsf (Winter & Harwood, 1997). The
absence of Thalassiosira fasciculata and T. inura
from the diatom bearing interval between 26.95 to 34.80
mbsf providesfurther support for an age younger than 1.8
Ma above 35.46 mbsf.

TheQuaternary sectionof CRP-1includesthreedistinct
assemblages of marine diatoms: the lower half of
lithostratigraphic Unit 2.2 contains a sea-ice flora; the
upper interval of lithostratigraphic Unit 3.1 contains an
Antarctic diatom assemblage without sea-ice flora; and
thelower interval of lithostratigraphic Unit 3.1 containsa
warm-water, open-marine assemblage.

LithostratigraphicUnit 1.1 (0.00-19.13 mbsf),
Diamicton

Two sampleswere examinedin thislithostratigraphic
unit. Diatoms recovered at 8.50-8.51 mbsf include a
mixture of freshwater and marine forms, occurring as
isolated specimens and within small sedimentary clasts.
Some of these clasts bear rare freshwater diatoms and
others bear abundant marine diatoms. The freshwater
assemblage includes several speciesof Navicula, known
from Antarctic lakes and streams today. Marine diatoms
present in this interval include Thalassiosira torokina
(agerange8.2to-1.4Ma) and Stellarimamicrotrias (not
age diagnostic), which are often filled with marine
diatomaceous sediment. The robust valves of these two
diatoms apparently protected the diatom-rich matrix
from abrasion. Neither of the assemblages of diatoms
isbelievedto represent theage of thesediment; bothare
likely reworked, as indicated by the rich marine diatom
assemblagein the interior of some diatom valves, and the
sparse diatom occurrence in the matrix. This assemblage
resemblesmixedfreshwater andmarinediatomsintheupper
part of the CIROS-2 and DVDP 10 & 11 drillholes.

Reworking is noted by the presence of the ebridian
Pseudoammodochium cf. dictyoides (Miocene to
Oligocene) and heavily silicified castsof diatom interiors
(Liostephania), which arelikely reworked from Eoceneto
lower Oligoceneintervals, correlativewith thelower 200 m
of CIROS-1. Traces of marine diatom fragments were
encountered at 16.06 mbsf.

LithostratigraphicUnit 2.1 (19.13-22.00 mbsf),
Diamicton

Thislithostratigraphicunitislargely barrenof diatoms,
with the exception of isolated freshwater and brackish-
water diatomsencountered at 19.27 mbsf, alongwith rare
fragments of marine diatoms. Present are Navicula spp.,
and other freshwater pennate diatoms, which are not
identified here.Melosiracharcotiiisknownfrom “tidally-
influenced iceshelf conditionsand other marine proximal,

brackishwater environments” (Scherer,1987). Al so pi esent
are rare fragments of marine diatoms and Liostephania
silicified castsprobably recycled from thePaleogene. The
general absenceof diatomsfrom lithostratigraphic Unit 2.1
impliescover by an iceshelf or glacier tonguethat did not
allow light penetration.

LithostratigraphicUnit 2.2 (22.00-29.49 mbsf),
Sand, Sandy Mud and Minor Diamicton

Two distinct assemblages occur within
lithostratigraphic Unit 2.2; freshwater and brackish-watet
assemblages within the upper three metres, and marine
below. A rich assemblage of freshwater and brackish
water diatoms occurs at 25.53 and 25.12 mbsf. This
assemblage issimilar tothat reported for lithostratigraphic
Unit 2.1, with the presence of Achnanthes, Hantzschia,
Nitzschia, Navicula, M. charcotii and others. Theabsence
of marine diatoms in both samples may indicate glacia
transport of terrestrial sedimentwithlittlemodification, or
terrestrial exposure during a Quaternary lowstand of sea-
level (N. hemisphere driven).

Belowthisinterval,arichassemblageof marine diatoms
ispresentbetween 26.95and 28.10 mbsf, withtwosamples
that bear few to no diatoms(Tab. 8). Therichest samples
contain alower Pleistocene assembl ageof sea-icediatoms
and other marine forms, dominated by Actinocyclus
actinochilus, Corethron criophilum, Fragilariopsis curta,
F. matuyamae, F. kerguelensis, F. ritscherii, Thalassiosira
elliptopora, T. lentiginosa and common Thalassiothrix at
27.81 mbsf. Theabsenceof amarine-benthicfloraindicates
water depth below euphotic zone depth (>~50 m). The
abundant presence of F. curta suggests sea-ice was a
feature of this environment.

Thepresencedf F. kerguelensis isinterestingasthisdiaom
is more common today in the Polar Frontal Zone, indicating
open-oceanic conditions. Rare reworked freshwater taxa are
presentinlow numbers, aswell asdiatomsreworked from the
middle to upper Miocene (Denticulopsis simonsenii) and
Oligocene(Kisseleviella caring).

LithostratigraphicUnit 2.3 (29.49-31.89 mbsf),
Diamicton

Diatoms arebarrenin thisinterval exceptfor asample
at 31.70 mbsf, which contains freshwater diatoms. This
sample spans the boundary interval between
lithostratigraphic Units 2.3 and 3.1. The sparse marine
diatom fragmentsinthissample, whicharelikely recycled,
makesthi sdistinctfromtheassemblage of lithostratigraphic
Unit 3.1. The relationship between lithostratigraphic unit
boundaries and the occurrence of freshwater diatoms
requires detailed examination. The absence of marine
diatomsindicates deposition beneath afloating ice mass,
or within turbid water, which inhibited photosynthesis.

LithostratigraphicUnit 3.1 (31.89-33.82 mbsf),
Muddy Sand and Packstone

Lithostratigraphic Unit 3.1 is comprised of three
biostratigraphic subunits, designated here as
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biostratigraphic Subunit 3.1.1 (upper; 31.89 to 32.82
mbsf), 3.1.2 (middle; 32.82 to 33.15 mbsf), and 3.1.3
(lower; 33.15 to 33.82 mbsf). These biostratigraphic
subunits are separated by changes in diatom assemblages
andtithology, whereSubunit 3.1.1isvery carbonate-rich,
Subunit 3.1.2 is carbonate poor, and Subunit 3.1.3 is
moderatcly carbonate-rich to clastic.

Forty smear-slide samples were examined in
biostratigraphic Subunit 3.1.1. This subunit contains
abundant and well-preserved diatoms of similar
composition to those recovered from lithostratigraphic
Unit 2.2, except for the conspicuous absence of
Fragilariopsis curta and other diatoms associated with
sea-ice and ice-edge communities (Leventer & Dunbar,
1987, 1996). The diatom zona assignment for Subunit
3.1.1 is within the lower Quaternary Fragilariopsis
kerguelensis Zone (Harwood & Maruyama, 1992). The
assemblageisdominated by Actinocyclus actinochilus,
A. ingens, E. antarctica, Thalassiosira éliptopora, but
with enrichment of Thalassiothrix sp. and Chaetoceros
spp in some samples. Benthic-marine diatoms of the
genera Diploneis, Cocconeis, Nitzschia, Amphora,
Pinnularia and others are also present in low numbersin
thisinterval.

Theabsence of F. curta and other sea-ice diatomsthat
dominate pelagic Antarctic shelf sediments today, as
evident in lithostratigraphic Unit 2.2, indicates waters
warmer than -1°C to prevent the formation of sea-ice.
However, the waters were till cold, asindicated by the
presence of Actinocyclus actinochilus and Eucampia
antarctica. However, 'cold' is arelative term; waters
<-1°C are considerably warmer than winter atmospheric
temperatures in Antarctica. The presence of this heat
sourcefrom theopen ocean and RossEmbayment through
the year impacted mean-annual atmospherictemperatures
and precipitation on Antarctica at this time.

Aninterval barren of diatomsisnoted in threesamples
at 33.01, 33.10, and 33.15 mbsf within Subunit 3.1.2.
These samples occur directly below a large ice-rafted
dolerite clast in sediment rich in clastic material. This
subunit may represent awinnowed horizon or | ag deposit,
indicating an hiatus of unknown duration.

Biostratigraphic Subunit 3.1.3 (33.30 to 33.62 mbsf)
contains an assemblage of rich and moderately well-
preserveddiatomsincluding commonActinocyclusingens,
A. karstenii (highest appearance at 33.20 mbsf),
Thalassiosira oestrupii, 7. torokina, and large
T. elliptopora. F. curta and other sea-ice diatoms are
extremely rare, asin theabove subunits. Some elementsof
theassemblagefrom Subunit 3.1.1 are present, al though
A. actinochilus, E. antarctica and T. elliptipora occur in
considerably lower numbersinthislower interval. Benthic-
marine diatomsarefrequent elementsof this assemblage.
This change in assemblage composition iseither dueto a
brief hiatus and/or due to a significant environmental
change. The presence of T. oestrupii may reflect warmer
conditions than in Subunit 3.1.1, based on the modem
distribution of T. oestrupii. Rare specimens of the
silicoflagellate genus Dictyocha are dso noted a 33.72-33.75
and at 33.59 mbsf, which may further indicate significant
warming in thisinterval (Bohaty & Harwood, in press).

Lithostratigraphic Unit 4.1 (33.82-43.55 mbsf),
Diamicton

Diatoms throughout lithostratigraphic Unit 4.1 are
rareand poorly preserved.Most occur asisol atedfragments,
which arethought tobe recycled. Onesampleat 34.80 mbsf,
however, contained A ctinocyclus actinochilus, A. ingens,
Thalassiosira elliptipora, T. oestrupii, and T. torokina,
suggesting alink to the overlying diatom-rich unit of the
F. kerguelensis Zone. The absence of diatomsthroughout
most of thisunit indicates a position beneath an ice mass,
which prevented diatom productivity.

FORAMINIFERA
Introduction

The unexpectedly thick Pleistocene sequence
encountered from 0.00-43.15 mbsf in the Cape Roberts-1
drillhole constitutes an important addition to the very
sketchy Pleistocene stratigraphic record in Antarctica.
Thisreport presents preliminary foraminiferal resultsfor
9samples(3"fast-track”, 6 routinecore samples) recovered
from that interval. Theseresults arereferred to unitsof the
standard lithostratigraphic classification adopted for the
drillhole (see Background to CRP-1, Stratigraphic
Summary, this volume - Fig. 18). Results for a detailed
suite of 10 samples collected from the carbonate
lithostratigraphic Unit 3.1 are unavailable at thistime.

M ost samples contain moderate to rich foraminiferal
assemblages (Tab. 9); reworked Pliocene specimenswere
also encountered at somelevels, asnoted below. Only one
sample, from near the base of the sequence, was non-
fossiliferous for foraminifers.

Samples from this interval were collected over a
nominal 3 cm of section, unless otherwise noted, and
processed using standard techniques. All fossil material
was recorded, and arepresentative sel ection mounted on
slides with the foraminiferal specimens.

Results

Unit 1 (diamicton; 0.00-19.13 mbs) -Although there
was poor recovery from thisinterval, a bit sample from
8.50 mbsf yielded a sparse assemblage (Tab. 9).

Unit 2 - Two samples (20.04-20.14 and 21.54 mbsf)
from lithostratigraphic Unit 2.1 (diamicton; 19.13-22.00 mbsf)
contain moderately abundant foraminifers(Tab. 9). Most
specimens are pristing, and lack sedimentary infilling,
suggesting that they are not reworked.

Lithostratigraphic Unit 2.2 (sand, sandy mud, minor
diamicton; 22.00-29.49 mbsf) contains both in situ
Pleistoceneforaminifers,and reworked Pliocenespecimens
in thesingle sampleof the unit from 26.89 mbsf (Tab. 9).
SomePleistocenespecimensappear al sotohaveundergone
minor reworking and redeposition. The Pliocene forms,
which show affinities with faunas from the Pliocene of
Cockburn |sland(Gazdzicki & Webb, 1996), arerecogni sed
by their darker colour, generally larger size and infilled
chambers, and also by the presence of the extinct taxon,
Ammoel phidiella sp.
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Tab. 9 - Quaternary occurrence of foraminfers in sclected samples of
CRP-1

— o oo C
2. B B 5 B
- o o |Lithostratigraphic Unit
et e DD =
ZERE
25 Bgd
IR © Samplelnterva (mbsf)
B 2
r Ammoelphidiella sp.
X X' Angulogerina angulosa
X Biloculina sp.
X X Cassidulinoides parkerianus
X X X X Cassidulinoides porrectus
X r X Cibicideslobatulus
X Cibicidesrefilgens
X Cibicidessp.
X Cribroelphidium sp.
X Cyclogyra involvens
X X X X Ehrenberginaglabra
X Ehrenberginasp.
X X Fissuring Spp.
X Fursenkoina earlandi
X Glandulina antarctica
X Globigerina megastoma
X X X Globocassidulina subglobosa
X Hanzawaia sp.
X Lagena .
X X X |Lenticulina sp.
X X Neogloboguadrina pachyderma
X Notorotatia(f. taranakia
r X Oolina spp.
X Patellina corrugata
X Pseudobulimina chapmani
X ? Pseudobulimina chapmani
X Pullenia subcarinata
X Pyrgo depressa
X Quinqueloculina sp.
X Rosalina globularis
r Saracenaria? sp.
X Sigmoilina umbonata
X X X Trifarina earlandi
X X Miliolidae
X Primitive agglutinatedforaminifers
X Bryozoans
X Diatoms
X X X [Echinoderm SpiNes
X X Micromolluscs and mollusc fragments
X X Molluscfragments
X X Ostracods
X Radiolarians
X X X X X !Sponge spicules

Theone samplefrom lithostratigraphic Unit 2.3
(diamicton; 20.49-31.89 mbsf) at 30.11 mbsf
contains a mixture of reworked and in situ forms

similar to that from Unit 2.2 above, but with lower
overall abundance.

Unit 3 (muddy packstone; 31.89-33.82 mbsf)
Foraminifera are diverse, abundant and well prescrved in
a "fast-track" sample a 32.05-32.15 mbsf (Tab. 0).The
presenceof numerouslarge(to 3mm) miliolids i sthe most
striking feature of theassemblage. Ten additional samples
from lithostratigraphic Unit 3 have been taken fo: fuither
study, with results to be available in the future.

The recorded assemblage is common 1n most
Pleistocene sedimentsfrom the Ross Sea(Heron-Alien &
Earland, 1922), Dry Valley Drilling Project drillholesin
Taylor Valley (Webb & Wrenn, 1982), and the Cape
Royds-Cape Barne area(Ward & Webb, 1986). Although
there is some evidence of current transport, the fauna is
considered to be essentially iz situ, as evidenced by
preservation of delicate, spieular agglutinated tests. The
faunaoccursunder normal marineconditionsovei a depth
range from just below sea level to 500 m. Planktonic
foraminiferamakeup an estimated 3%0f the assemblage,
suggesting that the site was free from sea ice during
summer months.

Unit 4 (diamicton; 33.82-43.55 mbsf) - Samples from
33.90-33.93 mbsf and 37.50-37.53 mbsf yielded sparse
assemblages of relatively pristine specimens without
infilled chambers, consi stentwitha Pleistocene age(Tab. 9).
The lower sample also contains reworked specimens,
recognisableby their yellowish-brown colour and neaily
opague tests.

Discussion

Apart from the excellent fauna present in
lilthostratigraphic Unit 3, probably the most notabl efeature
of the Pleistocene sequenceisthe persistent, but sporadic,
occurrence of reworked Pliocene foraminifers, and also
possibly of contemporaneously reworked Pleistocenetaxa.
The Pliocene specimens represent a shallower, more
shoreward facies than the in situ fauna, with their most
likely source lying to the west, along the valley of the
Mackay Glacier.

Presence of significant numbers of reworked
foraminifers in many parts of the sequence argues for
special carein selecting materia for radiometric dating.

MACROFOSSILS
Introduction

Macrofossils mostly occur within the carbonate-rich
unit between 33.82 and 31.89 mbsf. They contribute
significantly to the composition of such biogenic skeletal
sediment (bryomol-type) as a mixture of both fresh
biosomes and more or lessworn bioclasts.

All micropaleontological residues from above and
below the carbonate-rich unit wereinspected for remains
of macrofossils. Only a few intervals provided some
material, listed below:

1 - 21.54 mbsf: rare bryozoan fragments;
2 -26.89 mbsf: abundant echinoid spines, abundant
bryozoan fragments, octocorals, bivalves (Mysdlasp.),
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unidentified bivalve fragment, gastropods
(Margaritinae sp.), serpulid polychaete (Serpula
narconensis);

3 - 26.05 mbsf: echinoid spines, unidentified bivalve
fragments;

4 - 30.11 mbsf: echinoid spines, onecompressed serpulid
worm tube, unidentified bivalve (?Pectinidae sp.)
fragments,

5 - 32.05 mbsf: unidentifiable bivalve fragments;

6 - 3390 mbst: rare bryozoan fragments.

Taphonomy

Macrofossils recovered from below and above the
carbonate-rich unit, show advanced levels of wear and
may represent reworked shallow-marine faunas. Generally,
only calcitic fossils were present in these assemblages.

Thecarbonate-rich unit containsinstead avery diverse
and abundant macrofossil assemblage (Fig. 14). Thelarge-
sized, macrofossil-rich "fast-track” sample (32.15-32.05 mbsf)
contained avery diverseskeletal assemblage. Qualitatively,
mollusc species (>35, not al determined) dominate over
other macroinvertebrates, especially bryozoans(apparently
not highly diversebut quantitatively significant),echinoids
(spinesandtheca fragments), barnacles (1 species), serpulid
polychagete tubes (1-2 species), brachiopods (1 species),
and octocoral s (1species). Calcitic and aragoniticskel etal
parts are in places exquisitely preserved. Intervals
interpreted ascurrent-generated may show aconsiderably
higher number of calcitic macrofossils, especially
bryozoans and octocorals. Aragonitic macrofossils are
best preserved in muddy layers. With few exceptions, the
many taphocoenoses that together constitute the bulk of
the carbonate-rich unit are either substantially in situ or
havebeen moved only ashort distanceaway fromtheir life
habitats.Incipient pyritisationof gastropodshells(especidly
eatoniellids) has been observed at 33.01-32.98 mbsf.

Taxonomy
An accuratelist of all the various taxa encountered in

the Pleistocene portion of the core cannot be supplied at
presentandwill requiretheassistance of many specialists.

H g. 14 - Skeleta assemblagefrom thecarbonate-rich unit (32.58 mbsf)
showing exceptionally well preserved and diverse macrofossils; the
largest shell is apredatory gastropod (Prosipho).

However, mollusc shells have been classified at a certain
level of confidence, mainly referring to the recent
monograph by Dell (1990). A very tentative, and still
highly preliminary list of mollusc taxa identified in the
sediment fractions coarser than 500 mm, is reported in
table 10. The faunal list from the carbonate-rich unit
matches very well with molluscs from the present-day
Ross Sea (Dell, 1990).

Palaeoenvironmental Remarks

Macrofaunas represented in thefossil assemblagesare
strongly dominated by vagile and sessile epifauna
(suspension feeders, carnivores, scavengers) and seem
typical of modern-shelf/bank environments in the
Antarctica. Antarctic benthos istypically eurybathicwith
most taxa distributed over a wide vertical range.
Accordingly, avery precisepalacobathy metric assessment
may prove challenging and must be derived through the
integration of depth-recordsof multipletaxa. Depthsvery
probably exceeded 100 m, possibly in therange of 100-200m.
Thisfigure must be probably taken asconservativeon the
low side because macrofossil assemblages contain more
than one taxon whose present depth-rangeis greater than
the proposed figure. In situ macrofossils suggest a
predominantly calm environment, an inference further
supported by the fact that biologic indicators of strong
bottom currents are totally lacking. By analogy with the
distribution of similar modern assemblagesin thisregion,
no proximal iceshelf was present, rather conditionswere
completely open-marine. Macrofossils offer no definitive
clueastothepresence/absence of seasonal sea-ice, which
per se does not seem a factor constraining these
communities. It is, however, worth reporting that the
macrofossil assembl ages pertainto communitiesnow living
in near-zero temperatures and under the seasonal searice.

Age

Based on taxonomic comparisons at the species-level
of the cored macrofossil assemblages with present-day
Ross Sea living communities, the age of the carbonate-
rich unit isestimated to be Pleistocene. However, it must
be mentioned that the true time-distribution of these taxa
isvirtually unknown.

CALCAREOUS NANNOFOSSILS

Withinthetop43mof thecore, cal careousnannofossils
have only beenfound inlithostratigraphic Unit 3.1, where
afew Thoracosphaera saxea Stradner, 1961, have been
identified. The specimens are well preserved, but occur
only as fragments; no complete tests have been found.
They have been recorded in thefollowing closely spaced
samples, which include small "tooth pick” samples (in
mbsf): 31.90, 32.29, 32.59, 32.95, 32.98, 33.31, 33.50,
33.65,33.69,33.72,33.80 (Fig. 15). Different procedures
have been applied for slide processing; for "'tooth pick”
samples, smear slides were made, for the remainder a
settlingtechnique, toremoveparticlessized above25mm,
was used (see previous section on Diatoms).
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Tab.10-Preliminary list of Mollusca identified in the carbonate-rich unit (33.82-31.89 mbsf). Thevery high diversity shown by sample
32.15-32.05 mbsf ("fast-track") isenhanced by thelarger size of thissample; the overall higher diversity between 32.80and 32.05 mbsf
isreal, and it probably reflectsbetter environmental conditionsfor biota development and/or the preservation of their calcareousfossils.

33.75
33.72

33.53

SPECIES/SAMPLE 13 50

32.40
32.37

32,373
32,343

31.93
31.90

32.61
32.58

33.34
3331

33.01
32.98

32.98
3295

32.80
32.77

BIVALVIA

Limopsis sp.

Philobrya sublaevis Pelseneer

Philobrya wandelensis Lamy

Adacnarca limopsoides (Thiele)

Pectinidae sp.

Mysella sp.

Cyamocardium denticulatum (Smith)

Limatula (Limatula) simillima Thiele

Limatula (Antarctolima) hodgsoni (Smith)

Limatula sp.

Cyclocardia astartoides (Martens)

GASTROPODA

Anatoma euglypta (Pelseneer)
Trochidae spp. |

?7Submargarita sp.
Falsimargarita sp

Tl

Leptocollonia innocens (Theele) |

| Lissotesta cf minutissuma (Smith)

Lissotesta sp

'Brookula cf. rossiana (Thiele)

lothia coppinger: (Smith)

Eatoniella glacialis (Smith)
Eatoniella (Ovirissoa) kerguelensis (Smith)

Onoba gelida (Smith)

Onoba turqueti (Lamy)

Powellisetia deserta (Smith)
Capulus subcompressus Pelseneer

Turritellopsis latior Thiele

Eumetula spp.

l ! I

Melanella sp.

Torellia mirabilis (Smith)

Pareuthria innocens (Smith)

H

Meteuthria cf. rossiana Déell

Prosipho contrarius Thiele

Prosipho hunteri Hedley

Prosipho ¢f. mundus Smith

Unit
Age
Sample Depth
(mbsf)

Total
Abudance
Thoracosphaera saxea
Thoracosphaera spp.

H_
-

3.1

-

QUATERNARY

|

| ]

0 0 0|0 0| 10|30 0|W0| W 0| 1D| T 23 0

4.1

Hg. 15 - Distribution of Thoracosphaerids in the CRP-1 Unit 3.1.
B: barren, R: rare.

As stated elsewhere, lithostratigraphic Unit 3.1 is a
peculiarcarbonate-rich,fossiliferoussequence, essentially
ahash of invertebratemacrofossil shellswithinan otherwise
clastic-rich glacia or glaciomarine sequence. Part of the
material hasbeen winnowed and other partsnot. The best
preservation and more abundant occurrences of these
microfossilswere recorded in the finest sediment, which
is an unwinnowed mud. Two samples from winnowed
material (32.95 and 32. mbsf) were barren.

Althoughthelithostratigraphicunits(1, 2, and 4) at the
top of the coreweresearchedfor calcareousnannofossils,
theseall appear to bebarren, based on our examination of
thefollowing samples(in mbsf):21.04,29.04, 35.46,38.93.

Because they fall within the size range o calcareous
nannofossils (2 to 30 mm), thoracosphaerids have been
included in thisgroup.

From ataxonomic point of view, however, Cenozoic
thoracosphaeri dshavebeenshownto haveadinofl agellate
cyst morphology (Futterer, 1976), thusthey belongto the
calcareous dinoflagell ates.
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Thoracosphaerids have not been reported previously
from the Quaternary in Antarctica. They have been noted
intheupper Eocene-lower Oligocene of the CIROS-1 core
in the Ross Sea, 60 km to thesouth (Monechi & Reale, in
press), among amoderately preserved and sparse calcareous
nannofossil assemblage. At that time, the climatic
conditions in the Antarctic continent werewarmer than at
present, and cool-water nannoplankton could persist in
these marginal enviroments until the earliest Oligocene,
when evidenceof glaciationsarerecorded by glaciomarine
sediments (Barrett et al , 1989).

A bloomof thoracosphaeridshasal so been notedto have
occurred shortly after the K/T' boundary in the lowermost
Danian of theMaud Rise(Weddell Sea) (Pospichal & Wise,
1990; Futterer, 1990), aswell asin many other areas, where
they have been dubbed "disaster forms”. In these cases
thoracosphaerids were interpreted as opportunistic forms
competitive with theother nannofossils, perhaps because of
their ability to encyst during difficult times.

Even though thoracosphaerids are not
biostratigraphically useful, due to their long range and
slow evolutionary rate, they may be ableto provide some
input to the pal aeoenvironmental reconstruction of thelate
Quaternary, whichisknown to have been the scenario for
environmental changes related to climate.

The presence of thoracosphaeridsin the Quaternary,
therefore, suggests either a peculiar adaptation to this
enviroment, due to their ability to develop cysts, or to
warmer conditions at the time of their deposition, or a
combination of both.

As the late Neogene/Quaternary were times of rapid
climatic change, such conditions may have favoured the
presence of thoracosphaerids and opposed to other
cal careous nannoplankton. Both calcareous nannofossils
and dinoflagellates, however prefer, in general, warmer
water (Dale, 1996). Therefore the presence of either
would suggest relatively warmer conditions for the
deposition of lithostratigraphic Unit 3.1.

PALYNOLOGY
Introduction

Theaimsof thepalynological study of CRP-1wereto
assist both in dating the sediments encountered in the
drillhole, and in determination of their environment of
deposition. Additional possibilitiesincludeddetermination
of sediment provenance from redeposited palynomorphs,
and characterisation of terrestrial environments from
miospores of land plants.

Ten samplesfrom the Quaternary (0.0 to c. 43.0 mbsf)
section of the CRP-1 core were processed and examined
for palynomorphs during initial core characterization
(Background to CRP-1, thisvolume - Tab. 7, section on
Palynology Processing): a drill cuttings sampl e obtained
duringseariserinstallation, two"fast-track" or rush samples
forwarded during drilling, and seven additional samples
from the regular sampling conducted later.

All sampleswere processed using themethod outlined
inBackground to CRP-1, sectionon Palynol ogy Processing
(this volume), details of samples taken being listed in

table7of thatsection. Taxarecognised fromtheQuaternary
section d CRP-1 arc listed in tables 11 and 12. Some
terrestiial palynomorphs areillustrated in figure 16.

M arine Microplankton

A low diversity palynomorph assemblage of
prasinophycean green algae phycoma (i.e., cysts), and
acritarchs, was recovered from several samples(Tab. 11).
Theacritarchs areaheterogeneous group of palynomorphs
of unknown biological origin, though most areprobably of
alga affinity. No dinoflagellate cysts were observed in
this section of the core.

Foraminiferal linings (Miocene Strata, this volume -
Fig. 2511, section on Palynology) were the dominant, and
almost the only, palynomorph in the 32.05 mbsf sample.
This samplewastakenfromtheuniquecal careous interval
(lithostratigraphic Unit 3.1) between 31.70 mbsf and
33.82 mbsf. Thisvery fossiliferous unit yielded abundant
macrofossils, including bivalves, gastropods, and
byozoans; arichforaminiferal assemblagea sowaspresent.
It seemsunreasonabl ethat palynomorphsother than foram

Tab. 11 - Range chart of the all Palynomorphs from the Quaternary
section of CRP-1. Shaded samples were not examined for marine
microplankton. Marine species arein caps.
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Tub. 12 - Terrestrial Palynomorphsfrom the Quaternary section of
CRP-1

Dacrydiumites praecupressinoides Couper

Coptospora sp.b (coarsely verrucate)
Microcachryidites cf. antarcticus Cookson
Nothofagidites asperus (Cookson)
Nothofagidites cf. flemingii (small)
Nothofagidites lachlaniae (Couper)
Trichotomosulcites subgranulatus Couper

Reworked Permian-lower Mesozoic:

5]
3 :
Iy [CR RS
=82 3 e
2909 alZi«|2 8 E
NS 2355 E 8
S 28848 E
EREE- RS ERE= o |E
SRR 2 < S < |5
N < S Q 5%
Depth 2 8 /& & SIEEs &g
(mbsf) 8 &} O b pt E|.E
0.00| no miospores observed
~20.60| no miospores observed
21.04 1 10 1
2510 | o 1 11
31.50] 10 miospores observed
32.05| 10 miospores observed
34.00 1 1
36.62 1 1 1 2
39.06 1 1
42.41 111 11 2

linings are not present in this, the most obviously
fossiliferous unit in the core. Additional samples have
been selected from the calcareous part of the Quaternary
interval and will be studied in the near future.

Well preserved phycoma of Cymatiosphaera-3
dominate the assemblage and occur in low to moderate
abundance. Four species of acritarchs were recovered,
includingLeiosphaeridia-2, Leiosphaeridia-3, Acritarch-9
and ?Sigmopollis (see Miocene Strata, this volume -
Tab. 12, section on Palynology, for description notes on
selected new taxa). ?Sigmopollis sp. hasadistinctive
s-shaped to undul ate cryptosuture that more or less unzips
aroundthecircumferenceof thecell, forming theaperture.
The assignment of these specimens to Sigmopoallis is
tentative because their aperture margin is apparently
different from the s-shaped margin characteristic of that
genus, and additional study, including SEM analysis, will
beneededtodetermineif theattributioncan beconfidently
made. Leiosphaeridia-3 may be conspecific with
2Sigmopollis sp. because specimens are of the samesize
and colour. However, L ei osphaeridia-3 never exhibitsthe
type of apertura suturetypica of ?Sigmopollis sp.

All microplankton taxa that appear in Quaternary
samples range downhole into or throughout the lower
Mioceneinterval (43.00-147.69 mbsf).

Terrestrial Palynomor phs
Autofluorescence of specimens using a Zeiss epi-

illumination system III-RS with blue-violet excitation
was used as an aid to discriminate contaminant modern

pollen. It also assisted in recognition of Permian-lower
Mesozoic miospores reworked from the Beacon
Supergroup: these have negligible autofluorescence.
Undoubted Cenozoic miosporesand marinemicroplankton
from the segquence show a range of autofluorescence
colours from yellow to orange, and less stratigraphically
well-known taxa with similar autofluorescence weir
assigned to thisgroup. Closer examinationwill be carried
out to establishif any consistent patterns occur between
different taxaand horizons, which might reflect different
thermal ateration and possible reworking.

Very smdl numbers of Cenozoic pollen and spores.
mostly well-preserved,werefoundinsix samplesfrom the
Quaternary section. The21.04 mbsf sample contained the
most abundant miospores, an assemblage dominated by
pollen of Nothofagidites lachlaniae (Fig. 16m) closely
comparableto that describedfrom the Sirius Formation of
Oliver Bluffsby Hill & Truswell (1993). Single grains of
asaccategymnospenn pollenassignedto Trichotomosulcites
subgranulatus (Fig.16j) and aperiporateangiosperm pollen,
Chenopodipollis sp., were also seen.

Other miosporesobservedin the Quaternary section of
CRP-1 include (Tab. 12): Nothofagidites cf. flemingii
(small); Tricolpites sp.a, a distinctive tricolpate pollen
seen aso in the Miocene section of CRP-1; a triporate
angiosperm pollen possibly referable to Proteaceae o1
Rosaceae(Fig. 16t); and severa speciesof podocarpaceous
pollen, Dacrydiumites praecupressinoides, Microcachryidites
., and Podocarpidites Spp. Alsopresent arehilate verrucate
spores, Coptosporasp. b (Fig. 16¢) and Coptospora sp. ¢
(Fig. 16d), comparableto sporesof the mossConostomum
pentastichumillustrated by Barrow & Lewis Smith (1983)
from Holocene peats of South Georgia. Fossil bryophytic
sporesaf thismorphol ogical typehavea sobeen assignedto
thegenusCoptosporaDettmann (1963), and thismorenon-
commital classificationis used here.

Ageand Paleoenvironmental Significance

Speciesaf acritarchg(L eiosphaeridiaand ?Sigmopollis)
and prasinophycean algae (Cymatiosphaera) dominate
the palynomorph assemblages recovered from the
Quaternary section of the CRP-1core. Thesetaxahaveno
age significance in this section. Similar assemblages are
reported from Holocene Arctic sediments deposited near
sea-ice margins and below open pack ice (Mudie, 1992).
Theoccurrencedf theseassemblagesi sused asanindicator
of such conditions in Quaternary Arctic deposits for
palaeoenvironmental determinations (Mudie & Harland,
1996). Elaboration of the environmenta significance of
thesetaxai spresentedfollowing discussionof theMiocene
palynomorphs.

Thelimitedterrestrial palynoflorapermitsonly tentative
conclusions. The relatively high frequency of
Nothofagiditesin the 21.04 mbsf sampleappearsto reflect
a real difference in source from the other productive
samples. This may be due to difference in age and
pal aeoenvironment,to redepositionfrom adifferent source,
or acombination of these factors.

The relative abundance of Nothofagidites lachlaniae
in the 21.04 mbsf assemblage is similar to that reported
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Fig. 16 -Selected miospores from the Quaternary and Miocenesectionsof CRP-1. Sample depthsindicatedarethetop of thesampleinterval. Figures
are at varied magnifications.” Cenozoic" taxa: a) Marchantiaceae (Size88 pm, depth 99.02 mbsf, slide P12/2, England Finder coordinates C43/2);

b) Coptosporasp.a(59 p,70.02 mbsf, P21/1, X43/0); c) Coptosporasp.b (40 um, 39.05 mbsf, P47/1,1.46/1); d) Coptosporasp.c (33 [ ,34.00 mbsf,

P38/1, E28/1); e) Aequitriraditessp. (61 pm, 147.68 mbsf,P45/1, J32/1); f) Baculatisporites disconformisStover (44 pm, 96.37 mbsf, P29/1, C39/3);

g) Podocarpiditessp. (61 ,116.45 mbsf, P34/1, X43/0); h) Dilwynites granulatus Harris (46 pm, 67.54 mbsf, P20/1, T42/1); i) Phyllocladidites

mawsonii Cookson (41 [, 67.54 mbsf, P20/1, S40/0); j) Trichotomosulcites subgranulatus Couper (33 pum, 21.04 mbsf, P4/1, M32/0);

k, 1) Chenopodipollis sp., twofoci of samespecimen (21 pm, 99.02 mbsf, P12/1, T47/4); m) Nothofagidites lachlaniae(Couper) (33 pm, 21.04 mbsf,

P4/1, A52/3); n) Nothofagidites flemingii (Couper) (34 [D,67.54 mbsf, P20/4, V45/0); 0) Nothofagidites sp. (25 pm, 116.45 mbsf, P34/1, Y42/0);

p) Nothofagidites asperus (Cookson) (45 pm,116.45 mbsf, P34/1, X44/0); ) Caryophyllaceae (27 pm, 82.18 mbsf, P24/2, T49/0); r) Proteacidites
cf. parvus Cookson (47 p,70.02 mbsf, P21/1, C49/0); s) Triporopollenites ambiguus Stover (33 [2,116.45 mbsf, P34/1, D37/0); t) triporate pollen

cf. Proteaceae (33 pm, 34.00 mbsf, P38/1, M28/0); u, v) Tricolpites sp.a, equatorially and polarly oriented specimens (47x30pm, 82.18 mbsf, P24/1,

Y32/1; 40 pm, 85.36 mbsf, P25/2, F30/0). Redeposited Permian-lower Mesozoic taxa: w)} Horriditrilates ramosus (Balme & Hennelly) (31 o,
99.02 mbsf, P12/2, W46/0); x) Punctatisporites sp. (38 pm, 108.75 mbsf, P32/2, P48/0).
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from theMeyer Desert Formation, Sirius Group (Askin &
Markgraf, 1986; Hill & Truswell, 1993). Thisspeciesalso
has been reported from middle Pliocene (approximately
3.0my) sedimentsin DSDP Site 274 (Fleming & Barron,
1996). These occurences may imply broad correlation
with this unit but does not allow precise dating on
palynological grounds. Thetwo other taxa recorded from
this sample have not so far been reported from the Sirius
Group. Trichotomosulcites subgranulatus was reported
from the upper Eocene section of CIROS-1 drillhole
(Mildenhall, 1989), and is aso frequent in Ross Sea
marine sediments (Truswell, 1983). Known range of the
speciesin New Zealand and Australiai sL ower Cretaceous
to Palaeogene. Chenopodipollis chenopodiaceoides
(Martin) was recorded from the Oligocene section of
CIROS-1, and referred to the Chenopodiaceae family by
Mildenhall (1989). Thespecieshasan Oligoceneto present
known range. Thepollenisalsosimilar tothat of oneof the
twoextant Antarctic vascular plants,Colobanthus quitensis,
acushion plant member of theCaryophyllaceaeinhabiting
the Antarctic herb tundra formation (Longton, 1985).
Whether contemporaneous or reworked, the miospore
assemblage reflects a limited diversity vegetation
dominated by Nothofagus.

No age or paleoenvironmental significance can be
attached to theother miospore assemblages, except that if
contemporaneous with the time of deposition, their low
abundance implies either distance from extensive
vegetation, or considerable dilution by barren sediment.
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Abstract - Based on the alternation of diamicts with other clastic sedimentary facies, the predominantly lithified

Miocenesection of CRP-1 has been divided into lithostratigraphic Units 5 to 7, with Unit 5 further divided into 8
subunits and Unit 6 into 3. Petrological investigations of extraformational clastsindicate provenance from probable
Cambro-Ordovician granites, metamorphic rocks (Koettlitz Group?), Ferrar dolerite and rhyolites of uncertain

affinity. Thesand fractionisdominated by grainsderived from crystalline basement and the Beacon Supergroup, but

volcanicglass, abundant above 62 mbsf, iscorrelated with the McMurdo Volcanic Group. X-ray diffraction analysis
of mud samples shows asimilar change in mineralogy over theinterval 60-65 mbsf from smectite-dominated above
to illite and chlorite-dominated below.

The Miocenesectionisdated by diatom biostratigraphy at 17.5 -22.4 Ma(early Miocene), which suggests an average
sediment accumulation rate of about 21 m/my. The most prevalent fossil groups are diatoms, foraminifers and
palynomorphs. Thewell-preserved marine palynomorph assemblage contains many new acritarchs, and apparently
represents the first known palynomorph record from in situ lower-Miocene Antarctic sediments. Calcareous
nannofossils (Thoracosphaera) areraretofew, asare macrofossils (serpulid worm tubes, echinoid spines, bryozoans,

and scallop shells). Palacoenvironmental interpretations suggest a glacimarine setting warmer than present that
underwent some significant fluctuations in water depth and proximity to theice margin.

A magnetic-polarity stratigraphy has been measured for thelower ¢. 90 m. Four magnetozonesdefined bel ow 89 mbsf

are correlated within the range of Chrons C5Dr to C6 of the Magnetic Polarity Time Scale.

TheMiocenesection hasalso been divided intosix recurrent lithofacies: diamictite, rhythmically interlaminated fine-
grained sandstoneandsiltstone, well-stratified sandstone, poorly-stratified muddy sandstone, coarse-grained siltstone
and fine-grained siltstone. No major changes in facies assemblage have been identified, implying similar variations
in environmental conditions throughouit.

Last, the succession has been divided by sequence stratigraphic analysisinto 10 units, wherein each sequence passes
upward from abasal diamict into progressively finer-grained facies, interpreted as aflooding event. Each sequence
isthought to record thecyclical advanceand retreat of grounded i ceacrossthesite, although thereislittle or norecord
o glacial advance. The only positive evidence for sediment accumulation under grounded ice has been found in a
directional clast fabricin adiamictite at 62.64 mbsf.

LITHOSTRATIGRAPHY

INTRODUCTION

The Miocene part of the core is mainly lithified but
appearsto be uncemented; somehorizonsof sand, however,
are unconsolidated. The core is heavily brecciated,
especially towardsthetop of the Miocenesection, andthis
is described in Background to CRP-1, section on Core
Properties(thisvolume). It should be noted that adetailed
agefor the upper boundary of the Miocene section hasnot
yet beendetermined. The Mi ocenesection hasbeendivided
into three main lithostratigraphic units (nos. 5-7), with
lithostratigraphic Unit 5 divided into 8 subunits and
lithostratigraphic Unit 6 subdivided into a further three.
These are defined solely on the basis of lithology. In the
following discussion, the principal Miocene lithofacies
are described and interpreted. The key characteristics of
each lithostratigraphicunit are then summarised, largely
on the basis of the 1:20 scale logs, which are given in

Appendix 2. A brief preliminary interpretation of the
depositional environmentof eachlithostrati graphi csubunit
is also given. Although data are only available from a
single core and inferences concerning the depositional
processarelimited, theclear indicationsof thepresenceof
glacier ice are not in doubt. However, whereas the
diamictites suggest glacial conditions nearby, the
sandstones and mudstonesmay beinterpreted both within
and outside aglacial context.

FACIESANALYSIS

Six lithofacies recognised within the Miocene section
are defined on the basis of lithology or associations of
lithol ogies, bedding contactsand bed thicknesses, texture,
fabric, sedimentary structures and colour (Tab. 1).1t is
recognised that there is scope for further subdivision of
these facies, once the details of texture, fabric and
sedimentary structure have been investigated more
thoroughly.

* J. Anderson, P. Armienti, C. Atkins, P. Barrett, S. Bohaty, S. Bryce, M. Claps, M. Curran, F.J. Davey, L. De Santis, W. Ehrmann, F. Florindo,
C. Fidding,M.Hambrey,M. Hannah,D.M. Harwood, S. Henrys, . Hoelscher, JA. Howe, R. Jarrard, R. K ettler, S. Kooyman, C. Kopsch, L. Krissek,
M. Lavelle, E. Levac, F. Niessen, S. Passchier, T. Paulsen, R. Powell, A. Pyne, G. Rafat, 1.J. Raing, A.P. Roberts, L. Sagnotti, S. Sandroni, E. Scholz,
J Simes, J Smellie, P. Strong, M. Tabecki, F.M. Talarico, M. Taviani, K.L. Verosub, G. Villa, PN. Webb, G.S. Wilson, T. Wilson, SW. Wise,

T. Wonik, K. Woolfe, J.H. Wrenn.
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Tab. 1 - Characteristics of lithofacies recognised in CRP-1.

Facies Lithology Geometry, Contacts, Structures Fossils Interpretation
1 Diamictite to muddy/ sandy Sharp-bounded units <22 m thick, some Scatteredshells  Glacimarine, sand
conglomerate, variable texture and  with fining-upward tops, mainly of ribbed and mud deposited

fabric but mainiy very poorly unstratificd, but with local wispy scallops from aqueous

sorted, variable clast content of
pebbles te boulders, shape varies
from very angular to well-rounded
(most subangular - subroun ded).

2 Rhythmically interlaminated and
thinly interbedded fine-grained
sandstone and siltstone, scattered
chasts up to cobble grade.

3 Sandstone, geserally fine- to
medium-grained, clean and
relatively well-sorted, minor
granuies and pebbles, rare
siltstone partings.

4 Sandstone, generaliy fine- to
medium-grained, variable mud
content, rare granules and
pebbies, minor siltstone laminac

and partings.

5 Siltstone, coarse-grained to sandy
in places, rare granules and
pebbles.

[ Siltstone, fine-grained, rare

granules and pebbles.

lamination, soft-sediment deformation and
siltstone partings, tocal inciined clasts
(?imbrication), somne coated clasts, one
sedimentary dyke.

?Sharp-bounded unit 0.66 m thick, ptanar
lamination, deformed Jamination lrencath
scme clasts.

Amalgamated, mainly sharp-boundedbeds
and units, intervals <4 m thick, some
normal grading, also alternating medium-
fine iaminae, well-stratified with abundant
planar/flat stratification, local low-angle
cross-bedding and ripple crosg-lamination,
and rare high-angle cross-bedding.
Amnalgamated, mainly sharp-bounded beds
<2 m+ thick, intervals <8 m thick, normal
andreverse grading or no upward grain-size
trend, floating mud clasts, local silt clast
fayers mainly at bed bases, vague flat
stratification (ripple cross-lamination in
X-ray images), load casts.

Intervals <5 m thick, some coarsening-
upward, flaf Jamination, load casts,
siltstone clasts, soft-sediment deformation.

Intervals <6 mthick, gencratly at basc of
coarsening-upward sequences, primary
lamination, disturbedin places by

(Chlamys sp.).

None observed.

None observed.

Minor
bioturbation,
calcareous
serpulid tubes.

Bioturlyation,
calcarcous
serpulid tubes.

Bioturbation,
calcarsous
serpulid fubes.

currents and
suspension fallout,
gravei from floating
jce.

Subaqueous current
deposits, possibly
proximal
glacimarine with
ice-rafted
drepstones.
Deposition from
difute, subaqueous
submarinc currents.

Rapid deposition
from submarine
currents, probably
deasity currents,
including traction
carpet deposits at
tasc of some beds.
Submarine
deposition from
?density currents
and fram
suspension.
Submarine
deposition from
suspension.

bicturbation.

Facies 1 - Diamictite, Sandy Muddy Conglomerate

Facies 1 consists of very poorly sorted mixtures of
gravel, sand, silt and clay, which are generally poorly
stratified to unstratified and display little internal
organisation into beds (Fig. 1a & b). The lithology
comprises a coarse-clast population (granule to boulder
grade), generally suspended in and supported by a matrix
of mixedsand, silt and clay. The clast and matrix proportions
(and the grain size of both components) vary considerably,
typically over short vertical intervals. Some diamictite
unifs are punctuated by discrete, fine-grained partings,
which are typically up to 10 cm thick and show evidence
of soft-sediment deformation (Fig. 1¢). A small number of
calcareous macrofossils was noted within Facies 1,
principally the ribbed scallop Chlamys sp., and marine
microfossils have beenrecovered from samples of this and
other facies.

Coarse clasts are of both intra- and extraformational
rocks. Intraformational debris includes clasts of siltstone
clast breccia, fine sandstone, siltstone and dark grey,
?silicified claystone, lithologies characteristic of Facies
4-6 (see below). Extraformational clasts include basic
volcanic and intrusive rocks, granites of varying texture
and composition, felsic porphyry, and sandstone. The
fargest clasts penetrated by the core are either dolerite or
granite. Coarse clasts are typically very poorly sorted, and

range in shape from very angular to well-rounded. Some
show elaborate, angular outlines, while some dolerite
clasts are almost perfectly rounded (Fig. 1a). One broken
clast of dolerite was noted at ¢. 103.83 mbsf, within a
cluster of clasts coated by light-coloured ?silt (Fig. 1a).
Striae were noted on some smaller clasts. Little evidence
of stratification was noted, although some elongate
clasts are inclined, suggestive of imbrication. Two
intervals (133.57-133.81, 139.05-139.31 mbsf)
preserve mud-lined, sand-filled sedimentary dykes,
¢, 1.5 cm wide, the upper of which appears to emanate
from a mixed, fine-grained horizon immediately below
that interval (Fig. 1b).

Macrofossils within Facies 1 indicate a marine
environment less than 100 m deep, and this is consistent
with microfossil assemblages found in the diamictites.
The poorly sorted and in many cases angular nature of the
coarse debris suggests that a variety of glacial processes
may have played a role in delivering this sediment. Much
of the gravel noted, however, probably arrived at the
depositional site by falling through the water column from
floating ice. Such a process can be established more
confidently ina few cases where poorly defined lamination
is deformed beneath coarse clasts. A broadly glacimarine
origin is inferred for Facies 1, whereby sand-, silt- and
clay-grade sediment was delivered from a glacier terminus
some (unknown) distance from the drillsite, and mixed by
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Fig. I - Photographs of representative lithofacies from CRP-1, @) Facies 1 - unstratified, clast-poor, sandy diamictite at 103.44-103.66 mbsf and
turbated, clast-rick, sandy diamictite at 103.66-103.88 mbsf, with coarse-extraformational clasts (principally dolerite and granite) distributed
irregularly through the lithology. Note the highly frregular shape of the large granite clast at 103.57-103.60 mbsI, the smaller split/coated dolerite clast
at 103.56 mbsf, the cluster of clasts at 103.76-103.85 mbsf (some well rounded) and the occurrence of a light-coloured coating around these clasts.
b) Facies 1 - clast-poor, muddy diamictite at 133.66-133.89 mbsf, showing mud-lined/sand-filled clastic dyke cutting the lithology. The dyke may be
sourced from the dark-coloured (muddy) horizon at 133.85-133.89 mbsf. ¢) Facies 1 - clast-poor, muddy diamictite at 134.23-134.45 mbsf, showing
a soft-sediment-deformed siltstone parting {134.28-134.33 mbsf). d) Facies 2 - interlaminated and thinly intetbedded sandstones and siltstones, with
scattered coarse clasts, at 55.31-35.75 mbsf. Note the occurrence of flat lamination and local ripple cross-lamination, the local deformation of
lamination beneath some clasts (e.g., at 55.54-55.55 mbsf), and the brittle microfault cutting the lithology a1 55.36-55.42 mbsf). ¢} Facies 3 - relatively
well-sorted and quartzofeldspathic, fine- to medium-grained sandstones at 90.64-90.90 mbsf, showing extensive development of flat stratification and
local low-angle cross-bedding.
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Hg.1 - Continued. f) Facies4 -very fine- to medium-grained, muddy sandstones at 60.56-60.80 mbsf, showing siltstoneclast conglomerate horizon
a the base of a bed at 60.72-60.80 mbsf, and overlying normally graded sandstone, g) Facies 4/5 - sharp-bounded, muddy sandstones, and
interlaminatedsandstones/siltstones & 69.88-70.12 mbsf. h) Facies4/5 - brecciated, muddy fine-grained sandstones a 46.00-46.24 mbsf, showing
preservationaf calcareousserpulid tubeswithin awell-cemented concretion at 46.08-46.16 mbsf. i) Facies6 - fine-grainedsiltstoneswith rare coarse
clasts & 94.05-94.30 mbsf, showing local development of stratification (e.g., 94.22 mbsf).
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H g. 1 - Continued. j) Sandstonesof Facies 4 at 49.99-50.23 mbsf, showing intense, post-depositional fracturing and brecciation of core. Note how
the boxwork of fractures has segmented therock into enclaves that could beinterpreted asclasts. Most of thefracturesillustrated are open, but some
arefilled with afine-grained, in part possibly crystalline material. k) Siltstonesof Facies6 a 95.45-95.68 mbsf, showing an extensive, near vertical
fracture that has been refracted around sparse coarse clasts, and isfilled by afinely crystalline material.

physical processes in the marine environment. Coarse
debriswere dropped from floatingice, and changesin the
abundance of such gravel are used elsewhere to give a
first approximationastotheproximity of aglacier terminus
(Summary of Resultsfrom CRP-1, thisvolume - Fig. 4).
No unequivocal evidence of subglacial deposition was
noted within the diamictites, although the sedimentary
dykes noted above could have formed during a period of
loading by ice and/or diamict over the region. Fine-
grainedpartings may indicatehiatusesintheaccumulation
of glacimarine sediment, perhaps due to fluctuations in
the position of aglacier terminus.

Facies2 - Rhythmically I nterlaminated Sandstone
and Siltstonewith L onestones

Facies 2 comprises thinly, rhythmically interbedded
and interlaminated fine-grained sandstone and siltstone,
in roughly equal proportions, with dispersed gravel of
varying grade and clast shape (Fig. 1d). Individual beds
are 2 - 20 mm thick, and tabular across the width of the
core. Beds are characterised by a planar stratification,
which isdeformed beneath some lonestones. Individual
sandstone beds and laminae are moderately to well-
sorted.

Thealternation of coarseandfinelaminaeissuggestive
of a subaqueous environment affected regularly by
alternatinghigh- and low-energy conditions. Thepresence

of lonestones with deformation of lamination beneath
them suggests the introduction of coarse debris from
floating ice. This distinctive, rhythmically bedded facies
issimilar todepositstermed “cyclopsams” by Mackiewicz
et a. (1984), and interpreted by those authors as the
depositsof ice-proximal glacimarineenvironmentsaffected
by tidal flux. The role of tidal processes cannot be
established in the present case, but a setting relatively
closetoasourceof glaciericeissuggestedby theabundance
of apparently ice-rafted debris.

Facies3 - Stratified, M oder ately- to Well-Sorted
Sandstones

This facies consists of generally fine- to medium-
grained, moderately- to well-sorted sandstones of
quartzofel dspathic composition, which areorganised into
grain-size-differentiated laminae and beds (Fig. le).
Sandstones are arranged in stacked, amalgamated units
up to 5 m thick, such that individual beds are difficultto
define. Internal stratification is well-developed in this
facies, most commonly flat stratification and low-angle
cross-stratification, with less abundant ripple cross-
lamination and rare high-angle cross-bedding.

Facies 3containsnomacrofossils, butfromitsintimate
association with other fossiliferous lithologies it may be
interpreted as the product of sediment deposition in a
marine setting. The abundance of physical sedimentary
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structures and the persistent grain-size sorting in this
facies points towards deposition from dilute, tractional
currents, of varying strength. In the absence of any
unequivocal wave-generated or combined-flow structures,
the low-angle cross-bedding noted may be interpreted as
truncated cross-bedding, suggesting in turn that sands
were mostly laid down under physical conditions closeto
or within the planebed stabilityfield. Accordingly, Facies3
is interpreted as reflecting a shallow-submarine
environment intowhich coarsesedimentswereintroduced
by dilute currents.

Facies 4 - Poorly Stratified, Poorly Sorted
Sandstones

Facies 4 comprises relatively muddy, poorly sorted
and poorly stratified sandstoneswith rare, thin siltlaminae,
which form sharp-based and in many casesfining-upward
beds up to 2 m thick (Fig. 1f, g & h). Amalgamated
intervalsof Facies4sandstonesvary upto8 mthick. These
sandstones are typicaly dark olive grey in colour in
contrast to thelighter grey colour of Facies 3. Many beds
are normally graded, some with a siltstone clast breccial
conglomerate horizon at or near the base (Fig. 1f), while
a few beds (e.g., 141.24-141.82 mbsf) display inverse
grading with acoarsefraction " floating" near thetop of the
bed. Other bedscontain floating siltstoneclastssuspended
within apparently massive or poorly stratified sandstone.

Sedimentary structuresare sparsely developed within
Facies 4. Some beds show load-casted bases, and vague
flat stratification iswidespread, but few other structures
were noted on the surface of the core. X-radiography of
sel ected sections, however, reveal ed flat stratification and
ripple cross-lamination in several beds (see section on
X-Radiography and Sedimentol ogical Features). Biogenic
structures are rare within thisfacies: serpulid tubes were
recorded in a few places (Fig. 1h), and indeterminate
bioturbation noted at a number of horizons.

Amarineenvironment of deposition isindicated by the
fossil evidence. The sharp-based, often graded and poorly
stratified nature of Facies 4 is suggestive of deposition
from at least partly or temporarily turbulent sediment
gravity flows (density-modified grain flows or turbidity
flows). Clast-rich horizonsnear thebase of somebedsare
interpreted as traction carpet deposits, while floating
intraformational clastsmay reflect theroleof buoyancy in
someflows. Inversegradingisalsoconsidered anindicator
of higher flow viscosity among the spectrum of sediment
gravity flows (Nemec & Steel, 1984; Nemec, 1990).
Accordingly, Facies 4 is interpreted as the product of
periodic sediment gravity flows across the submarine
surface. No direct evidence of formative water depth is
evident from the sediments themselves, but the fossil
assemblage in this and associated facies is suggestive of
depths no greater than 100 m.

Fades5 - Coarse-Grained Siltstones
Facies 5 comprises coarse-grained or sandy siltstones

that areintimately associated with Facies4, in many cases
forming the upward-fining, upper part of Facies 4 beds

(Fig. lg & h). Other occurrences arc associated with
coarsening-upward sequences up to a few metres thick
(e.q., 76-79 mbsf). Flat stiatification is evident in a few
cases, asisload casting and indeterminate soft-sediment
deformation, and floating siltstone clasts were noted af a
few horizons (e.g., 59-60 mbsf). Both serpulids and
bioturbation were noted asin Facies 4.

Theintimate association and similarity of Facies 4 and
5indicates a genetic link between the two. Accordingly,
Facies5isintepreted asreflectingthe waning-flow and/o
distal portions of the density currents responsible St
Facies 4.

Facies 6 - Fine-Grained Siltstones

Facies 6 consists of intervalsof fine-grained siltstone
upto6m thick (Fig. 1i), whicharein placeslaminated and
inotherseither apparently massiveor bioturbated. Serpulid
tubes were noted at afew horizons.

Thefine-grained siltstones of Facies 6 areinterpreted
tohaveformed by fallout of finesediment from suspension
in the (marine) water column.

Secondary Brecciation of Core

A largeproportion of the corefrom CRP-1isaffected to
avarying extent by fracturing and brecciation (Fig. 1 j & k).
Although theorigin of thisfracturingisopento morethan
oneplausibleinterpretation, itisclear that thedeformation
was brittle, and therefore that it occurred after the section
had been at least partly lithified. Thisisevident from the
geometry and non-facies-specific nature of fracturing,
and the filling of some fractures by a finely crystalline
material. From a sedimentological perspective, the
importance of this phenomenon is that it has formed
breccias with fabrics that could be misinterpreted as
primary depositional frameworks. True(intraf ormational)
sedimentary breccias do occur withinthecored succession,
but are considerably more localised than secondary
breccias, and can be identified confidently only when a
clear distinction between the grain-size of clasts and
matrix can be made.

Discussion

The facies assemblage indicates that the Miocene
section in CRP-1 accumulated in mainly shallow-marine
environments of deposition, at times under the influence
of floating ice and perhaps offshore from glacier termini.
The balance of evidence suggests, however, that thereis
no depositional record of grounded icein CRP-1, except
possibly inlithostratigraphic Unit 5.3(see section on Clast
Fabric). The most clearly ice-proximal sediments are the
diamictites of Facies 1, and attempts are made el sewhere
inthisreport to assesstheproximity of glaciericebased on
the density of clasts per unit length of core. Facies 2 may
also record proximal glaciomarine environments. Given
its better sorting, generally coarser grain-size and more
stratified nature, Facies 3isinterpreted to haveformed in
shallower water than Facies 4, and by somewhat different
physical processes. Giventheabove-mentioned attributes,
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thedilute water currents held responsible for Facies3may
have been associated with outflows from fluvioglacial
deltas. Facies 4 and 5, which arc closely associated
with Facies 3, showsevidenceof deposition from more
sediment-charged, sediment gravity flows, and may
reflect cither or both of a change in water character
(salinity, density, temperature, etc.) and a change in
water depth. Facies 6 is interpreted to represent the
most distal and/or deepest-water environment recorded
in the core.

Based on the present-day subsea topography of the
western Ross Sea and inspection of seismic reflection
data, itisconsideredlikely that the submarine surface was
irregular with significant slopes in places (a ramp, rather
than shelf geometry) during most of the time represented
by the cored section. Some periods of progradation are
evident from clinofosmsin the seismic records, and some
channelling has also been noted. Aflat shelf withadistinct
shelf break, such as occurs on most continental margins,
is not apparent from seismic data in the study area (see
Background to CRP-1, thisvolume - section on Regional
Setting). Accordingly, schematic illustrations of the
interpreted depositional environment of Facies1-6during
times of 1) relativeice advance and 2) relativeice retreat
shown in figure 2 depict aramp setting.

DESCRIPTION OF SEQUENCE

Lithostratigraphic Unit 5.1 (43.15-53.70 mbsf),
Sandstoneand Mudstone

Description. Lithostratigraphic Unit 5.1 is asparsely

fossiliferous, moderately to well sorted, fine-grained
sandstone, with colour ranging from black (N1) to olive

GLACIAL ADVANCE

GLACIAL RETREAT

black (5Y 2/1). Thesediment islithified but appearsto be
uncemented. The rock isfractured and hasafitted fabric,
with brecciation affecting 50-100% of the core. Thebreccia
iscomposed of fragments of granuleto small pebblesize.
Some fractures are filled with fine-grained sand (colour:
SYR?2/1). Typical principal components of the sandstone
are quartz, feldspar and volcanic rock fragments, with
c. 10-15% each of volcanic glass and clay. Traces of
diatoms, spongespicules and foraminifersareal so present.
Bedding is poorly preserved, although wispy and weak
parallel lamination is visible in places. A low degree of
burrowing and bioturbation isevident throughout much of
this interval. Molluscs occur at several levels, while a
singlegraniteclast is present at 45.54 mbsf. Poorly sorted
sandy mudstone is present below 48.14 mbsf. It has the
samecolour asthesandstone, anditspatternsof brecciation
and burrowing are similar to those seen in the sandstone,
with which it has a gradational relationship. Individual
beds of clayey siltstones, with slight to moderate
bioturbation, and moderately sorted siltstone also occur
here. Gravel concentrations, washed during drilling, occur
at two intervals, and include granite and possibly
volcaniclastic sandstone. A sharp contact with the
underlying unit is evident.

Interpretation. Shallow-marine conditions are
suggested from the preservation of marinefloraandfauna,
and by indications of bioturbation. Although the precise
mode of emplacement of the sand and sandy mud is
unclear, gravity flowsarealikely explanation. Thevol canic
material, which may haveoriginated asairfail, wasprobably
reworkedby currents. Althoughdirectindicationsof glacial
supply areabsent inthisinterval (except for af ew isolated
clasts near the top and bottom of the unit), sedimentation
rates appear to have been high.

Sea Level

&~ scallops

é serpulids

Fig. 2- Schematic cross-sections
of the Cape Roberts area during
the Miocene, showing the
interpreted depositional context
of the lithofacies recognised
(numbers in circles). The upper
diagram depictsaperiodof glacier
advance, inwhich theglacier has
asubmarine grounding line, and
the adjacent seais semi-
permanently covered by ice, thus
dampeningany waveactivity. The
lower diagram depicts a period,
of glacier retreat, such that its
terminus is onland, and fluvio-
glacial sediments are being
delivered into a shallow seamore
affected by wave activity.

Sea Level
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Lithostratigraphic Unit 5.2 (53.70-61.46 mbsf),
Interbedded Siltstone, Diamictite and Breccia

Description. Lithostratigraphic Unit 5.2 has poorly
sorted siltstone asitsdominant lithology, but the siltstone
isinterbedded with thin beds of diamictite and sandstone,
all of which arelithified but appear tobeuncemented. The
siltstone is olive black (5Y 2/1) and medium bedded. A
few unidentified macrofossils and diatoms are present,
and bioturbation occursat variouslevels. Graincomposition
includes quartz (dominant), feldspar and minor rock
fragments. Massive muddy sandstone, fine-grained and
medium-grained sandstone, sandy clast-rich diamictite,
and silty claystone intraformational breccia form sharply
defined bedswithinthisunit. A unitof laminated sandstone
with outsize clasts is present at 55.21-55.51 mbsf.
Excluding the breccias, gravel-sized clasts vary in
abundance throughout the unit, from less than 1% to as
much as 20% in the diamictites. The largest clast is
boulder size (dolerite), measuring 30 cm aong the core; it
appears to have disrupted the laminae beneath. Other
clasts arecomposed of very fine-grained sandstones. The
lower boundary was not recovered.

I nter pretation. T hediamictiteswere probably deposited
from a neighbouring ice margin. The laminites resemble
those formed in modern tidewater glacier settings, and it
is tentatively suggested that they are analogous to tidal
rhythmites(or "' cyclopels™, cf. Mackiewicz et al., 1984). If
so, they would haveformed closetoaglacial cliff. Theunit
asawhol eprobably represents sedimentationin aproximal
glaciomarine setting, probably viagravity-flow processes,
with a variable input of ice-rafted debris. Alternatively,
the facies represented in lithostratigraphic Unit 5.2 may
have been deposited by avariety of subaqueous currents,
ranging from dilute currents to density currents, with
additional material contributed by settling of ice-rafted
dropstones and suspended load.

Lithostratigraphic Unit 5.3 (61.46-63.30 mbsf),
Diamictite

Description. Lithostratigraphic Unit5.3isan olive
black (5Y 2/1), clast-richto clast-poor sandy diamictite.
Thisinterval i slithified but appears not to becemented.
The diamictite is thickly bedded and fossil-bearing
(including bivalve shell fragments). Clast percentages
range from 1 to 60% (hence the sediment islocally a
muddy sandy breccio-conglomerate), although mostly
they areless than 5%, and includegranules to medium
pebbles of subrounded and subangular shape. Clast
lithologies arevaried and include: dolerite, granite,
mudstone, and possibly other volcanic rocks and
organicfragments. On average, the matrix comprises
c. 35% quartz, c. 15% feldspar, c¢. 15% volcanic rock
fragments, c. 10% volcanic glass and c. 20% clay.
Shell fragments occur at two levels. The lower contact
is sharp.

I nter pretation. Shallow-marine conditionsareindicated
by the biogenic material, but the dominant processeswere
probably iceberg-rafting and deposition from suspension
close to the ice margin.

LithostratigraphicUnit 5.4 (63.20-70.28 mbsf),
Sandstone

Description. Lithostratigraphic Unit 5.4 is a poorly
sorted silty sandstone, ranging from olive black (5Y 2/1)
toolivegrey (5Y 4/1). Thisinterval islithified but appears
not to be cemented. The rock varies from structureless to
stratified and parallel-laminated. Other sedimentary
structures include cross-lamination and soft-sediment
deformation features; also, thestratificationisinclined, m
places at up to 20°. Fining-upward intervals arc evident
between 66.30 and 66.90 mbsf. A few clasts are present
towardsthebaseof the unit. Other lithologiesincludesilty
claystone with diatoms (67.40-67.71 mbsf), and
intraformational sandstone breccias at 69.20-69.35 mbst
and 69.35-69.57 mbsf.

Interpretation. A shallow-marine environment
dominated by gravity-flow sedimentation is suggested,
but with current-induced sedimentation for the laminated
and cross-laminated intervals. Few direct indications of
glaciers are present, except for lonestones (ice-rafted)
near the base of this unit. However, in view of the high
sedimentation rates evident, itisconceivable that gravity-
flow sediments weresupplied by glacial streams, pethaps
via adelta.

Lithostratigraphic Unit 5.5 (70.28-78.85 mbsf),
Sandstone and Claystone

Description. Lithostratigraphic Unit 5.5 is an olive-
black (5Y 2/1), poorly sorted fine-grained sandstone. The
sedimentislithified tosoft, and appearsnot tobecemented.
This unit variesfrom laminated to massive, and shows a
few signs of soft-sediment deformation and bioturbation.
Below 75 mbsf, the sandstone gradesinto silty claystone.
Clasts are dispersed through the middle part of this unit,
but do not exceed small pebble size. Their shapes range
from very angular to subrounded, and clast lithologies
includedolerite, basalt and volcanic glass. The base of the
unit is sharp.

I nter pretation. Shallow-marine sedimentation, similar
to lithostratigraphic Unit 5.4, but with agreater influence
of iceberg sedimentation, except towards the base where
lonestones are absent and silty claystoneisthe dominant
facies. Thisfiner-grained facies may have been formed by
deposition of suspended sediment, derived from aglacier.

Lithostratigraphic Unit 5.6 (78.85-81.16 mbsf),
Diamictite, Sandstone and Siltstone

Description. Clast-rich sandy diamictite and fine- to
very fine-grained sandstone are the main lithologies in
lithostratigraphic Unit 5.6, with an intraformational fine-
grained sandstone breccia at 79.54-79.75 mbsf. Olive-
black (5Y 2/1) is the dominant colour. The rocks are
lithified, but appear to be uncemented. Thereisevidence
of bioturbation and soft-sediment deformation. The
diamictite is medium bedded, and grades up into small
pebble/granule conglomerate bedsnear thetop of theunit.
Diffuse sandstone laminae occur at two levels. Clasts
includecobblesof granite, pebblesof fine-graineddolerite
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and granules of quartz. Thefine-grained sandstone below
79.24 mbsi has wispy lamination in part, but is mostly
massive. The base of the unit is sharp.

Interpretation. Shallow-marine sedimentation,
influenced by fluctuating balance between gravity flow
input and iceberg-rafting, isenvisaged. Theconglomerate
bed may represent alag deposit, resulting from reworking
by bottom currents.

Lithostratigraphic Unit 5.7 (81.16-92.19 mbsf),
Siltstone and Sandstone

Description. Poorly sorted siltstone and silty very
fine/fine-grained sandstone, ranging from olive-black
(5Y 411) to grey-green (5Y 2/1), are the dominant
lithologies in lithostratigraphic Unit5.7. Thesediment is
lithified, but appearsto beuncemented. Although parts of
the core are massive, the bulk of the unit is medium-
bedded. Repeated fining-upward beds are present,
especially below 90.89 mbsf. Minor lithologiesinclude
intraformational brecciaand moderately sorted medium-
and coarse-grained sandstone. The breccia comprises
clasts and matrix of the same material as the host rock.
The clasts range from rounded to angular. Post-
depositional brecciation is superimposed upon the
intraformational brecciation, and distinguishing the two
typesisproblematic in places. Scattered through the unit
are exotic clasts of pebble and granule size, including
dolerite and granite. Rare bivalve shells also occur. The
base of the unit issharp.

Interpretation. The dominant processes identified in
this unit are gravity flows which produced the fining-
upward sandy/muddy and brecciated intervals, probably
associated with unstablesl opesin shallow-marine waters.
Sedimentation was sporadic, but rapid when it occurred.
Alternating periods of iceberg-rafting and ice-free
conditions are indicated by the distribution of exotic
clasts.

Lithostratigraphic Unit 5.8 (92.19-103.41 mbsf),
Mudstone

Description.Unit5.8comprisespoorly sorted siltstone
and mudstone with scattered pebbles. Thecoreislithified,
but appears to be uncemented. Bedding is mainly
overprinted, the sediment being mottled and obviously
bioturbated in places. Sandstone laminae and thin beds a
few centimetres thick, some of which are black, occur
sporadically throughout theunit. Somesandstoneintervals
have sharp contactswith theboundingmudstoneintervals,
although commonly these contacts have been affected by
soft-sediment deformation. Other sandstone beds have
gradational boundaries. A few fining-upward sandstone
beds are present. Bivalve fragments occur at several
levels. Clastsareangular to subrounded, and aremostly of
granuleand pebblesize, althoughthelargest hasadowncore
dimension of 5 cm. Lithologies represented are granite,
dolerite, black fine-grained vol canic rock and quartz. The
lower contact of the unit issharp.

Interpretation. This unit appears to be dominated by
gravity flow deposits comprising fining-upward sandy/

muddy intervals, which probably were generated on
unstable slopesin a shallow-nunine setting. Bioturbation
d thesediment, however, may havedestroyed evidenceof
other processes. Tce-rafting, indicated by the distribution
of exotic clasts, was an ongoing process throughout the
deposition of this unit, probably in a proximal/distal
glacimarine setting. The increasing number of clasts up
the unit may indicate that a glacier became increasingly
proximal to the depositional site through time.

Lithostratigraphie Unit 6.1 (103.41-108.76 mbsf),
Diamictite

Description. Lithostratigraphic Unit 6.1 is an olive-
black (5Y 2/1), clast-poor sandy diamictite. The rock is
lithified, but appearsto beuncemented. Thisunitismainly
massive, although laminae and thin, sharply defined beds
of silty fine to coarse sandstone occur a some levels.
Exotic-clast percentages range from 2 to 10%. Clasts are
angular to rounded and include granite, dolerite, basalt,
and black volcanic rocks; there are also mudstone
intraclasts. A single diamictite clast is also present. The
largest clast, of granite, measures 7 cm. Some clasts are
coated with silt. The unit has asharp base.

Interpretation. Iceberg sedimentation, with near-
continuous rain-out, isthought to have been the dominant
process responsible for forming this unit, probably in a
shallow-marine setting. The shape of the clasts indicates
both supraglacial transport (angular clasts) and transport
at the bed of a glacier before being deposited in the sea.
Alternatively, the supply of diamictite could belinked to
a nearby grounding-line position of the ice-mass. The
sandstone intervals without clasts indicate short periods
without significant iceberg activity.

Lithostratigraphic Unit 6.2 (108.76-119.28 mbsf),
Sandstone

Description. Poorly to moderately sorted, olive-black
(5Y 2/1), fine- to medium-grained sandstone is the
dominant lithology in lithostratigraphic Unit 6.2. The
sediment is lithified, but appears to be uncemented. The
sandstonevariesfrom medium-bedded tolaminated (both
mainly inclined), and shows signs of soft-sediment
deformation and bioturbation, especially bel ow 115 mbsf.
Several fining-upward beds occur, but the majority of
bedsappear uniform, sharply bounded andinclined. Minor
lithologies include thin beds of clayey siltstone, silty
claystone, coarse-grained sandstone, intraformational
breccia, diamictite and weakly developed laminites; the
latter occur aslaminated fine sandstone interval s between
109 and 110 mbsf. The diamictite (115.12-115.82 mbsf)
rangesfrom clast-poor to clast-rich (<1 to50% clasts) and
includes thin beds of sandstone with dispersed clasts.
Clasts are distributed discontinuously through the unit,
but they become more common downwards. Their shape
ranges from angular to subrounded. Clast lithologies
include granite, dolerite, basalt and volcanic glass. The
base of the unit issharp, but irregular.

Interpretation. Slope-related shallow-marine
sedimentation, with sporadic gravity flows indicated by
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fining-upward cycles, areenvisaged, butwithaninfluence
of icebergsedimentation, especially towardsthebase. The
diamictite suggests ice-proximal conditions, with some
winnowing by bottom currents, as indicated by
concentrationsof pebbleclasts. Thelaminated sandstones
may be cyclopels. The facies association in this unit is
consistent with the development of agrounding-line fan,
the better-sorted sedirnentsbeing suggestiveof subaquatic
subglacial discharge of meltwater.

LithostratigraphicUnit 6.3 (119.28-141.60mbsf),
Diamictite

Description. Lithostratigraphic Unit 6.3 is asequence
of clast-poor to clast-rich, olive-black (5Y 211) muddy
diamictite. The rock is lithified, but appears to be
uncemented. Thisunitisuniformly massivefor thicknesses
of several metres, although laminae, thin deformed beds,
lenses and wispy partings of claystone, siltstone and
sandstone occur at somelevels. At 133.57-133.77 mbsf a
prominent clastic dyke extendsfrom a siltstone horizon
below. Clast percentages rangefrom <1 to . 26%. Clasts
are angular to well-rounded and include granite, dolerite,
other volcanicrocksandlesser proportions of soft sediment
(diamictite, fossiliferous siltstone, sandstone, siltstone
and mudstone) clasts. Fossil fragments occur rarely. The
unit has asharp base.

Interpretation. |ceberg sedimentation, with continuous
rain-outclosetotheicemargin, isbelieved todominatethe
unit, although minor reworking events, associated with
occasional cessationof i ce-rafted debrisinput, areindicated
by the finer-grained clastic sediment layers. Disturbance
of thesediment, including redeposition,isindicated by the
presence of soft-sediment deformation features.
Alternatively, the supply of diamictite could be linked to
anearby grounding-lineposition of anice-mass. Thereare
few sedimentary indicators of water depth.

LithostratigraphicUnit 7.1 (141.60-147.69mbsf),
Claystone

Description. Lithostratigraphic Unit 7.1 comprises
poorly sorted, olive-grey (5Y 4/1) silty claystone and
clayey siltstone. The sediment islithified, but appearsto
be uncemented. The claystone isfinely laminated in part
but, visually, lamination appears to have been weakened
by bioturbation. More extensive lamination does remain
visible in x-ray images. A thin bed of clast-poor muddy
diamictite occurs at the top of the unit, while layers and
lenses of fine-grained sandstone, including bioturbated
fine-grained sandstone, andintraformational brecciaoccur
towardsthe base. Clasts are sparsely scattered through the
unit, and are dominated by small pebbles and granules of
dolerite andgranite. Mineral-filled vertical fracturesoccur
at 142.20 mbsf.

Interpretation. Deposition in quiet water is suggested
by the laminated horizons, which probably formed by
fine-fraction settlingfromsuspensionwithlittlereworking
by ambient currentsor gravity flows(i.e., distal turbidites).
Exotic clasts indicate episodic glacial influence.

SEQUENCESTRATIGRAPHICINTERPRETATION

Apreliminary sequencestratigraphicmodel i sproposed
here to account for thecyclical arrangement of lithofacies
noted above (Fig. 3). It is based on the premise that
changesingrain-sizereflect changesin depositional enemy,
and hence relative water depth in ageneral sense.

The presence of several cycles or " sequences” within
thecored Miocenesectionsuggestsacondensed succession
representing several discrete intervals, each bounded by
hiatuses, consi stent with thel ocationof theCRP- 1 borchole
close to the western margin of the West Antarctic Rift.
Giventhetotal thicknessof the cored Miocene section and
palaeontological data, an estimate of 23 m/my
sedimentation rate has been made, which is slow within
thecontext of extensional sedimentary basins. Sinceshort-
term sedimentation rates in glacially-influenced
depositional systemscan bevery high (metres per year), it
islikely that substantial amountsof time are recorded by
hiatal surfaceswithin the core.

A number of abrupt upward increases in sediment
calibreoccur through the cored Miocene section, most hut
not al are at thebase of diamictiteintervals (Fig. 3). If the
interpretation of diamictites as glacimarine deposits is
accepted, then this together with the abrupt grain-size
increase suggests a significant facies dislocation a the
base of diamictite bodies. It issuggested that these abrupt
contactsare sequence boundaries (Regressive Surfacesof
Erosion), recordingadropin relative sea-level associated
with acycleof glacier advanceand retreat acrossthe area.
Furthermore, the core records clear fining-upward trends
at the top of dmost al diamictite units, which can be
interpreted in terms of a progressive risein relative sea-
level followingaglacial advance cycle. Thecorecan thus
be divided into sequences, the basal boundary of each of
which lies at the base of a diamictite (or another coarse-
grained faciesintwo cases), which then finesupward into
sandstones and siltstones. The upper parts of some
sequences show a degree of coarsening-upward, and the
topmost parts of afew sequencesshow accumulations of
discrete, sharp-bounded Facies 3-5 beds, reflecting
progradation on aminor scale. Significantly, however, no
evidence of substantial progradation (large-scale
coarsening-upwardsequences) isrecorded within thecore.

If the diamictite units or their positional equivalents
areinterpreted asrecordingacycleof glacial advance and
retreat, then thequestion arisesastowhether thediamictites
and equivalents record only the glacial retreat or both
advance and retreat. The observation that sequence
boundaries are preceded by very littleif any evidence of
progradation argues against the latter, suggesting rather
that much of the record of glacia advance has been
removed by erosion. Sincethereisno evidencein the core
for wave activity or other high-energy physical processes,
nor evidence for subaerial exposure of surfaces, it is
suggested that in each cycle the advance of grounded ice
across the area of the drillsite was responsible for the
removal of progradational deposits. Thisideaissupported
by the presenceof common intraformational clastswithin
the core.
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CRP-1 Sequence Stratigraphy
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H g. 3- Graphic sedimentological log of the CRP-1 core, showing the
distribution of Facies 1-6, and the division of the succession into
sequences based on the recognition of sequences boundaries at abrupt
facies dislocations. SB - Sequence Boundary, RSE - Regressive Surface
of Erosion, TST - Transgressive Systems Tract, HST - Highstand
Systems Tract, RST - Regressive Systems tract.

Figure 3illustrates the proposed division of the cored
succession into sequences. Even though successive
sequences may preservedlightly different combinations
of facies, there is nonetheless a consistency in the facies
composition of sequences as described above. Thus,
diamictite units (Facies 1) or their positional equivalents
(Facies 2/3) arc interpreted as late lowstand to early
transgressivesystems tract deposits, sandstonesof Facies
3 and 4 as recording transgressive systems tracts, andthe
fine-grained facies (5 and 6) the highstand systemstract.
Some minor regressive systems tract deposits may be
preserved below sequence boundaries. A significant
implication of thisinterpretationisthat few if any lowstand
systemstract depositsarerecorded at thislocality, but that
such facies might logically be expected to be preserved
elsewhere (perhaps in areas where clinoforms have been
recorded on seismic surveys). Channel features of the
order of 10°s of m deep and up to L km wide also notedon
seismicreflectionlinesmay record the passageof grounded
glaciers across the seafloor at certain times.

The sequences recorded in the CRP-1 core show
characteristics that aredifferentfrom sequencesdevel oped
on non-glaciated continental margins. In the latter, the
progradational record (highstand systems tract) is well
represented, and often accountsfor asubstantial proportion
of the sequence thickness, whereasin CRP-1 this section
isevidently truncated by erosion. Furthermore, sequences
in non-glaciated shallow-marine environments typically
show atransgressive record that istruncated by shoreface
erosion, whereasCRP-1showstransgressivedepositsthat
areuninterrupted by significant erosion. Thisisinterpreted
to reflect the inability of waves and associated currents to
effectively mobilise sediment on the sea floor in the
presence of floatingice.

If correct, thisanalysissuggeststhat insettingsproximal
to the continental edge such as the Cape Roberts drilling
sites, deposits recording progradation and advance of
glaciers are likely to be removed by erosion, and that
significant periods of time may therefore be recorded in
thesequence boundariesrecognised at thebaseof diamictite
and other lithofacies.

SEDIMENTOLOGY

INTRODUCTION

Further to the visual description of theworking hdf of the
core, the Miocene section, bel ow approximately 45 mbsf, was
described in detail using anumber of specifictechniques.
Theuseof avariety of differentanaysesassistsinfurthering
our understanding of thefaciesand therefore depositional
environment during theMiocene. After visual description,
and core logging, the working half of the core was
X-rayed. This enabled the observations on any internal
structure, sediment fabrics and lonestones to be taken.
Details of the X-radiography on specific intervals are
given below. Analysis of clast fabric and shape was
conducted on certain, individual sections, thereby giving
amoredetailed account of the depositional environment.
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X-RADIOGRAPHY AND SEDIMENTOLOGICAL
FEATURES

X-radiographicimages of thehalf-coreswereobtained
using a Torrex 120-D x-radiographic machine that can
produce real-timevideoimagery aseach |-m-long section
of coreis passed through the machine. Theimagery of the
split working half of the core was recorded on S-VHS
(NTSC system) video tapes before any sampling had
taken place. Settings of x-ray intensity used for exposing
the Miocene section were mostly at 3mA and 85 kV for
upper internal sands and 3 or 4 mA and 90 to 95 kV for
diamictites and the sections in the lower 50 m of core,
whichweremorelithified. Wefound that thesharpness of
the image increased at higher mA settingsand the higher
voltage was needed for penetrating diamictitesand more
lithified internal s. Another aspect to notewasthat granitic
clasts had an attenuationsimilar in character to that of the
matrix of the diamictites. Commonly, those clasts could
bedi stinguished based mainly on theincreasedattenuation
of the X-rays by their mafic minerals.

The Miocene section is more lithified than the
Quaternary section, and consequently longer internals
could be X-radiographed. However, because most of the
cored sediment remainsuncemented, Some long sections
werestill too soft to X -radiograph without the core being
in acoreliner. Furthermore, approximately the upper | O m
(down to below 60 mbsf,) of thisinterna of the coreis
brecciated and consequently isalsovery difficultto X-ray
without beinginacore liner. Thetotal thicknessof sediment
of Miocene age X-rayed was 44.74 mbsf (c. 45 %of thetotal
Miocenesection). A list of thex-radiographed internalsis
presentedintable2. Significant featuresthat werenotedin
these internal s include:

[. In general, most of the internals of the mudstone,
siltstone and claystone are internally structurelessin
visual appearance aswell asin X-radiography (there
are numerous internals but, e.g. 58.80 to 58.93 mbsf;
Fig. 4a). This characteristic can be used to indicate
several points about the nature of sedimentation and
post-depositional processes:
either
a) thesediment has been heavily bioturbated. The

X-radiography, however, showsvery littleevidence
of bioturbationin thesediment. Somesectionsof the
coresdoexhibit bioturbation (e.g., 145.70 mbsf;
Fig. 4b), but those sections appear to be rare. The
apparent | ack of bioturbationmay bedueeitherto (i)
avery uniformoriginal lithology inwhichthereisno
density contrast to selectively impede the X-rays
even if it is bioturbated, or (ii) to the fact that the
sediment has not been bioturbated. The latter
interpretationis preferred becausethe sedimentsdo
not show visual evidenceof heavy bioturbation;

or

b) the sediment was deposited very rapidly from

suspension without significant sorting and
reworking processes. Furthermore, consistent
particle-size distributions appear to have been
introduced in suspension into the environment
over theperiodwhentheseinternal sweredeposited.

Given (a) and (b), very rapid sedimentation appears to
have produced the many structurel ess units.

. Some intervals of the fine-grained units do show

stratification on X-radiographs that cannot be seen
visually (e.g., 119.30 mbsf; Fig. 4c). Thestratification
occurs as arangefrom thin laminae to thin beds, and
locally showsevidenceof soft-sediment deformation.
The observation of this stratification shows that it is
possible to detect dtratification in the fine-grained
units using this x-radiographic technique in these
coresand thustheapparentstructurelessappearance in
X-radiographs of many other internals in the core is
probably real. It alsoindicateseither that sedimentation
rateswere high enough to inhibit infaunal burrowing,
or that other physical/chemical environmental factons
were not conduciveto benthiclife.

. Diamictitesin the Miocene part of the section appeat

to havefewer claststhan those in the Quaternary part
of thesection. Mogt of thediamictitesarestructureless
(many occurrences with a good example between
62.58 to 62.82 mbsf; Fig. 4d). Most commonly the
clasts(granuleand coarser sizes) do not appear to show
any preferred orientationin thevertical section. Clast
proportions often vary down the cores over 10s of
centimetresso that their namechangesfrom clast-poor
to clast-rich, by definition (e.g., interval 104.81 to
105.25 mbsf,). This appearance indicates that if the
diamictitesareglacial, they weremostly likely formed
either by rainout from under afloating glacier-tongue
or short ice shelf (waterlain till) or by deposition in a
zone of intense iceberg rafting where there was
relatively lower inputfromglacifluvial discharges. An
aternative origin may be non-glacial or indirectly
glacial, where the diamictites originate from
subaqueous debrisflows.

. Where structures occur in the diamictites they are of

discrete laminae of very fine sandstone, siltstone or
claystone, commonly exhibiting sharp contacts and
soft sediment deformation (e.g., interval 128.00 to
130.00 mbsf; Fig. 4€). Preferred clast orientation inthe
vertical plane occasionaly occurs in these intervals
(107.50 mbsf; Fig. 4f), and these aretheonly placesin
the core where clast orientation isseen. The apparent
long axes of the clasts lie parallel in planes that
commonly dip steeply or appear to delineate limbsof
folds. These features, soft-sediment deformation,
presence of clast orientation and the geometry of the
clast orientation, combine to indicate that these types
of diamictites probably were deposited originally on a
slope by debris flows. This deposition was probably
very rapid becausethesedimentsstill had ahighwater
content when they experienced soft-sediment
deformation. They arelikely to have been stacked in
pulses and interstratified with minor sorted sediment
pulses, following which the pile experienced minor
creepdown slopesediment tofurther deform themass.
Apparentamal gamated contacts(122.20mbsf; Fig. 4g),
and other contactsthat aresharp but show soft sediment
deformation between a diamictite and another unit
(124.10 mbsf; Fig. 4h), further support this
interpretation.
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Tab.2 Miocene age x-radiography intervals, with sedimentological features.
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Box Interval Lithology Box Interval Lithology “Box Interval Lithology

1T 55.57- Thinly bedded 11 58.23- siltstone laminae 12 58.80- coarse siltstone and
55.69 muddy fine sdst. 58.32 58.95 mud clasts

12 59.18- Laminated siltstone, 12 60.66- Medium sdst, 12 61.65- Medium sdst with
59.37 bioturbated x2 60.75 intraformational 61.78* clast

clasts clast

13 62.58- Muddy sdst diamict 13 62.82- Diamictite 14 67.00- Silty finesdst
62.82 63.15 67.27

14 67.44- Silty finesiltstone 14 67.60- Silty claystone with 15 70.03- Thinly beddedolive
67.57 67.68 diatoms 70.10 grey siltstone

15 70.24- Thinly bedded 16 74.13- Silty finesdst 16 74.99- Silty bioturbated
70.35 siltstone/sdst 74.60 75.59 sdst

contact

17 77.59- Silty claystone 17 78.92- Clast rich sandy 17 79.53- Silty fine sdst with
77.72 79.18 diamictites 79.72*% clasts and laminae

18  81.51- Massivesiltstone 19 85.36- Massive clayey 19 85.80- Silty fine sdst
82.15 85.65 siltstone 86.68*

20 86.93- Poorly sorted 20 90.19- Coarse sdst 21 90.64- Graded sdst
87.26* siltstones 90.27 90.80

21 92.00- Graded sdst 21 93.16- Clayey siltstone 22 94.19- Mudstone
92.43 93.47 94.34

22 94.50- Mudstone 22 95.30- Massivesiltstone 22 95.83- Massivesiltstone
94.66 95.72 95.99 with silt laminae

22 96.32- Diamictite 23 97.47- Finesdst 23 98.07- Finesdst
97.02% 98.02 98.65

23 99.37- Finesdst 24 100.02- Bioturbatedclayey 24  100.60-  Bioturbated clayey
99.91 100.50 siltstone 100.90 siltstone

24 101.69- Bioturbatedclayey 24 102.18- Bioturbatedclayey 24  102.69-  Bioturbated clayey
102.10 siltstone 102.58 siltstone 102.88 siltstone - with

clastic layers

25  103.34- Diamictite 25 104.81- Diamictite 25 105.42- Diamictite
104.37*% 105.29 106.13

26 106.28- Diamictitewith 26 106.59-  Diamictite 26 107.43- Diamictite
106.44 scattered sand layers ... 107.72

26 107.80- Diamictite 26 108.56-  Diamictite 26  109.02-  sdst with
108.47 108.89 109.13 microfaults

27 109.13-  sdst with 27 109.71-  sdst 27 110.31- sdst
109.59 microfaults 110.26* 110.51*

27 109.94- Sdst 28 112.16-  sdst 28 113.16- Diamictite
111.75 113.16 114.16

28 114.74- Diamictite 29 115.22-  sdst 29 116.42-  Sandy silt
114.91 116.22 116.53

29  116.96-  Sandy silts 29 117.72-  Silty sdst 30 118.45-  Diamictite
117.04 118.13 118.56

30 119.08-  Diamictite 30 199.22-  Diamictite 30 119.69- Diamictite
119.15 119.43 119.86

30 120.07-  Diamictite 31 121.30-  Diamictite 31 122.30- Diamictite
120.28 122.30 123.30

31 123.30- Diamictite 32 124.17-  Muddy diamictite 32 124.52-  Muddy diamictite
124.17*% 124.41 124.78

32 124.85-  Muddy diamictite 32 125.17-  Muddy diamictite 32 126.17-  Muddy diamictite
125.17 126.04 127.09

33 127.09- Poorly sorted 33 127.62-  Poorly sorted 33 128.09-  Poorly sorted
127.62 diamictite 128.09 diamictite 128.18 diamictite

33 128.25-  Poorly sorted 33 129.09-  Poorly sorted 33 129.44-  Poorly sorted
129.09 diamictite 129.30 diamictite 130.09 diamicitite

34  130.09- Clast poor muddy 34 131.09- Clast poormuddy 34  132.09-  Clast poor muddy
131.09 diamictite 132.09 diamictite 133.09 diamictite

35 133.09-  Clast poor muddy 35 134.09- Clastpoormuddy 35  135.09- Clast poor muddy
134.09 diamictite 134.86 diamictite 135.33 diamictite

35 135.60- Clast poor muddy 35 138.73- Clast poormuddy 36  139.22- Diamictite
136.07 diamictite 139.22 diamictite 140.22

36 141.28-  Silt sandlaminae 36 142.02- Diamictite 38  142.52- Laminated
141.82 142.35 142.65 claystone

38 143.25- Claystone 38 143.65-  Silty claystone 38 144.65-  Silty claystone
143.65 144.65 144.87

38 145.02-  Silty claystone 39 145.59-  Silty claystone 20 14k R0- Gjlty claystone
145.59 146.59 147.69
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Fig. 4 - Eight X-radiographs from the Miocene interval where scaleisshown as5 cm of depth between thetick marks on theleft and right side of the
image. Thefirst image (a) is of the siltstone a 20.70 mbsf showing it is internally structureless. A claystone with faint bioturbation (b) isfrom
145.70 mbsf; asandy mudstone with dispersed clasts (c; from 119.30 mbsf) showsinternal stratification on the X-radiograph that is not visibleon the
splitcoresurface; astructureless diamictite (d) from 62.60 mbsf; adeformed sandstonel ayer (e;just by the“1” in theimage) with sharp contactswithin
adiamictite interval from 128.10 mbsf; local preferred clast orientation in a diamictite (f) from 107.50 mbsf; an amalgamated contact between two
diamictite beds (g) from 122.20 mbsf; and a highly deformed contact (h)between siltstone above and diamictite below at 124.10 mbsf (in thisimage
it isdifficult to see but the contact winds between the bottom left and the top right).
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CLAST VARIABILITY

The proportionof areacovered by clastson thecut face
of the working hdf of the core, as expressed as clast
percentage, is presented in Quaternary Strata, figure 3,
section on Clast Variability (this volume) plotted against
the lithostratigraphic log. These percentages are strongly
influenced by thesizeof individua clasts, and that problem
ispartly addressed by presentingsimple number countsof
clasts in the 4-m-log (Appendix 2). Variations in clast
percentages areoften used as an indicator of proximity to
a glacier, and in CRP-I, there is a strong correlation
between high-clast percentages and the occurrence of
diamict. However, individual diamict units contain
different clast proportions. For example, the diamictite of
Unit 6.3 has a mean-clast concentration of about 10%
whereas the diamicton of Unit 4.1 has a mean-clast
concentration of greater than 20%. Furthermore, the
proportionsof clastsvary greatly withinindividual diamict
units, often between 1% and 100%; the latter number
indicates clasts larger than the core diameter.

CLAST FABRIC

Two-dimensional clast-fabric analyses were made on
horizontal surfaces of core taken from four levels within
diamictites in the Miocene section, namely in
lithostratigraphic Units 5.3, 6.1 and 6.3 (Fig. 5). Relatively
clast-richintact samplesweretaken, and theorientation of
the long-axes of 50 coarse sand grains and gravel (where
the a/b axial ratio was greater than 2) were recorded in
relation to the cut surface down the middle of the core,
using abinocular microscope. Data were plotted on rose
diagramsgroupedinto30°sectors. Although a less powerful
technique than three-dimensional analysis, two-
dimensional fabrics have proved useful, along with other
evidence, in discriminating basal till(ite)s from waterlain
till(ite)s and gravity-flow deposits, especialy when the
Chi? test was used, for example in the CIROS-I core
(Hambrey, 1989) and at ODP Sites 739 and 742 in Prydz
Bay (Hambrey et d., 1991).

The highest level analysed was 62.64 mbsf
(lithostratigraphic Unit 5.3). Here, a strong preferred
orientation fabric was determined that is statistically
significant at the 95% level. Thistype of fabricistypica
of basal tills. The other samples, at 105.64 mbsf

Fu%

122.94 mbsf.
X2 =2.80

105.64 mbsf.
X2 =8.89

62.64 mbsf.
X2=17.69

(lithostratigraphic Unit 6.1), 122.94 mbsf and 139.31 mbsf
(bothlithostratigraphic Unit 6.3), show fabricpatternsthat
show no significant preferred orientation. These fabrics
show no statistically significant preferred orientations,
and arc typical of waterlain tills, proxima glaciomarine
sediments or gravity flows.

CLAST SHAPE
Introduction

The Miocene interval of the CRP-I core from the
bottom (147.69mbsf) up toadepth of 43.55mbsf contains
several diamictite units. Clasts are present in much of the
interval, but the higher abundance in thediamictites makes
theseunits suitablefor clast-shape analysis. A total of 129
clasts were collected from three diamictite units. These
were lithostratigraphic Units 6.3 (141.60-147.69 mbsf),
6.1 (103.41-108.76 mbsf) and 5.3 (61.51-63.20 mbsf).
Many of these were damaged by coring or saw splitting,
andonly 8(6.2%)wholeclastscould be extracted. Lithology
of each clast was determined. Roundness, one of the basic
componentsof shape, wasdeterminedusi ngtheKrumbein
- Powers visua roundness chart, which provided mean
roundness and percentagesof clastsineachof six roundness
categories. Clasts were also examined for other features
such asfacetsandfor surfacefeaturessuch asstriae. These
data are summarised in figure 6.

Roundness

Roundness of clasts in each unit is presented as
histograms in figure 6. These have been compared with
histogramsof clast roundnessfrom sedimentsin amodern
glacially influenced Arctic environment (Bennett &
Glasser,1996).

Thelowermost diamictite, lithostratigraphic Unit 6.3,
isover 22 m thick, and clasts have been divided into two
populations (upper and lower) to detect any significant
change in shape characteristics within the unit. The lower
part of the unit (below 130.00 mbsf) shows a broad
distribution consistent with that of atypical subglacially
transported debrissignature. Thepresence of asignificant
number (18.6%) of clastsinthe rounded category suggests
there is acomponent of reworked fluvial sediment in the
deposit. This contrasts with data from the upper part of

-d
139.31mbst.
X2 =8.80

H g. 5-Rosediagramsillustrating two-
dimensional clast fabric in the
horizontal plane in diamictites from
fourlevels, Fifty grainsweremeasured
in al cases, Chi-squared values are
giventoindicate thestatisticalvalidity
of any preferred orientation.
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MIOCENE

% of clasts

0.3610.11

Very Angular
Angular
Subangular
Subrounded
Rounded
Well rounded

H g. 6 - Corelog of the Miocene section of the CRP-1, showing summary shape characteristics and roundness histograms.

Unit 6.3 (above 130.00 mbsf), which displays a distinct
lack of rounded clasts and a peak in the sub-rounded
category. While this distribution is still considered
characteristic of subglacially transported sediment, the
lack of rounded clasts suggeststhat thereis no reworked,
fluvial sediment component.

Likewise, the clast population from Unit 6.1 has a
broad roundnessdi stributionwithamean roundnessin the
subangular category and is typical of subglacially
transported clasts. The presenceof 24.1% of clastsin the
angular and very angular categoriesindicatesthe possibility
of supraglacia sourcedebrisinthedeposit. ClastsinUnit5.3
arecomparablewithsubglacially transportedclasts, again
with asignificant (20%) of clastsin the rounded category
suggestive of reworking.

Striae, Facetsand Lithology

Facetted surfaces occur on clasts in all Miocene
diamictitesexamined, and striaewere presentin Units 6.3
(lower) and 5.3. As in the Quaternary section, the
development of these features depends largely on clast

lithology. If present, however, they providegoodevidence
of basal transportin aglacier. Granite and dolerite clasts
are dominant (at least 72%) in all the units, with volcanic
and sedimentary clasts making up the remainder. Facets
werepresentonall lithol ogies, but striaeare more common
on sedimentary and fine-grained dolerite clasts. The basal
part of Unit6.3has5 (11.6%) striated clasts, withonly one
set visiblein most casesbut with oneclast showingat least
two setsof striaeon afacet. Thisisin clear contrast to the
upper partof Unit6.3, whichhasnostriated clasts. Unit6.1
also hasno striated clasts, whereas Unit 5.3has 2 (8%0) of
clastsdisplayingstriae, one of which appearsto havetwo
or three sets of striae preserved.

Summary

The shape characteristics of clasts in the Miocene
section of CRP-1 suggest the clasts have experienced
subglacial transport and that all units contain rounded,
possibly reworked, fluvial sedimentexcept Unit 6.3(upper).
Clasts from Unit 6.1 suggest the incorporation of some
supraglacial material also. The presence of facetsin al



Miocene Stratain CRP-1, Cape Roberts Project 79

units and striaein two unitsa so indicates astrong glacial
influenceindicatingthaticewaseither groundedor actively
calving near the site, thereby introducing ice-raftcd
sediment to the deposit.

PETROLOGY

INTRODUCTION

Examination of the detrital components of the
Miocene strata was based mainly on selection of
samples according to grain size, following procedures
similar to thosedescribed in Quaternary Strata, section
on Petrology (this volume), but with additional x-ray
diffraction investigations to quantify awider range of
minerals present (not just clay species). Organic
geochemistry of bulk sampleswasalso used to provide
information on total carbon, organic carbon, sulphur
and nitrogen contents. The use of these multi-
disciplinary methodswas designed to provide as broad
a characterization as possible of the bulk mineralogy
and rock detritus contributing to the sequence, the
results of which are described below.

BASEMENT CLASTS
Introduction

Thissectionfocusesonthepreliminary petrographical
examination of basement clasts within the Miocenestrata
of the CRP-1 borehole. It includes the description of al
basement clasts belonging to the " pebble" and ** cobbl e
grain-size classes (4 to 64 mm, and 64 to 256 mm,
respectively), data on granules, and some inferences
concerning the most likely source-rock units.

Previous drillholes (CIROS-1, MSSTS-1) on the
westernedgedf the Victoria Land Basin providedevidence
of significant and persistent influxes of basement-derived
pebbles throughout most of the recovered strata. In
particular, basement pebbles, including granites, granitic
gneisses and biotite schists (George, 1989), were reported
asforming alarge proportion (35 to 80%) of theclastsin
thelower Miocenestratarecovered by CIROS-1(Hambrey
et al., 1989). Similar contributions were recognized in the
Miocene record of the MSSTS-1 core (Barrett et d.,
1986).

M ethods

Sampling, macroscopic observations and preliminary
petrographical analyses(polarized-lightmicroscopy) were
performed following the same procedure and sample
management adopted for the Quaternary strata (see
Quaternary Strata, this volume - section on Basement
Clasts).

Due to the large number of pebbles suitable for
preparation as thin sections, 8 clasts, representative of
the principal lithological varieties, were selected. The
sections were mounted in epoxy resin, uncovered and
unstained.

Results

Visual estimation of the Miocene strataindicates that
the basement-clast content is very variable. In particular
thefiner pebbles (dimensions around 1x0.5x0.5 cm), and
sometimes even granules, are practically absent or in
minor proportions in lithostratigraphic Units5.1,5.4, 5.5,
5.7,6.2and 7.1. In contrast, granulesto coarse pebblesare
abundant in lithostratigraphic Units 5.3, 5.8, and
particularly in Units6.1 and 6.3, wherethe basement clasts
range up to to 55-60% volumdi . e. at 124.31-126.05 mbsf
in Unit 6.3 and 104.55-108.49 mbsf in Unit 6.1).

Figure 7 showsthelithological range, distribution and
position of the different rock types within the 12
lithostratigraphicunitsdistinguished intheMiocenestrata.
As in the Quaternary strata, finer pebbles and granules
mainly consist of twomainlithologies: grey biotitegranite,
sharply dominant in Units 5.2, 5.3, 5.8 (lower part), 6.1,
6.2. and 6.3; pink bictite granite, prevailing in Units 5.5
and 5.8 (upper part), and mixed together with the grey
variety in Unit 6.1.

For the coarser pebbles (average diameter >8 mm), a
wider range of lithologies distinguish the Miocene
basement clasts from those occurring in the Quaternary
section. Fifty-five sampleswerecollected andarelistedin
table3. Thetableprovidesinformationonthestratigraphical
position, clast shape and dimensions, and lithology, and
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Tab. 3- Basement clastsin the Miocene strata: list of sampled clasts and preliminary petrographical data.

Sample Hole Box Top Bottom Clast Approximate Lithology Main petrographical features Inferred  Lithostratigraphic
code (mbsf) (mbsf) shape size(cm) provenance Unit
TAL1 CRP-1 8 47.19 4720 rounded 2x1.5x1 dolerite very fine grained, isotropic fabric, Ferrar Group 5.1
dark greenish grey, no ateration crust
TAL2Z CW-1 9 5242 5243 rounded 2x1x1 dolerite very fine grained, isotropic fabric, Ferrar Group S0
dark greenish grey, no ateration crust
TAL3 CRP-1 11 5554 5555  sub- 1x1x1 pink biotite isotropic fabric, equigranular GHIC* 5.2
angular sycnogranitc (medium-grained), M = 8%, feldspars:
3to 8 mm in length,
brick-red alkali feldspar phenocrysts
TAL4 CRP-1 12 6152 6153 sub- 1x1x1 Ca-silicate rock dark green, isotropic fabric, fine- Kocttlitz 5.3
angular grained, thinly layered witha mm- Group
thick layer rich in dark grey quartz
TAL5 CW-1 13 62.05 6206 angular  0.5x1x1 pink-grey bictite isotropic fabric, equigranular G.H.I.C. 5.3
monzogranite (medium-grained),pale pink alkali
feldspars: 0.5to 4 mm in length,
M =11%
TAL6 CRP-1 13 6218 62.19 angular Ix1x1 grey biotite-bearing isotropic fabric, equigranular G.H.I.C. 5.3
haplogranite (fine-grained), M = 3%
TAL7 CRP-1 13 6238 6239 angular  0.5x1x1 poorly sorted angular quartz grains, and lithic Unknown 5.3
calcareous fragments of quartzite, sericitized — Tertiary (?)
litharenite plagioclase, bictite, calcite and sedimentary
chlorite (diagenetic) sequence
TAL8 CRp-1 13 6258 6259 angular 1x1x1 grey biotitegranite isotropic fabric, equigranular G.H.l.C. 5.3
(medium-grained), alkali feldspars:
2-5 mmin length, M = 8%.
similar ta TAT. 27
TAL9 CRP-1 17 7891 7892 angular  0.5x1x1 grey biotite- isotropic fabric, equigranular G.H.I.C. 5.5/5.6
bearing granite (medium-grained), M = 8%,

altered biotite(as in TAL 18),
similar to TAL 27, 18
TAL1I0 CRP-1 17 79.11 79.12 angular 1x1x1 pink biotite isotronic fabric, equigranular G.HIC 5.6
syenogranite (medium-grained), reddish pink alkali
feldspars: 2-8 mm in length,
M = 11%, similar to TAL 16

TAL11 CRP-1 18 80.51 8056 boulder 5x6x4 gabbroid isotropic fabric, dark greenish grey, Ferrar 5.6
medium-grained equigranular, Group(?) or
sub-ophitic intergranular structure G.H.I.C.
TAL12 CRP-1 19 8654 86.55 angular 0.3x0.7x1  grey bictite granite isotropic fabric, equigranular G.H.I.C. 5.7
(medium-grained). M = 10%,
similar to TAL 25,27, 30
TAL13 CRP-1 22 9405 9415 rounded  10x4x3 grey biotite granite isotopic fabric, equigranular G.H.I.C. 5.8
(fine-grained), M = 12%
TALI14 CRP-1 22 9634 96.35 angular 1.5x1x1 biotite-hornblende heterogranular (fine to coarse- G.H.I.C. 5.8
granodiorite grained), oriented fabric (weak

foliation defined by hornblende and
biotite), plagioclase phenocrysts: up to
8 mm in length, usualy 2-3 mm

(recrystallized aggregates),
M = 12%, similar to TAL 36
TAL15 CRP-1 25 10359 103.62 angular 3x4x2 altered coarse-  abundant saussurrite aggregatesafter ~ G.H.I.C. 5.8/6.1
grained granitoid plagioclase (green patches),
rare biotiteflakes
TAL16 CRP-1 25 103.69 103.71 sub- 2x1x0.5 pink-reddish biotite isotropic fabric, equigranular G.H.I.C. 6.1
angular granite (medium-grained), M = 12%, brick-
red alkali feldspars: 2t08 nm
inlength, similar to TAL 3
TAL17 CRP-1 25 10391 103.93 sub- 2x0.5x0.5  grey biotite granite isotropic fabric, equigranular G.H.I.C. 6.1
rounded (medium-grained), feldspars:

1-4 mminlength, M = 10%,
similar to TAL 27, 18, 25, 30
TAL18 W -1 25 104.06 104.08 angular 1x1x0.5 grey biotite- isotropic fabric, eguigranular G.H.I.C. 6.1

bearing granite  (medium-grained), feldspars: 2-4 mm
inlength, M = 8%, biotite transformed
to chlorite, similar to TAL 27, 25, 30
TAL19 CRF1 25 104.13 104.17 angular 5x4x3 pink felsic volcanic  ryolitic composition (?), phenocrysts Late 6.1
rock of feldspar, rare quartz and biotite Paleozoic
set in a very fine-grained Gallipoli
orange-pink groundmass Volcanic
Suite (?)
TAL20 CRP-1 25 10454 10455 angular  1x1x0.5  pinkfelsic volcanic ryolitic composition (?), phenocrysts Late 6.1
rock of feldspar, rare quartz and bictiteset ~ Paleozoic
inavery fine-grained orange-pink Gallipoli
groundmass, similar to TAL19 Volcanic
Suite (?)
TAL21 CRP1 25 104.60 104.61 sub- 0.7x0.5x1  altered granite(?) quartz-rich, isotropic fabric, G.H.I.C. 6.1
rounded green saussurrite aggregates
after plagioclase
TAL22 CRP-1 25 104.76 104.78  sub- 1x3x2 dark porphyritic  sub-euhedral phenocrysts of feldspar, G.H.I.C. 6.1
rounded granitoid 3-4 mminlength, lyingin an

very fine grained grey groundmass,
monzonitic or monzogranitic (?)
in composition, similar to TAL 29
but with a higher content in biotite

TAL23 W -1 25 104.99 105.05 angular 6x4%3 grey biotite-bearing  equigranular (medium-grained), G.H.I.C. 6.1
granite isotropic fabric, feldspars: 2 to 6 mm
in length, M = 7%, similar to TAL 27

TAL24 CRP-1 25 105.88 105.92 angular 4x3x3 pale pink biotite medium/coarse-grained, isotropic G.H.I.C. 6.1
granite fabric, feldspars: 3 to 10 mm in length,

M = 12%, probable syenogranite
composition, similar to TAL 10, 34
TAL25 CRP-1 26 106.30 106.32 angular 1x0.5x0.5 grey biotite-bearing isotropic fabric, equigranular G.H.I.C. 6.1
granite (medium-grained), feldspars:
2to4mmin length, M = 10%,
similar to TAL 27, 30
Note: Lithostratigraphic Unitdesignationfollowsfigurel8of Background to CRP-1(this volume); M = colour index (percentage of mafic minerals);

* Granite Harbour Igneous Complex. Thelist alsoincludesafew dolerites (Jurassic Ferrar Group) and onepoorly sorted litharenite of unknown age
and provenance.
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Sample Hole Box Top Bottom Clast Approximate Lithelogy Main petrographical features Inferred Lithostratigraphic
code (mbsf) (mbsf) shape  size(cm) provenance Unit
TAL26 (RI-l 26 107.13 107.23 angular 10x6x6 yellow-grey biotitc isotropic fabric, equigranular G.H.I.C. 6.1
granite (medium/coarse-grained),
yellowisch akali feldspars:
3t010mmin length, M = 11%,
compositionally similar to TAL 24
TAL27 CRP-1 26 10810 108.13 angular 3x2%2 grey biotitegranite equigranular (medium-grained), G.H.I.C. 6.1
feldspars: 2to 5 mmin length, M = 8%
TAL28 CRP-1 26 10819 108.23 angular 4x2%2 pink-red biotitc-  heterogranular, isotropicfabric, pink-  G.H.I.C. 6.1
bearing red akali feldspars: 2to 7 mm in
syenogranite length, M = 7%, similar to TAL 10
TAL29 CRP-1 26 108.49 108.52 angular 3x2x3 porphyritic biotite-  feldspar phenocrysts, 2to 5 mmin G.H.I.C. 6.1
bearing length, set in a very fine-grained grey
monzogranite groundmass, similar to TAL 22
TAL30 CRP-1 28 115.06 115.11 angular 5x6x4 grey biotite fine to medium-grained, layeringdue  G.H.I.C. 6.2
monzogranite  to grain-size variations, occurrence of
rare small crystals of garnet,
pale brown alkali feldspar,
M = 10%, with mm-thick layers,
compositionally similar to TAL 25, 27
TAL31 CRP-1 29 117.04 117.07 angular 3x6x4 dolerite fine/medium-grained, dightly foliated, G.H.I.C. 6.2
rich in plagioclase and bictite
TAL32 CRP-1 30 120.62 120.64 angular 2x1x1 grey biotite granite isotropic fabric, equigranular G.H.I.C. 6.3
(fine-grained), feldspars:
1-2 mmiin length, M = 8%
TAL33 CRP-1 30 121.16 121.18 sub- 2x1x0.5 grey biotite granite equigranular (fine-grained), feldspars:  G.H.I.C. 6.3
rounded up too 2 mmin length, M = 8%,
similar to TAL 13, 32
TAL34 CRP-1 31 121.65 121.67 sub- 2x1x1 pink biotitegranite isotropic fabric, equigranular G.H.I.C. 6.3
rounded (medium-grained), pink alkali
feldspars: 2 to 6 mm in length,
M = 8%,similar to TAL 10, 24
TAL35 CRP-1 31 121.84 121.85 sub- 2x1x2 pink biotitegranite equigranular (fine-grained), isotropic ~ G.H.I.C. 6.3
rounded fabric, feldspars: lessthan 1 mmin
length, M = 7%, similar to TAL 13,
except the alkali feldspar colour
TAL36 CRP-l 31 12233 122.34 angular  2x1x0.5 biotite-hornblende equigranular (medium/coarse- G.H.I.C. 6.3
granodiorite grained), mafic minerals and
palgioclase: 3 to 8 mmin length,
M = 10%
TAL37 CRP1 31 12256 12257 angular 1x1.5x0.5 fine-grained fine-grained, plagioclase crystals, up  G.H.I.C. 6.3
foliated granitoid tolmminsize, setinagreen
micaeous matrix (chlorite or green
biotite), similar to TAL 40
TAL38 CRP-1 32 12430 12431 sub- 0.3x0.3x0.3 grey biotite finelmedium-grained, isotropic fabric,  G.H.I.C. 6.3
angular monzogranite M = 9%, similar to TAL 55
TAL39 CRP1 32 12455 12456 angular 0.3x1x0.5 leucocratic granite  equigranular (medium-grained), G.HI.C 6.3
isotropic fabric, M = 3%
TAL40 CRP-1 32 124.67 124.68 sub- 1x0.5x0.5  dark grey foliated fine-erained, foliated fabric. foliation ~ G.H.I.C. 6.3
rounded granitoid defined by biotite (partly transformed
to chlorite) and wrapping feldspar
crystals, 1-2mminsize
TAL41 CRP1 32 12476 124.8 rounded 6x3x4 yellowish-grey isotropic fabric, equigranular G.H.I.C. 6.3
biotite haplogranite (fine-grained), M = 5%
TAU2 CRP-1 32 12492 12493 sub- 1x2x1 grey biotite isotropic fabric, equigranular G.H.I.C. 6.3
rounded haplogranite (fine-grained), M = 3%
TAL43 CRP1 32 12514 12515 sub- 1x0.5x1 reddish-pink biotite isotropic fabric, equigranular G.H.I.C. 6.3
angular syenogranite (medium/coarse-grained), brick-red
alakali-feldspars: 3 to 8 mmin lenght,
altered biotite, M = 8%,
similar to TAL 3, 28
TAL44 CRP-1 32 12540 12545 rounded 5x0.5x3 garnet-bearing heterogranular and layered, fine- G.H.I.C. 6.3
biotite granite grained cm-thick layers carrying
garnet alternate with coarser-grained
layerswhere alkali feldspar
phenocrystsare up to 12 mm in lenght
TAL45 CRP-1 32 12587 125.88 angular 2x1x1 pink felsic volcanic ryolitic composition(?), phenocrysts Late 6.3
rock of feldspar, rare quartz and bictiteset ~ Paleozoic
in avery fine-grained orange-pink Gallipoli
groundmass, similar to TAL19 Volcanic
Suite (?)
TAL46 CRP-1 32 126.05 126.09 sub- 6x6x4 pink bictite slightly heterogranular (medium to G.H.I.C. 6.3
rounded syenogranite coarse-grained), isotropic fabric,
alkali feldspars: 2 to 10 mmin lenght,
M = 10%, similar to TAL 10, 24
TAL47 CRP-1 32 126.76 126.77 angular  1x1x0.5 pale green fine-grained, mainly composed of a Koettlitz 6.3
? Ca-silicate rock  granoblastic aggregate of plagioclase- Group
hornblende+/-diopside with mm-thick
patchesenriched in hornblendepale
green Ca-silicate rock ?
TAL48 CRP-1 33 128,59 128.61 sub- 3x1x1 pink-grey biotite isotroipc fabric, fineemedium grained, G.H.I.C. 6.3
rounded monzogranite M=9%
TAL49 CRP-1 34 131.98 132.01 sub- 3x2x4 pink biotite equigranular (medium-grained), alkali  G.H.I.C. 6.3
rounded syenogranite feldspars: 2 to 6 mminlength, M = 7%
TALS50 CRP-1 34 13271 13274 sub- 3x1x1.5 grey biotite fine to medium-grained, layeringdue  G.H.I.C. 6.3
rounded monzogranite to grain-size variations, pale brown
akali feldspar, M = 10%,
with mm-thick layers, compositionally
similar to TAL 25, 27, 30
TAL51 CRP-1 35 13451 13454 sub- 4x3x1.5 pink bictite isotropic fabric, heterogranular G.H.I.C. 6.3
rounded monzogranite (medium to coarse-grained), alkali
feldspars: 3t010 mmin length,
M = 10%
TALS2 CRP1 35 13471 134.74 sub- 4x3x2 biotite-hornblende slightly foliated fabric, foliation G.H.I.C. 6.3
angular granodiorite defined by hornblende and biotite,

plagioclase porphyroclasts, up to 6 mm
in length, wrapped by the foliation,
M = 18%, comparable to TAL59
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Tub. 3- Continued.

Sample Hole Box Top Bottom Clast Approximate Lithology Main petrographical features Tnferred Lithostratigraphic
code (mbsf) (mbsf) shape  size (cm) provenance Unit
TALS3 CRP-1 35 134.96 135.00 sub- 5x3x3 grey biotitc granite equigranular (medium-grained), G.H.I.C. 0.3
angular feldspars: 2to 5 mm in length, M = 8%
TAL54 CRP-1 35 13533 13536 sub- 3x4x3 Ca-silicate rock very fine grained, compositional G.H.I.C. 03
rounded and margin o a layering defined by a 1.5 cm-thick
granitic vein (or a layer rich in diopside and plagioclase,
plagioclase-auartz and bv hornblende-rich lavers
metamorphic layer)
TAL55 CRP-1 36 13640 136.42 sub- 2x3x1 grey biotite granite  fine grained, cquigranular, isotropic G.H.I.C. 6.3
angular fabric, M = 8%.similar to TAL 58
TALS6 CRP-1 36 137.62 137.65 angular 3x2x1 grey biotite-bearing  equigranular (medium-grained), G.H.I.C. 0.3
granite isotropic fabric, feldspars: 2to 6 mm
in length, M = 7%, similar to TAL 23
TALS7 CRP-1 36 13845 13847 aneular 3x2x1 biotite-bearing fine-grained, foliation defined by Koettlitz 0.3
amphibolite hornblende and biotite Group
TALS8 CRP-1 37 139.33 139.34 sub- 1x0.5x0.5  grey biotitegranite fine grained, equigranular, isotropic GHI.C. 0.3
angular fabric, M = 8%, similar to TAL 55
TAL59 CRP-1 37 140.31 140.33 sub- 3x2x2 biotite-hornblende dightly foliated fabric, foliation GHIC 6.3
angular granodiorite defined by hornblende and biotite,

plagioclase porphyroclasts, up to 6 mm
in length, wrapped by the foliation,
M = 18%, comparable to TAL52

alsoincludestheir main petrographical features, aswell as
the most probable source-rock units in the crystalline
basement of Victoria Land.

Nine lithologies were recognized. They comprise
dominant grey and pink biotite granites, subordinate
hornblende-biotite foliated granodiorite and foliated
granitoid, four metamorphic rock types including one
amphibolite and three Ca-silicate rocks, two grey biotite
haplogranites, three porphyritic granitoids and two pink
felsic volcanic rocks.

Both grey graniteand pink graniteclasts are persistent
throughout most of thelithostratigraphicunits. Inparticular,

lithostratigraphic Units 6.1 and 6.3 show the highest
content of these two lithological facies, with the grey
granite generally present in slighltly higher proportions.

Themain petrographical featuresof grey biotitegranites
aresimilar to those described from the Quaternary strata
(Quaternary Strata, this volume - section on Basement
Clasts). Fabricsaretypically isotropicwithout any evidence
of significant syn- or post-magmatic deformation. Grain-
sizes range from fine to medium/coarse, the average
length of feldspar phenocrysts being between 2 and 8 mm.
Textures areequigranular, sometimesheterogranular, and
hypidiomorphic(Fig.8). Maficminerals(red-brown bictite

5 mm

5 mm

F g. 8- Photomicrographsaf the principal basement-rock typesin the Miocenestrata, 8) Pink biotitesyenogranite (55.54-55.55 mbsf), i pidiomorphic
texture with altered alkali feldspar phenocrysts, up to 10 mm in length, saussuritized plagioclase, chloritized biotite flakes and interstitial quartz.
b) Grey medium- to coarse-grained biotite monzogranite (62.05-62.06 mbsf); hypidiomorphictexturewith scattered biotite, partly sericitized alkali
feldpar and plagioclase.c) Ca-silicaterock (61.52-61.53 mbsf): thisrock consistsof afine-grainedgranoblastic aggregate of diopsideand plagioclase,
amphiboleand a layer enriched in quartz and plagioclase. d) Grey biotite haplogranite (62.18-62.19 mbsf). Fine grained sub-polygonal granular
aggregateof feldspars, quartz and minor biotite.
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+/- olive-green hornblende) generally range from 7 to
12%. Mineral assemblages consist of akali feldspar
(perthitic orthoclase, sometimes transformed into a felty
micro-aggregate of kaolinite), plagioclase (oligoclase-
andesine displayingamarked normal compositional zoning
and partly transformed into sericite or saussurite), quartz,
red-brownor dark olive-greenbiotite(in placesreplaced by
FeMg-chlorite+/-prehnite+/-epidote), green hornblende,
opague minerals, monazitelzircon and alanite. Moda
proportionsof alkalifeldspar, plagioclaseand quartzindicate
that monzogranitic compositionspredominate.

Rare garnet was found in two samples of grey biotite
granite from the lower part of the core, one in
lithostratigraphic Unit 6.2 (at 115.06 mbsfj and one in
Unit6.3(at 125.40mbsf). Both samplesareheterogranul ar
and characterized by a compositional and grain-size
layering defined by cm-thick fine-grained layers, which
contain 1-2mmcrystalsof garnet, alternatingwithcoarser-
grained layerswhere akali feldspar phenocrystsare up to
12 mm in length. Although muscovite was not observed
during the macroscopic examination, the occurrence of
garnet indicatesa peraluminous composition.

The pink biotite granites are commonly equigranular
medium-grained and typically contain pink or orange to
brick-red subhedral akali feldspars, 2 to 8 mm in length
(Fig. 8). Fabrics are always isotropic, textures
hypi diomorphicand thecontent of maficminerals (biotite,
hornbl ende) rangesbetween 7t012%. Someof thesamples
have quartz/K-feldspar/plagioclase modal proportions
indicating monzogranitic compositions but most are
syenogranitic.

Pebbles consisting of hornblende-biotite foliated
granodiorite (four clasts) and of foliated granitoid (one
clast) occur only in the lower part of the core. Foliated
granodiorite clasts first appear a 96.34 mbsf within
lithostratigraphic Unit 5.8, and between 122 and 140 mbsf
(Unit 6.3). Thefoliated granitoid (probably a deformed
haplogranite and similar to thosein the Quaternary strata)
also occursin Unit 6.3.

The foliated granodiorites are equigranular and
medium/coarse-grained, and their mafic contents (red-
brown biotite and green hornblende) range from 10 to
18%. The foliation is defined by the preferential
dimensional orientation of both biotite and hornblende
and by the alignment of plagioclase laths. Petrographical
examination of one sample at 122.33 mbsf shows that
plagioclase crystals are compositionally zoned with
andesine coresand calcic oligoclase rims. Alkali fel dspar
(perthitic ortoclase) occurs as coarser-grained poikilitic
crystals carrying inclusions of biotite and plagioclase;
accessory minerasinclude zircon, monazite, apatite and
opague minerals.

The occurrence of grey biotite haplogranites is
documented by only two clasts: a 62.18 mbsf and at
124.92 mbsf (litostratigraphical Units 5.3 and 6.3). Both
are fine-grained and with alow modal content of biotite
(around 3%) (Fig.8). Microscopicexamination of thefirst
one reveals an interlobate to sub-polygona granular
structure, poikilitic grains of microclinecontainingrounded
inclusions of quartz, oligoclase and green-brown biotite
partly replaced by Fe-Mg chlorite +/- prehnite,

Pebblesof porphyritic granitoids are restricted to the
lower part of the core, within lithostratigraphic Units6.1
and 6.2. They arecharacterized by idiomorphic phenocrysts
of orthoclase, oligoclase and quartz set within afine to
very-fine grained felsic groundmass with scattered
aggregates of red-brown biotite. In thin section, quartz
phenocrystsshow undul oseextinction, and plagioclaseand
orthoclaseare partly replaced by sericite. The feldsparsare
often fragmented and contain microfracturesfilled by the
felsic groundmass, suggesting thet the rock suffered brittle
deformation before the groundmass hed fully crystallized.

Amphibolite-facies metamorphic rocks are mainly
concentrated in Unit 6.3, elsewhere only occurring in
litostratigraphic Unit 5.2 (Fig. 7). Thethree pebblesof Ca-
silicate rocks havefine-grained granobl astictexturesand
are formed of diopside, calcic plagioclase, quartz,
amphibole and biotite(Fig. 8). A mm-scalecompositional
layering is rarely present. The layering comprises
alternating bandsof coarser labradorite, minor quartz and
diopside, and finer plagioclase, diopside, microclineand
green amphibole (poikiloblasts). Accessory minerals
include abundant titanite (2%) and rare opague minerals.
A fine-grained amphibolite pebble at 138.45 mbsf has a
markedfoliation defined by hornblendeand minor biotite;
thehigh modal contentinplagioclase, togetherwith quartz
and biotite, suggest a sedimentary derivation.

The two pebbles of pink felsic volcanic rocks (at
104.17 and a 125.87 mbsf) contain phenocrysts of
plagioclase,K-fel dspar (both deeply replaced by abrownish
felty micro-aggregate) and quartz, and an orange-pink
groundmeass of recrystallized glass with scattered fine-
grained grains of secondary epidote and chlorite. The
phenocryst mineralogy suggests a rhyolitic composition.

Provenance

M acroscopi c and petrographical observationsindicate
that several basementlithologies wereinvol vedassources
of basementclastsin Miocenesedimentarystratarecovered
in the CRP-I drillhole. As in the Quaternary sequence
(Quaternary Strata, this volume - section on Basement
Clasts), most of the basement pebbles were supplied by
source rock-units belonging to the Cambro-Ordovician
Granite Harbour Igneous Complex, whichisthedominant
component in thelocal basement (Gunn & Warren, 1962;
Allibone et a., 1993a, 1993b). The Miocene strata also
contain metamorphic rocks such as Casilicate rocks,
which are known to be a common metasedimentary
lithology in the amphibolite facies K oettlitz Group south
of Mackay Glacier (Grindley & Warren, 1962; Findlay et
al., 1984; Allibone, 1992).

Theregional geology of granitoidsintheareabetween
Ferrar and MacKay Glaciers (Gunn & Warren, 1962;
Allibone et al., 1993a, 1993b) further constrains the
provenanceaf thegranitoid clasts. Syn-tectonicgranitoids
arethelikeliestsourcefor thepebblesof foliated granitoids
and hornblende-biotite foliated granodioritesin thelower
part of the core. Similarly, post-tectonic granitoids,
including dyke swarms, may be the source of the pebbles
of grey biotite monzogranites, pink biotite granitesand of
haplogranites- porphyritic granitoids.
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Theprovenance of thepinkryolitepebblesisuncertain.
In VictoriaLand, comparable porphyritic rhyolites occur
in the upper Palaeozoic Gallipoli Volcanics (Dow &
Neall, 1974). However, acloser provenancefrom presently
unknown outcrops of Granite Harbour volcanic unitsin
the Mackay Glacier region cannot be excluded.

CLAY MINERALOGY

Clay-mineral analyseswere performed on 16 Miocene
samples. Themethodshave been describedin thechapteron
the Quaternary (see Quaternary Strata, thisvolume- section
on Clay Mineralogy). The resultsare presentedin table 4.

Smectite, illite and chlorite have been observed in all
samplesand arethemostcommon clay minera sthroughout
the Miocene part of the core. Kaolinite may occur as
trace amounts in a few samples. Quartz, plagioclase
and K-feldspar are presentin high amountsinall samples.

Inthe upper part of the Miocene sequence, down to
60-65 mbsf, the composition of the clay fraction of the
sedimentsresemblesthat of the Quaternary sequence (see
Quaternary Strata, thisvolume - Tab. S, section on Clay
Mineralogy). Poorly crystalline smectite is the dominant
clay mineral; illite and chlorite occur in smaller amounts.
This assemblage indicates a source areain the McMurdo
Vol canic Group with some influence of basement and/or
sedimentary rocks. For a detailed discussion, see
Quaternary Strata, section on Clay Mineralogy (this
volume).

Theclay-mineral assemblages of thelower part of the
CRP-1 core, in contrast, are dominated by illite, with
chlorite being common and smectite occurring in lesser
amounts. This assemblage, which also dominates the
Oligocene to lower Miocene sediments of the drillcores
CIROS-I and MSSTS-| (Ehrmann, 1997, in press), is
typical of thephysical weathering of asourceareaconsisting
of granitic or metamorphic basement and sedimentary
rocks, as occurs in the Transantarctic Mountains and on
the East Antarctic craton. From the clay-minera record

alone, however, it ishard to tell where theice came fiom
during the deposition of the lower part of the core. 1t is
possible that the ice still came from the south with a
smaller volcanicareaavailableandthereforelower smectite
contents. However, theoreticaly it would also be possible
to explain the clay-mineral assemblages by ice coming
from the west.

X-RAY MINERALOGY

In order to provide a general characterization of the
bulk mineralogy of the Miocene sedimentsfrom CRP-1,
seven samples were analyzed using a Rigaku Miniflex+
x-ray diffraction (XRD) system &t the Crary Science and
Engineering Laboratory. The materials analyzed were
sub-sampl edfrom theseven Miocene"fast-track” sampiles,
dried inan oven at 60°C, and powdered inaball mill. The
powders were then prepared as random (unoriented)
pressed powder mounts on aluminum samplehol dersand
glycolated for 12 hours prior to XRD analysis. Each
samplewasscanned over therangeof 3-45° 20, with astep
sizeof 0.02° and a scan time of 2 seconds/step. The data
were recorded digitally and processed with JADE 3+
software. Data processing included: 1) removing
background from the XRD pattern, 2) calibrating the
analyzed pattern against the known peak positions for
quartz, and 3) identifying mineral phases with asearch/
match routine that employs the International Center for
Diffraction Data (ICDD) Powder Diffraction File (PDF)
on CD-ROM.

Sample locations and the mineras identified in each
samplearelistedintable 5. Quartzandpl agioclase feldspars
are the dominant phases in each sample, with lesser
amounts of K-feldspars present in some samples. Other
minerals show low intensity peakson the XRD patterns,
suggesting low abundances, and occur discontinuously in
the Miocene section; these include a variety of
phyllosilicates (chlorite, illite/muscovite, possible
interstratified illite/chlorite), amphiboles, and pyroxenes.

Tab. 4- Estimates of theabundance of themain clay mineral groups smectite, illite, chlorite and
kaolinite in sediments from the drillcore CRP-I. The number of crossesis proportional to the

abundance of the clay minerals.

Sample Smectite Illite Chlorite Kaolinite
4518 mbsf xxxxx X XXX traces
53.50 mbsf X XXX XX XX X X

54.70mbsf xxxxx x x

59.58 mbsf xxxxx X X

65.90 mbsf xx X X X X X X X X traces
67.60 mbsf xx XXXXX XXX traces
72.60mbsf xx X X X X X X X traces
77.45mbsf  xxx X X X X X X X traces
78.15 mbsf  no diffraction pattern

85.78 mbsf X X X XXXXX XX

99.02 mbsf X X XXXXX XXX
109.15mbsf xxx X X X X X X X traces
120.40 mbsf x x X X X X X X X

131.80 mbsf x X X X X X X X X

141.80 mbsf x x XXXXX XXX
147.33mbsf x x x X X X X X X X
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Tab 5 Minerals identified by x-ray diffraction analysis in bulk
samples fiom CRP-|

Depth (mbsf) Mineral Present

45.20 Quartz

Variety of feldspars (albite, anorthite)
Chlorite?

Interstratified illite/chlorite?

Illite

Quartz

Variety of feldspars (albite, anorthite,
anorthoclase?, microcline?)
Amphibole?

Illite

Quartz

Variety of feldspars (albite, anorthite,
orthoclase, sanidine)

Amphibole?

Illite

Quartz

Variety of feldspars (albite, anorthite,
sanidine?)

Amphibole?

Ilite/muscovite

Quartz

Variety of feldspars (albite, anorthite,
orthoclase)

Amphibole?

[llite/muscovite

Quartz

Variety of feldspars (albite, anorthite)
Augite

Amphibole?

Diopside?

Illite/muscovite

Quartz

Variety of feldspars (albite, anorthite,
microcline)

Amphibole?

53.50

59.60

78.20

99.10

120.40

141.80

Average Feldspar/Quartz Ratio
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F 9. 9 - Stratigraphicprofileof feldspar/quartz XRD peak intensity ratios
for bulk sediments from CRP-I. Each ratio plotted isthe average of three
separate peak intensity ratios. Thefeldspar considered in these ratiosis
predominantly plagioclase.

The data generated by these analyses cannot be used
quantitatively to determine the abundancesof the various
minerals present. However, comparing the intensities of
two XRD peaks (onechosen for each mineral of interest)
can provide a useful qualitativeindicator of thevariations
in relative abundances of those two phases through a
stratigraphic section (e.g., Scheidegger & Krissek, 1982;
Jones & Blatt, 1984). In this case, avariety of peak area
ratios have been calculated to determine the relative
abundances of: |) total feldspar (especially plagioclase
feldspar) and quartz, and 2) K-feldspar and quartz. The
relative abundances of total feldspar and quartz are
presented as the average of three peak intensity ratios:
4.04 A (plagioclase)/4.25 A (quartz), 3.76 A (feldspar)/
4.25A (quartz), and 2.85A (plagioclase)/4.25 A (quartz).
The average of three peak intensity ratios is used, rather
than theindividual peak intensity ratios, in order to reduce
the amount of scatter in the resulting profile. The
stratigraphic profile of average feldspar/quartz peak
intensity ratiosisshown in figure 9.

The relative abundances of K-feldspar and quartz are
presented as the average of four peak intensity ratios:
3.82 A (K-feldspar)/4.25 A (quartz), 2.77 A (K-feldspar)/
4.25A (quartz), 2.16 A (K-feldspar)/4.25 A (quartz), and
2.11 A (K-feldspar)/4.25 A (quartz). As with the total
feldsparlquartz parameter, the average of multiple peak
intensity ratiosisused to reduce scatter in the profileof
K-feldspar/quartz relative abundances. The stratigraphic
profile of average K-feldspar/quartz pesk intensity ratios
isshown in figure 10.

The general structures of the average feldsparlquartz
ratio profile (Fig. 9) and the average K-feldsparlquartz
ratio profile(Fig. 10) aresimilar, with amaximum in each
case located in the region between 60 and 120 mbsf. One
potential reason for these compositional variations is a

Average K-spar/Quartz Ratio
0 0.05 01 0.15 0.2 0.25 0[3 0.?5 0.4
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F g. 10 - Stratigraphic profile of K-feldspar/quartz XRD peak intensity
ratios for bulk samples from CRP-I. Each ratio plotted isthe average of
four separate peak intensity ratios.
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changein sediment grain size, sincefeldsparlquartz ratios
tend todecreaseasgrain sizedecreases (Blatt, 1992). With
the exception of the fine sand sampled at 45.2 mbsf,
however, thesesampleswereall takenfrom level sclassified
as silty claystones, clayey siltstones, siltstones, or clast-
poor diamictites with a muddy matrix. As a result, the
grain size of the bulk sediment analyzed does not appear
to vary significantly betweensamples, thereby minimizing
the possibility that the patterns observed in figures 9 and
10 are primarily aresult of grain-size changesdowncore.
A second possible explanation for the patterns seenin
figures9and 10 isachangeinsediment provenanceduring
the period of deposition. The possible role of changing
source contributions can be evaluated by comparing the
variationsin bulk mineralogy, sand fraction composition
(seesection on Sand Grains and Provenance), and coarse-
clast composition (see section on Basement Clasts)
through the Miocene section; thiscomparison suggests
athree-fold compositional subdivision of the Miocene
section. Above 60 mbsf, both the feldspar/quartz and
the K-feldsparlquartz ratios are low, the sand fraction
contains abundant volcanic glass and volcanic rock
fragments, and the sand-sized feldspars are dominated by
plagioclase. In the interna 60-120 mbsf, the feldsparl
quartz and K-feldspar/quartz ratiosincrease, thevolcanic
component in the sand fraction is significantly reduced,
the sand-sized feldspars are dominated by K-feldspars,
and the larger clasts indicate a greater contribution of
K-feldspar-rich basement lithologies. Below 120 mbsf,
thecharacteristics of thesand fraction and thelarger clasts
are similar to those in the interval 60-120 mbsf, but the
feldsparlquartz and K-feldspar/quartz ratios decrease.
Below 60 mbsf, the coarser grain sizes are
consistently enriched in K-feldspar-bearing phases,
and a similar enrichment in the bulk sediment is
indicated by the K-feldsparlquartz ratio for the internal
60-120 mbsf. Thisconsi stent patternof enrichment suggests
that basement rocks were more important than
contemporaneous volcanic centers as contributors of
sediment at that time. Thefeldsparlquartzratioisa so high
for the internal 60-120 mbsf, however, indicating that
relatively plagioclase-rich sub-sand-sized material was
alsosupplied at thistime. Thisfeldspar-rich finecomponent
may have been supplied either: |) by weathering that
preferentially removed plagioclase from the sand-sized
fraction of basement-derived material and concentrated
the plagioclase in the corresponding fine fraction
(suggesting a predominance of physical weathering
processes), or 2) fromanother sourcelithology, such asthe
Palaeozoic/Mesozoic sedimentary sequence. Below 120 mbsf,
the bulk sediment feldsparlquartz ratios and K-feldsparl
quartz ratios are low, suggesting that a relatively quartz-
richsupply of sub-sand-sizedmaterial diluted thebasement
input during deposition of the oldest part of CRP-I. This
guartz-rich source, which may have been the Palaeozoicl
Mesozoic sedimentary sequence, apparently did not
provide significant amounts of coarse-grained material,
becauseitseffect isnot recognized in the compositions of
the sand or gravel fractions.
Above 60 mbsf, the feldsparlquartz ratios and
the K-feldspar/quartz ratios are low, the sand fraction

contains abundant volcanic glass and volcanic rock
fragments, and the sand-sized feldspars are dominated by
plagioclase. The sand-fraction characteristics clearly
demonstrate theimportance of acontemporaneousvolcanic
source, tentatively identified as the McMurdo Volcanie
Group. The contrast between relatively plagioclase-rich
sands and relatively plagioclase-poor bulk sediment,
however, indicates that thevol cani csupply wasdiluted by
quartz-rich input of sub-sand-sized material at this time.
The origin of this quartz-rich component is unknown at
present, but possibilities include: |) material recycled
from the Palacozoic/Mesozoic sedimentary sequence, o1
2) material originating from basement lithologies, but
weathered to remove the K-feldspar-bearing phases
observed below 60 mbsf (which suggests extensive
chemical weathering).

Further studies of sediment provenance, based
particularly on sandstone petrography and sediment
geochemistry, will be pursued in the future.

ORGANIC GEOCHEMISTRY
Methods

Samples were collected at ¢. 5 m internals and were
intended to be representative of the mgor lithologies
penetrated by the CRP-| hole. All lithological unitswere
sampled except for lithostratigraphic Units 1.1 and 2.3
(diamicton units) and lithostratigraphic Units5.3 and 5.6
(diamictite units). Only the matrix of diamictitic unitswas
analyzed: clastslarger than granuleswere returned to the
curator.

All samples were freeze-dried, ground and
homogenizedwith amortar and pestle, and stored in 15ml
glassvids. All glassware and equipment used in sample
preparation were cleaned using Micro solution and water
followed by a purified water rinse. The cleaning was
followed by sequential rinses with 1% aqueous
hydrochloric acid, methanol, and dichloromethane.
Analyses were performed using a Carlo-Erba NA 1500
NCS analyzer and sul phanilamide asastandard. Two sets
of analyses were performed. |) Total carbon (TC), total
sulphur (TS), and total nitrogen (TN) measurementswere
madeon all samples. 2) A second portion of the powdered
samples was loaded into silver capsules, weighed, and
stored in a desiccator overnight with concentrated
hydrochloric acid as outlined by Hedges & Stern (1984).
The total organic carbon (TOC) contents of these latter
sampleswerethenmeasured. | n principle, inorganiccarbon
content could bedetermined by difference. Inpractice, the
extremely low amount of inorganic carbon in all but one
sampleand thepoor precision of thecarbon measurements
madecal cul ation of meaningfulval uesforinorganiccarbon
impossible.

Results and Discussion

Although the precision obtained for measurements of
total nitrogen and total sulphur waswithin expected limits
for thetechniqueused (£14% of the measured valuefor N
and +20% of the measured value for S), the precision
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obtained for the carbon determinations was considerably
poorer than expected (+£50% of the measured value). A
seriesd carbon determinationswasperformed after adding
vanadium pentoxide to the sample capsulesin an effort to
determine whether the lack of precision resulted from
incomplete combustion of refractory organic matter. No
improvement in precision was noted. The poor precision
for the carbon data is apparently caused by sample
heterogeneity. The heterogeneity must be caused by very
fine grains that have very high carbon contents. These
grainsmust not havesignificantsul phur or nitrogen contents
as those analyses were unaffected. The TC and TOC
contents (Tab. 6) of thesesamplesarelow: TOC values are
all below 1% and average0.4%. | norganic carbon contents
must also be extremely low. Thesoleexception issample
33.68-33.69 mbsf for whichameaningful inorganiccarbon
content of 4.4% can be calcul ated.

The small amounts of organic carbon preserved in
these samples are apparently derived from terrigenous
sources rather than directly from aquatic organisms. The
TOC/TN values arehigh (Fig. 11): thesevalues exceed 10
for all samplesand exceed 100inthelowermost diamictite
encountered by the CRP-1 core (Unit 6.3). Organic matter
derived largely from aquatic organisms has TOCKN
values that are significantly less than 10, whereas the
TOC/IN values of organic matter derived from land
plantsissignificantly greater than 10 (Bordovskiy, 1965).
Coal aso has TOC/TN values significantly greater than
10. The organic matter in the CRP-I core probably
comprises coal detritus or perhaps fragments of higher
land plants. The presence of coal detritus would explain
theimprecision of the carbon measurements: asinglefine
particle of coal would change the carbon measurement
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F g 17-Plotof TOC versus TN for CRP-I samples. Thelocusof points
where TOC/TN = 10 is designated by theline.

significantly but would not affect thenitrogenmeasurement
and would probably not affect the sulphur measurement.

Some of the organic matter produced in the water
column did reach the sediment-water interface but was
mineralized during sedimentary diagenesis: small but
reproducible amounts of sulphur were detected in all
samples. This sulphur was presumably fixed as ferrous
sulphideasabyproduct of bacterial reduction of sulphate.
Thesamplesfrom the CRP-1corearequite variablewhen
plotted in TSversus TOC space (Fig. 12). Thevariability
reflectsthesources of organic matter deposited with these
sediments and the oxygenated environment in which the
organicmatter wasdeposited. Thosesamplesinwhich the
TS/TOCvalues arehigh, weredeposited during periodsof

Tab. 6 - Valuesof total carbon (TC), total organic carbon (TOC), total nitrogen
(TN) and total sulphur (TS) obtained from samples of the CRP-I core.

Sample %TC %TOC %TN %TS
Depth (mbsf)
19.31-19.32 0.240.1 0.240.1 0.0074£0.001 0.024£0.00
26.35-26.36 0.0940.0 0.240.1 0.0053+0.0007 0.024%0.00
33.68-33.69 4.840.7 0.440.2 0.024£0.003 0.05%0.01
38.83-38.84 0.4+0.2 0.210.1 0.008%0.001 0.28+0.06
44.40-44.41 0.8+0.4 0.2+0.1 0.008+0.001 0.43£0.09
54.22-54.23 0.440.2 0.710.4 0.012+0.002 0.3210.06
58.00-58.01 0.5+0.3 0.610.3 0.01340.002 0.1440.03
65.65-65.66 0.2+0.1 0.240.1 0.0045+0.0006 0.11+0.02
69.94-69.95 0.6+0.3 0.8%0.4 0.021+0.003 0.5+0.1
77.00-77.01 0.240.1 0.710.3 0.01140.002 0.14£0.03
83.20-83.21 0.6+0.3 0.7+0.3 0.011+0.002 0.14%0.03
86.50-86.51 0.4+0.2 0.410.2 0.009+0.001 0.14£0.03
91.17-91.18 0.05£0.0  0.06%£0.0  0.0052+0.0007 0.24%0.05
94.89-94.90 0.410.2 0.3%0.2 0.0058%0.0008 0.42%0.08
97.45-97.46 0.4%0.2 0.510.3 0.011£0.001 0.13+0.02
101.44-101.45 0.5+0.2 0.240.1 0.014+0.002 0.1840.04
106.60-106.61 0.320.2 0.240.1 0.0038+£0.0005 0.11+0.02
112.86-112.87 0.410.2 0.410.2 0.009+0.001 0.15+0.03
118.44-118.45 0.3+0.1 0.410.2 0.009+0.001 0.30£0.06
123.60-123.61 0.1010.0 0.440.2 0.0019%0.0003 0.08+0.02
126.93-126.94 0.3+0.2 0.4%0.2 0.002510.0004 0.06%0.01
130.46-130.47 0.240.1 0.4+0.2 0.0060%0.0008 0.12+0.02
137.40-137.41 0.240.1 0.510.2 0.009+0.001 0.1340.03
142.16-142.17 0.440.2 0.820.4 0.014+0.002 0.1610.03
0.410.2 0.01310.002 0.21%0.04
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HQ.12 - Plot of TSversus TOC for CRP-1samples. The line labelled
"normal marine” is taken from Berner (1984).

higher organic productivity. The intervals from which
sampleswith TS/TOC valuesexceed 0.5 correspond well
tointervalswithhigh DiatomAbundancelndex values(e.g.,
see Fig. 15, section on Diatoms). On the other hand, a
number of sampleshavevery low TS/TOC values. These
| ow ratiossuggest that much of theorganicmatter deposited
with sediment was refractory and not a suitable substrate
for biogenic sulphate reduction. The samples containing
the more refractory organic matter also have high TOC/
TN values (Tab. 6).

The imprecision of the carbon determinations, the
overall high TOC/TN values, and thevariable natureof the
TS/TOC values are evidence that the organic matter
deposited with these sediments comprised refractory
organic matter (either detrital coal or terrigenous plant
detritus) with variable amounts of organic matter derived
from aquatic organisms. The more labile fraction of this
organic material was mineralized during early diagenesis
whereas the refractory detritus was preserved.

SAND GRAINSAND PROVENANCE
Introduction

This section describes the sand fraction of samples
obtained from Miocenestratain the CRP-1drillhole. Itis
a preliminary investigation, undertaken to determine the
range of sand-size mineral and lithic grains present, to
estimate visually their relative proportions, and to provide
initial information on provenance and any temporal
variations. Although the results are described as detrital
modes, it was not possible to use systematic quantitative
determinations(cf. the Gazzi-Dickinson method), and the
data are only qualitative. The observations are based
largely on smear slides of sand-grade sediments obtained
by sampling every 4-5 m, although samples of al grain
sizeswereexamined every 1-2m(Tab. 7). Theslideswere
prepared in the same manner as described in Quaternary
Strata, section on Sand Grains and Provenance (this

volume), but they were also supplemented by a small
number of unstained grain mountsand normal (uncovered)
thin sections, which were used to verify identifications.
About 40 rock samples, mainly from sandstonestrata, were
obtainedfor thin sectiondeterminationof the detrital modes,
but unanticipated problemswith the automated production
of thinsections preventedtheexaminationof thesesamples;
they will form the basisof future laboratory studies.

Previousstudiesdescribed sand grainsand provenance
of samples from the MSSTS-1 and CIROS-1 drillholes,
situated c. 80 km south of CRP-1 (Barrett et al., 19806;
George, 1989; Background to CRP-1, thisvolume- Fig. 1).
These studiesreported avaried provenance reflecting the
local geology of theTransantarctic Mountainsin southern
Victoria Land, including granitoid and predominantly
high-grade metasedimentary rocks of an Upper
Precambrian-lower Palaeozoic "basement™; quartzose
sedimentary rocks of the Devonian-Triassic Beacon
Supergroup; sills, dykes and lavas of the Jurassic Ferrar
Dolerite and Kirkpatrick Basalt; and alkaline volcanic
rocks of the Cenozoic McMurdo Volcanic Group.
Temporal variations in provenance were noted by the
previous workers, who divided their samplesinto several
petrofacies based on the dominant grains present (mainly
quartz, feldspar and volcanic types).

Criteria used to identify the grains encountered are
summarized in Quaternary Strata, table 6 (this volume),
and asummary tableof estimated detritalmodesi s presented
intable 7. In view of significant problemsin identifying
someminerals(George, 1989), the grain typesweredivided
into obvious natural groupings based on petrographical
appearance (e.g. colourless grains (quartz and feldspar),
ferromagnesianminerals, etc.)) and therel ativeabundances
were estimated visually using a petrological microscope.
Although numerical values for modal abundances are
given in the following descriptions, results in figures 13
and 14 and table 7 are presented in analogue form using
symbolsin order to highlight their qualitative nature. This
isto avoid the data assuming an unrealistic precision if
quoted indiscriminately.

Detrital modesare normally focused on asingle sand-size
category (usually medium sand). The CRP-1smear slide
samples are dominated by fine sand and finer-grained
material, from lithofacies consisting mainly of marine
diamictite, siltstone and sandstone. Undesired grain size
effects on the detrital modes are likely to be introduced
working with such fine material and including samples
with a wide range of grain sizes. Thus, only data for
predominantly sandy layers are used here to describe the
modal variations, although many finer-grained samples
were al so examined routinely (Tab. 7). Despite perceived
inaccuraciesin the method of visual estimation adopted,
observed major modal variations are likely to be
geologically significant.

Results

Throughout theMiocenesection, thesamplesexamined
aredominated by colourlessgrainsof abraded quartz and
lesser K-feldspar (likely orthoclase, minor microcline,
raresanidine), and predominantly angular freshplagioclase



Tab. 7- Summary of qualitative " detrital modes" for grains of al sizes in Miocene strata.

Sample Section  Lithology Q+F/tot Volc/tot Volc. lith/tot ~ Basic/Evolved  Biotite/tot ~ Comments
depth (mbsf) type  (aslogged) glass

43.90 Smear  Fine sandstone XXXX XXXXXXX X BBE X Abundant glass and organic matter

44.60 Smear  Fine sandstone XXXXXXX  XXXX XX BBBE Abundant glassand organic matter

45.18 Smear  Fine sandstone XXXXXXX  XXXXXXX  XXXXXXX BE X Tr.bioclastic, biotite, aegirine, garnet (pink), phyllite, polyquartz
45.83 Smear  Fine sandstone XX XX BE X No sand

46.95 Smcar  Fine sandstone XX XXXX X B X Larger grains are basaltic glass

47.74 Smear  Fine sandstone XXXX XX X BBBE XX Very small quartz grains

48.90 Smear  Sandy mst XXXX XX - BBBE XX Very small quartz grains

50.00 Smcar  Sandy mst XXXX X X BE XX Very small quartz grains

53.00 Smear  Sandstone XXXXXXX - XX Very small quartz grains

53.5 Smear  Clayey sst [silt] XXXXXXX X - ? - Tr. hornblende, gar net

54.00 Smear  Siltstone XXXX X B XX Very small quartz grains

54.75 Smear  Clayey siltstonc

56.29 Smear  Clayey siltstone XXXXXXX  XXXXXXX B X Largest grains are basaltic glass

56.82 Smear  Claycy siltstonc XX X - E Rare colorless glass

58.13 Smear  Clayey siltstonc XXXX X X E X Rare colorlessglass

58.93 Smear  Clayey siltstone XXXXXXX — XXXXXXX X BBE XX Largest grains arc basaltic glass; tr. aegirine

59.58 Smear Sty f sst [silt] XXXXXXX  XXXX X BBBE Tr. bioclastic,gar net, hornblende, ?kaers, epid, phyllite, polygtz
60.05 Smear  Sity f sst XXXXXXX  XXXX X BBE XXXX Tr.aegirine

60.92 Smear  Fine sandstone XXXXXXX  XXXX X BBE

60.99 Section  Fine sandstone XXXXXXX  XXXX XX B X Tr. aenigm, hbl., epid, gt (pink); magnetite, phyll, polyqtz
61.88 Section F-m sandstone XXXXXXX  XXXX XX BBBE X Tr. bioclastic,aegirine, hornblende, gar net, polygtz
61.94 Smear  Finesst [diamict] XXXXXXX XX X BBBE X Tr.aegirine

62.12 Smear  Muddy sst XXXX - - XXXX No sand

65.27 Section  Silty sandstone XXXXXXX X X B X Tr. 2aenigmatite, zir con, ?celadonite

65.75 Smear  Diamictite XXXXXXX XX BE Tr. aegirine, glauconite

66.57 Smear  Diamictite XXXXXXX XX BBE X T1. glauconite

67.10 Smear  Sandstone XXXXXXX XX - BBBE XXXX Tr. glauconite. hornblende

67.60 Smear  Fine sandstone XXXX No ferromagnesian minerals

69.75 Smear  Silty fine sst XXXX X No ferromagnesian minerals

70.04 Smear Sty finesst XXXX X No ferromagnesian minerals

70.08 Smear  Silty fine st X - No ferromagnesian minerals

72.51 Section Fine sandstone XXXXXXX X X B Tr. ?aenigmatite/kaersutite, hornblende, epidote, fine fsp-biot metam
73.55 Smear  Sandstone XXXXXXX XX BBE X Tr. bioclastic,aegirine, hypersthene, ?aenigmatite
74.61 Smear  Sandstone XXXXXXX — XXXX B XXXX Tr. glauconite

76.50 Smear  Green mudstone XXXX X ° XX Rare clinopyroxene

77.44 Smear  Diamictite XXXX No clinopyroxene

78.94 Smear Sty fine sst XX X - ? X Rare clinopyroxene

79.48 Smear  Sitysst[diamict] XXXXXXX X - BE - Tr. hornblende.

82.20 Smear  Siltstone XXXXXXX X X B XX No clinopyroxene

82.43 Smear  Sandstone XXXXXXX X - B X No clinopyroxene

85.37 Smear  Siltstone XXXXXXX XX XX ? Tr. hornblende

85.39 Smear  Siltstone XXXXXXX X - B XX Largest grains arc glass

86.94 Smcar  Siltstone XXXX X - BBBE X )

87.44 Smear  Siltstone XX X - B X Rare clm_opyro.xene o

89.50 Smear  Fine sandstone XXXXXXX X X ? X Tr. 2aenigmatite, aegirine

91.17 Smear  Fine sandstone XXXXXXX XX - BBE X Tr. aegirine

92.45 Smear  Mudstone XXXX X X E XX )

Smear  Mudstone XX X XXXX No clinopyroxene

Tr. - trace; Q+F- quartz + feldspar
B - brown glass; E - evolved (colourless) glass; [number of |etters of each denotes approximate relative abundance; e.g., BBBE - brown glass>>> evolved glass)

X - Trace (<1%)

XX - Present (>1-5%)

XXXX - Common (>5-20%)
XXXXXXX - Abundant (>20%)
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Tab. 7- Continued.

Sample Lithology Q+F/tot Volc. lith/tat ~ Basic/Evolved  Biotite/tot =~ Comments
depth (mbsf) (aslogged) glass

95.48 Mudstone XXXX X B XX

96.62 Sandstone XXXXXXX X - B X

98.35 Very fine sst XX - - XXXX No sand

99.02 siltstone-mdst XXXXXXX X X BBE Tr. bioclastic, ??arfvedsonite, hornblende
99.97 Fine sandstone XX X - B XXXX Rare pale brown glass

100.85 Clayey siltstone XX X X E X

102.45 Clayey sst XX X X E XX Tr. aegirine, hornblende

102.52 Clayey sst [silt] XXXXXXX X X BE XXXX Tr. ?aegirine, garnet, hornblende

104.44 Diamictite XXXXXXX X ? B X

105.52 Diamictite XXXXXXX XX - B X

106.69 Sandstone XXXXXXX XX X B X Tr. hornblende; some biatite altered

108.69 Silty sand XX X - B XXXX Tr. orthopyroxene; some biotite altered
112.32 Silly sand XX X - BBE Tr. glauconite, no clinopyroxene sand grains
114.39 Silty sandstone XXXXXXX XX X BBE XXXX Tr. aegirine, kaersutite

115.65 Sandstone XX X - BBB XXXX Tr. keersutite

117.60 Sandstone XXXXXXX - - X Tr. ?hornblende, aegirine, garnet

118.50 Sandy siltstone XXXXXXX XX X BBE XX Some altered basaltic glass, hornblende
120.40 Diamictite X - BBE Tr. 2aenigmatite

122.49 Diamictite XX X - B XX Tr. hornblende

125.00 Diamictite XXXX X - B XXXX Tr. hornblende

126.43 Diamictite XXXXXXX X - B XX Tr. Hornblende

128.83 Diamictite XXXXXXX X X BBBE X Tr. hornblende

130.45 Clay XXXXXXX X - B

132.73 Diamictite XXXXXXX X - B X Tr. hornblende

133.32 Black siltstone XXXXXXX X - B X

135.63 Clayey siltstone XXXXXXX X - B XXXX ) ]

136.92 Diamictite XXXXXXX X - B XXXX Tr. bioclastic, hornblende

138.83 Diamictite XXXXXXX X X B XXXX Tr. bioclastic, ?biotite (green), hornblende
141.80 Clayey siltstone XXXXXXX X XX BBBE X Tr. bioclastic, biotite (green), hornblende
142.20 Clayey siltstone XX XXXX
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uaternary ¢ Miocene

-&-Erebus Volcanic Province, onset a 19 Ma

Fig. 713 - Diagram summarising the
distribution and relative abundance of
volcanic glass and lava fragments in

Volcanic glass + lava fragments

Quaternary and Miocenestratadf the CRP-1
drillcore(based onTab. 7, Quaternary Strata,
thisvolume). Theageof subaerial vol canism
in the McMurdo Volcanic Group and of
Tertiary alkalineplutons (Meander Intrusive
Group) area soshown (Kyle, 1990; Tonarini
et al., in press), for comparison. The age of
the section a which there is a prominent
change in abundance of volcanic detritus (at
62 mbsf; c. 18 Ma) is inferred from depth-
age correlations described in section on
Palaeontol ogy.
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(oligoclase, andesineand |abradorite, generally fresh but
not uncommonly with minor sericite or rare epidote
ateration). These typicaly form 60-80% of the mode.
Although most of the quartz grains are angular to
subrounded, distinctive sparse (<1%) rounded to well-
rounded quartz grains are al so present.

Pale green pyroxene is the most common of the
ferromagnesian minerals. It occurs in two distinctive
forms: i) predominantly angular transparent calcic augite
crystals lacking other distinctive features and which are
most common abovec. 62 mbsf; and i) tranducent green,
strongly abraded pyroxenes; thesearemainly cal cium-poor
augite, less commonly pigeonite or rare hypersthene. The

tranducent pyroxenes characteristically have conspicuous
dark-coloured, cl ose-set cleavageplanesand, |esscommonly,
exsolution lamellag; the dark coloration of the cleavage
planesisdueto(?)exsolved opagueoxide, whichissometimes
developed so extensively that much of the grain is opaque,
making it hard to distinguish unambiguoudy from some
lithic clasts. Minor amounts of green-brownish green
amphibole (likely hornblende), pink (?titaniferous)
clinopyroxene and aegirine are ubiquitous and there are
sporadic grains of kaersutite, aenigmatite and possible
arfvedsonite. Theferromagnesianminerd sformasignificant
component of most samples, typicaly 5-10%, which does
not vary systematically with depth in the Miocene section.
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H g. 14 -Diagramssummarising modal abundancesof volcaniclithicand glassgrainsin Quaternary and Miocene sand-grade samplesonly, from the
CRP-1 drillcore. The data are shown in asummary plot for all sand-grade samples and divided into samples obtained from the three principal facies
present in the sequence, in order to illustrate the marked variations in abundance of volcanic detritus between samples from the different facies.
Numerical modesareplotted but areexpressed i nthediagram usingthe analoguesize categoriesof table 7. Arrow denotesposition indrillcore at which
thereis a prominent change in volcanic-clast abundances (c. 62 mbsf). Abbreviations: Q — Quaternary; M — Miocene. P, C, A — see table7.
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Fragmentsof volcanic glassareamajor component of
sampl es above 62 mbsf, diminishing markedly below but
present to the base of the section. They are angular,
essentially unaltered and vary in colour from brown to
pale brown and colourless; some brown glassis oxidised
and largely opague. Thefragments often contain feldspar
and/or pyroxene crystallites and generaly a few tiny
ovoid vesicles. With anincreasing proportion of crystals,
the vitric clasts grade into intersertal-textured volcanic
lithic grains (below). Brown glass is overwhelmingly
dominant in most samples and isfrequently thesole glass
type present, but colourlessglass may rarely predominate
(Tab. 7). There is a striking association between glass
content and the lithofacies from which the sand fraction
wasderived (Fig. 13). Althoughthedatasetissmall, sandy
samples from diamict and siltstone lithofacies show no
correlation with depth in the drillhole and the proportion
of glass fragments is either uniformly low, or low but
variable (diamict and siltstone lithofacies, respectively).
By contrast, glass showsaclear association with samples
from sandstone lithofacies, with well marked down-hole
variations.

Thereisawidevariety of lithic grainspresent, but they
are generally only conspicuous above c. 62 mbsf. Grain
shapesvary widely but aremainly subangular-subrounded.
Themost common lithicgrainsarevol canic, composed of
fine-grained pilotaxitic and intersertal lavas containing
freshfeldspar lathsor pyroxene(augite, titaniferousaugite
or aegirine) and unaltered brown or colourless glass; they
are rarely associated with grains of glassy fine tuff. The
volcaniclithicgrainsare generally acomparatively small
but persistent detrital population. Above c. 62 mbsf they
typically form<5%, rising rarely to c. 30%, but below that
depth the proportion diminishes to <1-2%, and they are
apparently absentinseveral samples. Other lithictypesare
modally uncommon (typically <<1% individually). They
comprise vermicular- and graphic-textured intergrown
quartzand K-feldspar; grainswith coarse platy plagioclase
crystals, or bladed plagioclase withinterstitial quartz and/
or rare clinopyroxene, the plagioclase showing variable
alteration (minor chlorite, epidote); a variety of
metamorphic clasts, including fine quartz-feldspar-mica
phyllite, coarse and fine polycrystalline quartz and
equigranular quartz-plagioclase aggregates.

Other mineral grains include biotite, epidote,
magnetite, glauconite, celadonite, zircon and garnet, all of
which occur in trace amounts (<<1%) in the sand-grade
fraction. Bioclastic detritusis ubiquitous, typicaly trace
amounts of fragmented siliceous sponge spicules and
radiolaria or diatoms.

Provenanceand Temporal Variations

The dominant source for the Miocene strata is the
Precambrian and lower Palaeozoic basement (granitoid
and metamorphic units) and Beacon Supergroup
sedimentary strata, which mainly contributed theabundant
colourless grain population, together with biotite, garnet
and zircon (Quaternary Strata, this volume - Tab. 6).
Although they account for 60-80% of most samples, their
respective proportionsareunknown. Thepresence of low-

grade phyllite is unusual and noteworthy because the
known outcrops of these rocks are small and restricted to
areasnear theSkelton and K oettlitzglaciers, about 200km
to the south of the CRP-1 drillsite (Grindley & Warren,
1964). Detritus derived from a likely Ferrar Dolerite
source are common and persistent. Few fragments d
Ferrar Dolerite itself arepresent, but Ferrar-like pyi oxenes
dominate theferromagnesian mineral population. Feirar-
derived grains become lessimportant above 62 mbsf. No
clastsof Kirkpatrick Basalt were identified.

Volcanic-derived detritus consist mainly of grains of
essentially freshlavaandpyroclasticrocksand brown and
colourless glass. The freshness and presence of alkaline
volcanic minerals (sanidine, ?titanaugite, acgirine,
kaersutite, aenigmatite and ?arfvedsonite), both within the
lithicgrainsand asminerals, aredistinctive characteristics
indicating likely basaltic (or basanitic) and evolved,
peralkaline compositions. The volcanic population is
believedtobederived exclusively fromanalkalinevol canic
provincesimilar to parts of theMcMurdo Vol canic Group
(MVG), although subaerial outcropsof theMV G rangein
ageonly down to 19 Ma (Kyle, 1990). However, similar
volcanic clasts also persist to the bases of the MSSTS-1
and CIROS-1drillholes, in strata of Pliocene to Eocene
age (<36 Ma), indicating a more prolongued history of
alkaline volcanism in the region than issuggested by the
subaerial outcrops (Barrett et a. 1986; George 1989;
Hannah et al., in press).

Whereas the glassy fragments generaly show little
evidencefor abrasion, thelithicvolcanicgrains arevariably
subangular to subrounded, suggesting different sources
and a more prolongued transport history for the latter.
Many lithic grains may have been eroded from volcanic
outcrops, whereas the glass may represent airfall tephra.
The absence of olivine from the heavy mineral fraction
(normally present as phenocrystsin basalt-trachy te rocks)
isenigmatic, butit may beanindication of thepreferential
elutriation of denser tephra from eruption columns (see
Quaternary Strata, this volume - section on Sand Grains
and Provenance). The proportion of total volcanic
fragments (lithic and vitric) isdominated by fluctuations
in the amount of glassy material present, whereas the
proportion of lithic volcanic grains is comparatively
constant. Thissuggests that the volume of glassis linked
directly to the airfall distribution of tephrafrom broadly
coeval explosive eruptions. These tephra, from at least
two compositionally contrasting sources, would have
been widely distributed areally. Theabundance of brown
glasssuggeststhat basalticor basanitic centresweremore
active throughout the Miocene (and Quaternary; see
Quaternary Strata, thisvolume - section on Sand Grains
and Provenance), but there were periods when evolved
activity may have been dominant. A prominent increase
in volcanic detritus takes place above 62 mbsf, and it is
alsoreflectedinamarked" step” in thedatafor downhole
sediment porosity and magnetic susceptibility
(Background to CRP-1, this volume - section on Core
Properties). Unless an unconformity is present (and is
otherwise unrecognised), the shift to abundant volcanic
detritusintheyounger stratasuggestseither that subaerial
eruptive activity may have become widespread at about
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that time, or that there was asignificantshiftin provenance.
Miocene volcanic centres were widely distributed in
Victorial.and after c. 19 Mg, at least (Kyle, 1990). Prior
to that, theonly Tertiary alkalinevolcanic centres known
were probably situatedin northern VictoriaLand (Tonarini
et a., 1997). Similar marked reductions in volcanic
input were also described in lower Miocene strata in
the MSSTS-1 and CIROS-1 horeholes (Barrett et al.,
1986; George, 1989).

PALAEONTOLOGY

INTRODUCTION

Thel03-mlower-Miocene,siliciclasticsectionyielded
a variety of microfossils and some macrofossils,
encompassing essentially all fossil groupsstudied on site.

Most consistently present are thediatoms, palynomorphs,
and foraminifers. Abundances and diversities vary
according to group. Thesefossils provide: 1) age control,
2) a basis for calculating sedimentation rates and
establishing regiona correlations, and 3) important
palacoenvironmental informationonwhat appearstohave
been aglaciomarine settingthat underwentsomesignificant
fluctuationsinwater depthand proximitytotheicemargin.
Reworked taxafrom ol der unitsarenoted, thoughgenerally
in lesser numbers relative to the Quaternary.

Of particular palacontological interest is the plethora
of new marine palynomorph taxa discovered in CRP-1.
These are especially noteworthy because thisis believed
tobethefirst report fromtheAntarcticregionof any insitu
palynomorphs in lower Miocene sediments.

A brief introduction is given herefor al microfossil
and macrofossil groups. These are then further described
in sections below.

Diatoms are among the most prevalent fossils present
and includemarine (planktonic and benthic) but nofresh-
or brackish-watertaxa. Their occurrencesarediscontinuous
and, along with their abundances, reflect varying
sedimentation rates, cover by glacier tongues or shelf ice,
or productivityinanopen-marineenvironment.Recurrence
of interval srichin benthic diatomssuggest fluctuationsin
water depth to less than 50 m in many intervals. Rare
diatom fragments throughout the core denote glacial
recycling of marine sediment, but no lower Oligocene or
ol der specimenswerenoted. Silicoflagellatesand ebridians
are consistently present in the diatom-bearing intervals.
Diatoms provide an age of 17.5 to 22.4 Mafor the lower
Miocene section, and an average sedimentation rate
estimated to be —-21 m/my.

Foraminiferal assemblages were found in 15 of 45
sampl esexamined. Those between 43.15t0 - 120.00 mbsf
were mostly barren or contained sparse assemblages with
1-2 species. They occur moreconsistently in Units6.3and
7.1, with an apparent downhole trend toward higher
abundances and diversities. Planktonic forms are very
rare, which suggests deposition in relatively shallow-
water, inshore environments.

The only Miocene calcareous nannofossils were
rare, moderately preserved fragments of

Thoracosphaera, the same calcareous dinoflagellate
observed in the Quaternary section (see Quaternary
Strata, this volume - section on Palaeontology).
Specimens in Sample 103.40 mbsf may be in situ,
whereasothersin asedimentary clast from adiamictite
at 123.80 mbsf are considered to be reworked.

Well-preserved marine palynomorphs were present
and occasionaly common in al 28 Miocene samples
processed for palynomorphs; species diversity is low to
moderate. The mgjority are considered to be in situ and
represent an Antarctic assemblagenot previously known
to science. The assemblage is dominated by acritarchs,
more than 15 o which are new. Prasinophycean green
algae are aso among the most abundant and consistently
occurring palynomorphs. In the Arctic, acritarchs and
prasinophyceanal gaearemaj or componentsof Quaternary
depositsand theHol ocenemarineflora. Theseoccurrences
provide a modern analoguefor interpreting the Miocene
occurrences in CRP-1. Dinocyst assemblages are of low
abundance and diversity but consist of protoperidinoid
cysts, aform not seen in the Quaternary deposits of the
core. This might indicate milder conditions during the
Miocene at the CPR-1 drill site. As in the Quaternary
section of CRP-1 (see Quaternary Strata, this volume -
section on Paaeontology), foraminifera linings were
common in many samples.

Miospores are present in small numbers in most
samples, including reworked Permian-lower Mesozoic
taxa, which are most prevalent around 70 mbsf. Also
present at that level and between 100-120 mbsf are
relatively abundant Nothofagidites spp., Podocarpidites
spp., and arange of angiosperm taxathat may or may not
bein situ.

Macrofossilsarerareto sparsebut rather homogenous
in assembl agecompositionthroughoutthe lower Miocene.
They consistof serpulid (polychaete)wormtubes, echinoid
spines, bryozoans, and Chlamys (scallop) shells. They
seemindicativeof siltedshelf environmentswithestimated
depths shallower than 100 m, possibly between 20-80 m.
Theabsenceof truepolar pectinid bivalves (Adamussium)
suggest temperatures warmer than present and perhaps
warmer than during the Oligocene.

DIATOMS
M ethods

Samplespacingfor thisstudy of lower Miocenediatoms
of CRP-lisvariable, but lessthan 2 m for most intervals
(Tab. 8).All sampleswerecheckedinitially by examination
of astrewn dlide of raw sediment. This was prepared by
separation and disaggregation in 50 ml water and settling
for Lminuteto removecoarse material. A strewn didewas
made from the suspended materia for a quick check of
diatom presence and abundance (Fig. 15; Tab. 8). If
warranted, additional concentration was done by sieving
through a 25 mm sieve, and in some samples, density
separation was performed using a Sodium Polytungstate
solution of 2.2 specific gravity, See Harwood (1986,
appendix) for description of sieving agd other methods
used in diatom preparation.



Tab. 8 - Sampleintervalsfor initial Miocene diatom study. Sampleintervalsare listed with noteson abundance, ecology, biostratigraphical lyimportant taxa, and processing techniques. Abundance
representsthe number of diatom fragmentsobserved in fivefields-of -view.

Units SampleTnterval  Abundance Ecology Comments Code PublishedAge DepthRange  Processng Notes

51 fopd Unts1 DEOW FAD ACHiNOCCIUS ingens DI >I63Ma CCnln  H&M 24.08 mod
top of Unit5.1 below FAD Denticulopsis maccollumii D2 >16.6Ma C5Cn3n H&M 44,08
43.57-43.58 <10 P+B  in gStuearly Miocene strewn
44.08-44.09 <30 P in situ early Miocene strewn; sieve
44.58-44.59 <10 N/A strewn
44.93-44.94 <10 N/A strewn
45.04-45.14 <10 N/A FT; strewn;sieve; float
45.92-45.93 <10 P Seve
47.04-47.05 <10 P Sieve
48.06-48.07 X N/A Seve
48.90-48.91 <10 P sieve
50.00-50.01 <10 N/A sieve
51.71-51.72 <10 P sieve
53.01-53.02 <10 P sieve
53.50-53.60 <10 P FT; strewn; sieve; float

52 55.40-55.41 <30 P sieve
57.51-57.52 <30 P sieve
58.75-58.76 <100 B sieve; float
59.58-59.68 <50 B LAD T. praefraga D3 18.4-18.1Ma CSEntoC5Dr Y&A; H&M; H+ 59.58-58.75 FT; sieve; float
59.98-59.99 <50 B sieve

5.3 6211-62.12 <50 N/A sieve

5.4 63.37-63.38 X N/A strewn
65.80-65.81 <100 P+T strewn
66.16-66.17 >100 P sieve
67.56-67.57 >100 P strewn
69.73-69.74 >100 P strewn; sieve

55 7258-72.59 >50 P strewn
74.91-74.92 >100 P strewn; sieve
77.05-77.06 >100 P strewn
78.15-78.25 <30 P FT; strewn, sieve; float
78.61-78.62 <30 B shallow benthic assemblage strewn; sieve

56 80.12-80.13 <100 P strewn

5.7 81.41-81.42 <30 P strewn
83.29-83.30 <30 P strewn
85.21-85.22 <50 P strewn
86.85-86.86 <50 P strewn
88.81-88.82 <100 P strewn; sieve
91.22-91.23 <100 P LAD Asteromphalussymmetricus D4 185 C5En  H&M 88.81-91.22 strewn; sieve

Note: diatom assembl agesareclassifiedintogenerd ecological groups,where'P" =planktonic; T’ = tychoplanktonic; and 'B' = benthic. Biostratigraphicdatumsfor each taxon areabbreviated as'FAD'
= First AppearanceDatum, 'LAD' = Last AppearanceDatum, and ‘FCAD’ = First Common Appearance Datum. Abbreviationsin the 'Published Age' column refer to thefollowingsources: B&B =

Baldauf & Barron (1991), G&B = Gersonde & Burckle(1990), H = Harwood (1986), Hc= Harwood (1989), H&M = Harwood & Maruyama (1992), H+ = Harwoodet a. (1992). and Y & A = Yanagisawa
& Akiba (submitted).

el
S

wies |, 90Ua0S $119qoy ode)



Tab. 8 - Continued.

Units Samplelnterval Abundance Ecology Comments Code PublishedAge DepthRange ProcessngNotes

5.8 94.85-94.86 <50 P srewn
96.24-96.25 >100 P strewn; seve
98.77-99.78 >100 P strewn
99.02-99.12 >100 P FT; strewn; seive; float
100.27-100.28 >100 P strewn; sSeve
101.31-101.32 <100 P smear
102.24-102.25 >100 P FCAD Thalassiosira praefraga D5 203Ma Cério C6N Y&A; H&M; H+ 103.40-102.24 dtrewn; Sieve
103.39-103.40 <10 N/A smear

6.1 10455104.56 <10 N/A strewn
106.44-106.45 <10 N/A strewn

6.2 108.78-108.79 <10 N/A strewn
110.79-110.80 <30 N/A srewn
112.46-112.47 <30 N/A srewn
114.76-114.77 <10 N/A strewn
115.95-115.96 <50 P strewn
116.48-116.49 <10 N/A strewn; seve
118.56-118.57 <50 P+T strewn; Seve

63 120.40-120.50 <30 P FT; strewn; sieve; float
120.95-120.96 <30 N/A srewn
122.73-122.74 <30 N/A strewn
123.80 clast <30 N/A smear
123.80 matrix <30 N/A smear
125.51-125.52 <30 N/A srewn
127.79-127.80 <50 N/A grewn
129.59-129.60 <50 B strewn
131.67-131.68 <50 P drewn; Seve
134.30-134.31 <100 P strewn; seve
136.85-136.86 <30 N/A grewn
138.75-138.76 <50 N/A srewn
139.77-139.78 <10 N/A strewn
141.48-141.49 <10 N/A strewn

71 141.80-141.92 <100 P+B  LAD Stephanopyxis spinosissima D6 219t0226 Ma C6A(?) to C6AAr.3r 141.80-141.48 FT; strewn; sieve; float
142.60-142.61 c50 N/A and at 58 min MSSTS  H; H+ strewn
143.73-143.77 <30 N/A srewn
145.46-145.50 <10 N/A strewn
145.50-145.51 <30 N/A strewn
145.72-145.76 <30 N/A strewn
146.51-146.52 <50 B strewn; sieve; float
146.79-146.83 <100 P+B strewn; Seve
147.68-147.69 c100 P strewn; sieve
147.69 above LAD Kisseleviella carina D7 <25 Ma(at 145min CIROS-1) Hc
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Fie. 15 - Miocene diatom abundance. Relative diatom abundance is
plotted withlithol ogical descriptions, lithostratigraphicunitdesignations,
and depositional interpretations. Black barsrepresent diatom occurrence
withincreasingabundance totheright. Fivefields-of -viewwereobserved
(at 250x) in araw strewnslideof each sample. Datawere collected insix
categories: barren (X), <10, <30, <50, <100, or >100 diatom fragments
perfivefields-of-view. Only samplesequal toor exceeding<50fragments
aredepicted; lower abundance categories most likely represent intervals
of diatom recycling, but not production. Most interval saredominated by
open marine plankton, but afew intervals contain rich assemblages of
benthic diatoms. Theseintervals are noted with alower case"b." There
is agreement between high diatom abundance and intervalsinterpreted
to represent high relative sea level, as seen in the lower part of
Lithostratigraphic Unit 5.5, within lithostratigraphic Unit 5.8, in the
lower part of lithostratigraphic Unit 6.2.

5

Description of Diatom Assemblages

Diatom occurrence and abundance for the lower
Miocene section of CRP-1 is presented in figure 15 and
table 8. Marine diatom occurrence is discontinuous
throughout thissection of CRP-1, with several interval sof
high diatomabundance. Diatom absenceor | ow abundance

reflects either conditions of ice-cover or extremely rapid
sedimentation, where high sedimentation rate and water
columnturbidity would dilutediatom abundance and limit
productivity. Diatom occurrence with more than 50
fragmentsin 5 fields-of-view at (250x) is interpreted to
represent open-water productivity and in sizu diatom
sedimentation (Fig. 15; Tab. 8). Rare diatom fragments
are present throughout the core as a result of glacial
recycling of marine sediments. In diatom-poor intervals,
the diatom assemblages appear to be necarly
contemporaneous, erodedlocally fromlateral correlatives
of underlying lithostratigraphic units, or reworked from
the upper Oligocene sections reported in the MSSTS-1
and CIROS-1drillholes (Harwood, 1986,1989). There is
no evidence for reworking of lower Oligocenc or older
Paleogene diatoms into the Miocene sequence o CRP-1.
Silicoflagellates and ebridians are common members of
thesiliceousfossil phytoplankton and occur in most of the
diatomaceous intervals.

The Miocene section of CRP-1 includes several
ecological associations of marine diatoms. These reflect
environmental conditions of variable water depth. A
preliminary assessment of diatom assemblage ecology
from CRP-1 is presented in table 8. The following
characteristicassemblages arenoted in order of decreasing
water depth: (1) assemblagesdominated by pelagic marine
planktonic Coscinodiscus and Stephanopyxis spp.,
designated 'P' on table 8; (2) assemblages with high
abundanceof Paralia, afilamentoustychoplanktonic(‘T7)
diatom from the benthicenvironment, which often occurs
in high numbers in the plankton; (3) assemblages with
highnumbersof alarge, unknowntriangul ar-shaped diatom
and the benthic genus Isthmia, are designated as'B'; (4)
assemblages with increased numbers of benthic adnate
Cocconeis spp., Rhabdonema spp. and Grammatophora
spp., aredesignated as'B"; and (5) benthicassemblages of
Isthmia and Arachnoidiscus, are also assigned 'B'. The
association of ‘B+P’ reflects that benthic diatoms are
often transported into deepwater and mixed with open-
marine planktonic diatoms. Future research will focuson
documenting assemblage changes through the lower
Miocene succession as a proxy for relative sea-level, in
support of sequence stratigraphic interpretations for
CRP-1 (see section on Sequence Stratigraphic
Interpretation).

Biogeogr aphic Consider ations

As with diatom assemblages and distributions from
CIROS-1 and MSSTS, thereisconsiderable difficulty in
correlation to Antarctic shelf sequences using established
Southern Ocean diatom biostratigraphic schemes
(Harwood & Maruyama, 1992). Weexpect that thisresults
fromlocal environmental effectsof temperature, salinity,
turbidity, proximity to ice and ice cover, as well as
regional paleobiogeographic controls on diatom
bioprovincesinthesouthernhighlatitudes. Biogeographic
barriers appear to havebeenstrongat thistime, preventing
the southward migration of Southern Ocean zonal taxa
suchasLisitzinia ornata, Rocellagelida, Azpeitiagombosi,
Coscinodiscus rhombicus, Rossiella symmetrica,
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Bogorovia spp., Thalassiosira spumellaroides, Hemiaulus
taurus and Nitzschiamaleinterpretaria (Harwood, 1991).
Recovely of these pelagic taxa in the CRP-1 interval is
interpreted to represent open-rnarine conditions and will
enable a correlation between the Ross Sea diatom
stratigraphy and that of the Southern Ocean. Also,
docunientation of the biostratigraphic ranges of lower
Miocene diatoms from CRP-1 will further enable the
construction of a zonation for the Antarctic continental
shelf.

Diatom Biostratigraphy

Several key diatom biostratigraphic events enable the
construction of anagevs. depthmodel for CRP-1 (Fig. 16).
The biostratigraphic data fall in general agreement on a
straight line, whichisthesimpl estinterpretation. Although

97

thislineindicates that no mgjor gapsin timeareidentified
between 43.55 and 147.69 mbsf, small time breaks arc
likely to be present. Variations in sedimentation rate are
expected but cannot be resolved biostratigraphically at
this time. Diatom events, however, enable a relatively
precise determination for the lower Miocene section
between 17.5 to 22.4 Ma (Tab. 8; Fig. 16). Average
sediment accumulation rate during the early Mioceneis
interpreted to be —-21 m/my. Thisis similar to sediment
accumulation rates for the upper Oligocene to lower
Miocene sections of CIROS-1 (Harwood et al., 1989a)
and MSSTS-1 (Harwood, 1986). Published ages used in
figure 16 were converted to the timescale of Berggren et
al. (1995).

Theabsenceof Actinocycius ingens(event D | ) suggests
an age older than 16.3 Ma within anomaly correlative
C5Cn.1n(Barron & Baldauf, 1995) at 43.55 mbsf. Both of

Depth [~ . Oligocene
mibsf Early Miocene Late
0 T T T T T T P T T T T T T T P T T T T T T P T T TP P T T e T T T TreT
A A A
S 17 18 19 20 21 22 23 24 25
10—
-
20—=
25—
BO—E FAD A. ingens FAD D. maccollumii
35— | (absent) .- (absent)
40—-E v ‘
LAD T praefraga
LAD
Asteromphalus
symmetricus
m FCAD T praefraga
Hg 16 - Miocene age-depth
model for CRP-1. Diatom
biostratigraphic datums are
plotted at appropriatedepthsand
Iéé;%hanopyxis — ages for the Miocene section of
spinossisima gfs_,‘zew'e”a CRP-1. Arrows indicate
Bott_\_omof hole  (absent) r direction of uncertainty due to
-22.5Ma D7 possiblefaciesor environmental
IHIU(I!IIH[!llllllll[lll1|llll]lllllll(l|llll]lll]llllll“HlIOCI|III|]T7W|III|[1IIII Contr0|sondla10md|5tnbunons'
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thesedatumsapproximatetheboundary betweenthel ower
and middle Miocene. Similarly, the top of the lower
Miocene section (at 43.55 mbsf) is older than 16.6 Ma
based on theabsenceof Denticulopsis maccollumii (Fig. 16;
event D2). Thisdatum occurswithin anomaly correlative
C5Cn.3ninODPSite748 (Harwoodet a.,1992), at an age
of 16.6 Ma accordingto Berggren et a. (1995).

The range of Thalassiosira praefraga (synonyms:
Coscinodiscus sp. 1 of McCollum, 1975; Thalassiosira
fraga of Gersonde& Burckle, 1990, of Baldauf & Barron,
1991, of Harwood et a., 1989a, and of Harwood &
Mamyama, 1992) provides twokey biostratigraphicdatums
for CRP-1 - diatom events D3 and D5 (Fig. 16). An age
of 18.4 Mato 17.8 Ma is suggested for depth 58.75 to
59.68 mbsf based on the Last Appearance Datum (LAD)
of Thalassiosira praefraga (event D3 on Fig. 16). The
older age for this datum is derived from Y anagisawa &
Akiba (submitted) from the North Pacific. Harwood &
Maruyama (1992) record this datum in the Southern
Ocean at ODPHole751A withinthelower part of anomaly
correlative C5Dr (Harwood et al., 1992) with an age of
17.8MaaccordingtoBerggrenet al. (1995). Other reports
place this datum slightly older within the upper part of
C5En (Gersonde & Burckle, 1990; Barron & Baldauf,
1995). This datum defines the boundary betweenT. fraga
subzones "b" and "'c" of Harwood & Mamyama (1992).

The First Common Appearance Datum (FCAD) of
T. praefraga (102.24 to 103.39 mbsf) is reported at 20.3
Ma (Yanagisawa & Akiba, submitted) from the North
Pacific region. This agreeswith afirst occurrencein the
lower part of anomaly correlative Cén or the upper part of
Cérfrom Antarcticdrillholes(Gersonde & Burckle, 1991;
Baldauf & Barron, 1991; Harwood & Mamyama, 1992;
Harwood et al., 1992). We reinterpret the
magnetostratigraphic interpretations of Harwood et al.
(1992) for ODP Sites 747 and 748 guided by the above
agesfor T. praefraga (T. fraga). We usethe published age
of 20.3 Mafor thefirst common appearance datum of
T. praefraga. In CRP-1, it first appears as a common
element of thediatom assemblagesat alevel just above
lithostratigraphic Unit 6, adiamictite, which is barren
of diatoms (Fig. 15; Tab. 8). The presence of this
diamictite probably causes a truncation of the lower
range of 7. praefraga. This implies that the age for the
FCAD of T. praefragaisdightly younger than 20.3 Maat
this depth (see arrow at event D5 on Fig. 16, showing the
directionthisdatumwould moveif suitabl efaciescontinued
downcore).

Asteromphalus symmetricus israreand discontinuous
in CRP-1. For this reason, the highest occurrence of this
diatom will likely be noted at alevel higher than 88.81to
91.23 mbsf (see arrow on event D4 in Fig. 16) as further
examination extends the range of event D4 into higher
stratigraphic levels. This datum occurs within the upper
part of anomaly correlative C5En in ODP Site 748
(Harwood et al., 1992), at an age of 18.5 Maaccording to
Berggren et a. (1995).

TheLAD of Stephanopyxis spinossisimain MSSTS-1
at 58 mbsf (Harwood, 1986) wasinterpreted by Harwood
et a. (1989a) to be within reversed polarity of anomaly
correlative C6AA, or possibly C6A. Thisindicates an age

between 21.9 to 22.6 Ma according to Berggren e al.
(1995) for the interval from 141.48 to 141.80 mbsf in
CRP-1 (diatom event D6; Fig. 16).

The maximum age &t the bottom of the hole must be
younger than the LAD of Kisselevidlla carina, which has
ahighest appearance in CIROS-1 at 145 mbsf (=25 Ma).
Theabsencedf thistaxon in CRPsuggestsa maximum age
for the bottom of CRP-1 (diatom event D7).

Corréation to Other Lower MioceneAntarctic
Sections

Thediatomassemblages from CRP-1 resemblediatom
florasrecoveredfromdiatomaceoussedimentclastswithin
the RISP Site J-9 (82° 22’S; 68° 38’W) coresbeneath the
Ross Ice Shelf (Harwood et d., 1989b). Lower Miocene
sediment clasts contain between 72 to 92% diatoms and
little terrigenous debris, reflecting the widespread
distribution of diatoms during the early Miocene in the
Ross Sea. Diatoms were clearly abundant at this time
around theAntarcticmargin, yetweknow littleof them as
existing lower Miocene reference sections are limited.

Deep Sea Drilling Project (DSDP) coresin the Ross
Seaspan theupper Oligocenetolower MioceneinSite270
and the lower Miocene to middle Miocene in Site 272
(Hayes, et ., 1975). Although thesesites were chosen to
provideoverlapintherecovered sections, agap of 3my is
interpreted to exist between these sites within the lower
Miocene (Steinhauff et al., 1987). Only one sample from
DSDP Site 270, Core Interval 13-3, 110-112, contained
diatoms(Steinhauff etal.,1987) duetodiageneticalteration
of other diatomaceoussediments to opal C-T and opa Q
(chert). Theintervalsin DSDPSite 272that arecorrel ative
to the lower Miocene of CRP-1 are similarly altered to
opa C-TinUnit2Bandtoopa QinUnit2C(Hayes etal.,
1975).

The distribution of Kisseleviella carina in Core
Sectionl3-3 of DSDP Site 270 and its absence in both
DSDP Site 272 and CRP-1 (Fig. 16) indicate the gap
between the DSDPdrillholes may be represented, in part,
within CRP-1. The range of Thalassiosira praefraga
enables a good correlation between DSDP Hole 272
(Cores 20 to 29) (Savage & Ciesielski, 1983) and CRP-1
(102 to 59 mbsf) (Tab. 8).

The lower Miocene succession from CRP-1 probably
overlapsdightly with the upper intervalsof both CIROS-1
and MSSTS drillholes.Combinationof thesethreesections
will provideacompositestratigraphy for thewestern Ross
Searepresenting nearly 20 my, from 36.0Mato17.5Ma
Useful referencesfor taxonomy and biostratigraphy of the
lower Miocene include: McCollum (1975), Schrader
(1976), Schrader & Fenner (1976), Gombos (1977),
Weaver & Gombos(1981), Gombos& Cielsielski (1983),
Harwood(1986), Harwood(1989), Harwoodet al . (1989a),
Gersonde & Burckle (1990), Baldauf & Barron (1991),
and Harwood & Maruyama (1992).

Diatom Assemblages

Thefollowing presentation and discussion of diatom
occurrence in lower Miocene sediments of CRP-1 will
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proceed through the division of lithostratigraphic units.
Details of abundance and sample depth are presented in
table 8. The assemblages of diatoms vary as a result o
fluctuating water depth, but ingeneral thesamplescontain
many common taxa. Table 9 lists the diatoms recovered
from the lower Miocene succession from CRP-1. Some
assemblages contain more than 50 taxa, as indicated in
table 9. The composite flora for the lower Miocene of
CRP-1 will likely exceed 90 taxa of diatoms,
silicoflagellates, and ebridians. Thenamesof many diatoms
aredtill in an informal state. The terms MSSTS, CIROS
and RISP refer to informal nomenclature used in the
papersby Harwood (1986), Harwood (1989), and Harwood
et al. (1989), respectively. These will require formal
designation in thefuture.

Lithostratigraphic Unit 5.1 (43.55-53.70 mbsf),
sandstone and mudstone - The diatom fragments present
in lithostratigraphic Unit 5.1 are thought to be recycled
due to low abundance and poor preservation
(fragmentation), exceptfor onesampl eat 44.08-44.09 mbsf.
Thissamplecontainsasparse planktonic diatomflorathat
isrelated to lower Miocene assemblages in thisdrillhole.

Lithostratigraphic Unit 5.2 (53.70-61.51 mbsf),
interbedded siltstone, diamictiteand breccia-Thediatoms
in lithostratigraphic Unit 5.2 shift from a benthic
assemblage at the base to one reflecting a deeper, open-
water environment at 59.58-59.99 mbsf (Fig. 15). Water
depthfor thelower interval isestimated aslessthan 50 m or
less in this environment, the approximate depth where the
euphotic zone would illuminate the sea floor. Diatoms are
sparseintheuppertwosampl esinthislithostratigraphicunit.

Lithostratigraphic Unit 5.3 (61.51-63.20 mbsf),
diamictite - One sample was examined from this
lithostratigraphic unit. Thediatomsarehighly fragmented
and poorly preserved. Paralia, Stephanopyxis and

Pseudammodochium sp. cf. dictyoidesare present. Pieces
of diatomaceous sediment occur as small clasts in the
sieved fractions, suggesting asourcefrom existingsedi ment
of a contemporaneous age.

Lithostratigraphic Unit 5.4 (63.20-70.28 mbsf),
sandstone - This lithostratigraphic unit contains a rich
flora of planktonic diatoms recognized in four of five
samples examined. The uppermost sample a 63.37 to
63.38 mbsf is barren of diatoms, except for rare diatom
fragments and rare clasts of diatomaceous sediment.
Authigenic minerals of dolomite, calcite or siderite are
present along with fine grains of mudstone.

Lithostratigraphic Unit 5.5 (70.28-78.85 mbsf),
sandstone - Thislithogtratigraphicunit containsarichfloraof
planktonic diatoms, which continues into the overlying
lithostratigraphic unit. The base a 78.61-78.62 mbsf was
deposited under very shallow water, asindicated by the
presence of benthicdiatomsand rare planktonic diatoms.
The assemblages are highly fragmented.

Lithostratigraphic Unit 5.6 (78.85-81.16 mbsf),
diamictite, sandstone and siltstone - One sample was
examined from this lithostratigraphic unit. Planktonic
marine diatoms are present in relatively high abundance,
but are fragmented.

Lithostratigraphic Unit 5.7 (81.16-92.19 rnbsf),
siltstone and mudstone - This lithostratigraphic unit
containsanassemblageof planktonicdiatomsthat decrease
in abundance upwards.

Lithostratigraphic Unit 5.8 (92.19-103.41 mbsf),
mudstone - This lithostratigraphic unit contains a rich
assemblage of planktonic diatoms, although the lowest
sample at 103.39 to 103.40 mbsf is nearly barren. An
assemblage of well-preserved diatoms, with the notable
occurrence of Chaetoceros frustules, occurs at 91.22-
91.23 mbsf.

Tab. 9 - Miocene diatom taxa. List of taxa recorded in the lower Miocene section of CRP-1 in preliminary observations. Assemblages of
representativesampl esreannotatedwiththefoll owingsymbols:‘#” = Sampl €59.58-59.68,¢ *” = Sampl €99.02-99.12and ‘ +* =Sampl €146.51-146.52.

Actinoptychus senarius
Arachnoidiscus sp. A MSSTS #+
Arachnoidiscus spp. *+
Asteromphalus symmetricus *
Auliscus Sp. *

Biddulphiasp. +

Chaetoceros setae #+
Chaetoceros spp. #%+
Chrysophycean cysts #*+
Cocconeisantiquavar. tenuistriata #*+
Cocconeiscostata#*+
Cocconeissp. AMSSTS +
Cocconeissp. D MSSTS #+
Corbisematriacantha *
Corethron spine *
Coscinodiscus oculoides *+
Coscinodiscus oculusiridus #*+
Coscinodiscus radiatus
Coscinodiscus sp. A. MSSTS #*
Dactyliozolen antarcticus
Diploneis sp. +

Distephanus speculum *+
Endictyarobusta *
Endictyahungarica #

Entopylaaustralis var. gigantea #+
Entoplyasp. *

Eunotia grovei *

Gen. et sp. indet. DCIROS-1 #+
Grammatophora charcotii #*+
Grarnmatophoraspp. +
Hyalodiscus radiatus var. maximus *+
Hyalodiscus sp. *

Isthmiasp. #*+

Lyradiscus ovalis +

Melosirasp. +

Nitzschiasp. ARISP*

Odontella aurita t
Paraliaclavigera#+

Pardlia sol var. marginalis #
Paraliasulcata #

Pleurosigma Sp. #*

Porosirasp. A +
Pseudammodochium cf. dictyoides #*+
Pseudammodochium sphaericum #
Rhabdonema japonicum *
Rhabdonemasp. cf. R. elegans #*+
Rhabdonema spp. +

Rhaphoneis sp. MSSTS #+
Rhizosol enia hebetatagroup *+
Rhizosoleniapraebarboi +
Rhizosolenia sp. A CIROS +
Septamesocena pappii #%+
Stellarimamicrotrim#*+
Stephanopyxis grunowii #*
Stephanopyxis sp. C MSSTS #*+
Stephanopyxis spinossisima +
Stephanopyxis spp. +
Stephanopyxisturn's#*+
Stictodiscus hardmanianus #+
Synedra/ Fragilaria sp. A CIROS#*+
Synedra jouseana * +
Thalassiosira praefraga #*
Thalassiosirananseni #*+
Thalassiothrix sp.

Triangle'sp. A#*+

Trigonium arcticum #+
Trinacria excavata#*+
Trinacriaracovitzae#* +
Trinacriaspp. +
Xanthopyxissp. ARISP +
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Lithostratigraphic Unit 6.1 (103.41-108.76 mbsf),
diamictite - Two samplesfrom thislithostratigraphicunit
contain only rare fragments of diatoms.

Lithostratigraphic Unit 6.2 (108.76-119.28 mbsf),
sandstone - This lithostratigraphic unit contains a poor
assemblage of diatoms and fragments of diatoms, except
for the sample at 118.56-119.57 mbsf, where planktonic
and tychoplanktonic diatoms increase in humber.

Lithostratigraphic Unit 6.3 (119.28-141.60 mbsf),
diamictite - The diatom assemblages within this
lithostratigraphicunit arevariableinthedifferent samples,
ranging between benthic, planktonic and barren of diatoms
(Tab. 8).

Lithostratigraphic Unit 7.1 (141.60-147.69 mbsf),
mudstone - A rich assemblage of mixed benthic and
planktonic diatomsis present near thetop and base of this
lithostratigraphicunit. Themiddleof thislithostratigraphic
unitfrom145.76t0143.73 mbsf contains afew diatomsof
indeterminate ecology.

FORAMINIFERA
Introduction

A total of 45 samples (7 "fast-track” and 38 routine),
covering the interval from 45.04 mbsf to 147.38 mbsf,
were examined from the Miocene section of the CRP-1
drillhole, and 15 contained faunas. These samples are
listed in table 10. Based on sedimentological and
palaeontol ogical studies, thetop of the Miocene sequence
was provisionally placed at 43.55 mbsf, and the well was
considered to be still in Miocene strata when the total
depth of 147.69 mbsf was attained.

'Fast-track" samples typically span a 10-cm interval
of core, while theroutine core samplesare smaller, being
collected over a nominal 5-cm interval. Routine core
samples average about 75 grammes of undried material.
Samples were processed using standard techniques, and
wet-sieved into >1 mm, >500 p, >63 i and <63 | size
fractions. After drying, thefirst 3 fractions were searched
for foraminifers and the last reserved for making smear
slides or for other studies.

Allfossil material,including diatoms, spongespicules,
macrofossil fragments, etc., was recorded during picking,
and islisted in table 10, but sampleslacking foraminifers
are hereconsidered to benon-fossiliferous. Incaseswhere
therewasalargeamount of >63 presidue, thesamplewas
subdivided using a microsplitter to yield at least 2 well
covered picking trays of residue for examination; this
definestheminimum criterion for determining asampleas
non-fossiliferous.

Results

In the discussion below, samples are referred to units
defined in the standard lithostratigraphic classification
adopted for the drillhole (see Background to CRP-1, this
volume- Fig. 18). Unlessotherwisenoted, samplesarecited
by only their top depths, and represent a5-cm interval.

Unit 5 (43.55-103.41 mbsf) - Twenty routine and 5
"fast -track samples were examined from this interval,

with 6 yielding faunas. Foraminiferal abundance was low
to very low in all productive samples.

A single sample from Unit 5.1 (sandstone and
mudstone; 43.55-53.70 mbsf) containsafew speci mensof
Cribroelphidiumsp.

Two of five samples from Unit 5.2 (interbedded
siltstone, diamictiteand breccia; 53.70-61.51mbst) proved
fossiliferous, with the following species recorded:
Cribroelphidium sp. (dominant), Cibicides spp.,
Pyrulinoides? sp., Oolina sp., Nodosaria sp., Rosalina sp.,
and indeterminate agglutinated taxa.

In Unit 5.4 (sandstone; 63.20-70.28 mbsf), a single
specimen of Cribroelphidiumsp. was recovered from
67.60 mbsf. Two other samplesfrom theinterval proved
non-fossiliferous.

Four of 5 samples from Unit 5.5 (sandstone;
70.28-78.85 mbsf) were unfossiliferous. A sample from
78.15-78.25 mbsf yielded a solitary, well preserved
specimen of Ammoelphidiella sp. Morphological 1y diverse
forms composed of equigranuiar particles, observed at
77.45 mbsf, 78.15 mbsf and 78.49 mbsf, are tentatively
interpreted as tracefossils, possibly burrow fillings.

Two of three samples from Unit 5.7 (siltstone and
sandstone; 81.16-92.19 mbsf) contained sparse
assemblages with Cribroelphidium sp. and
Ammoel phidiellasp.

Seven samples, collected throughout Unit 5.8
(mudstone92.19-103.41 mbsf), all proved to be barren of
foraminifers.

Unit 6 (103.41-141.60 mbsf) -Fourteen samples were
examined from theunit; foraminiferswererecovered from
6 of these.

Only oneof six samplescollected in Unit 6.2(sandstone;
108.76-119.28 mbsf) contained foraminifers, withasingle,
poorly preserved specimen of Cribroel phidiumsp. recorded
from 113.26 mbsf.

Although specimen numbers tend to be very low in
Unit 6.3 (diamictite; 119.28-141.60 mbsf), foraminfers
occur much more consistently than in overlying units,
being present in 5 of 8 samples. Thismarksthe beginning
of atrend toward better faunas. Taxa recorded from the
unit are: Cribroel phidiumsp., Nononiellabradyi, Melonis
sp., Pyrgo cf. fornasinii, and Pyrunlinoides? sp.

Unit7 (141.60-147.69 mbsf TD) - Foraminifers occur
in low-medium abundance, with good to very good
preservation, infour of thesix samplesfrom thisthin unit.
The following taxa have been recorded: Cribroelphidium .,
Nonioinella bradyi, Nodosariasp., Pyrulinoides?sp., and
Pseudonodosaria sp.

Discussion

Theupper part of thesequence(43.15-c. 120.00mbsf),
whichincludesall of Unit5, and also Units6.1and 6.2, is
characterised by sampleswhich areeither non-fossiliferous
or, less frequently, which contain sparse foraminiferal
assembl ageswith 1-2 species, normaly Cribroe phidiumsp. or
Nonionella sp. Foraminifers occur more consistently in
Units6.3and 7.1, with an apparent trend downhole toward
both higher abundance and higher diversity. Thisprovides
some optimism that more extensive faunas will be
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Tab. 10 - Foraminiferal samplesfrom CRP-1drillhole.

Base Unit Forams? Other fossil material -
45.14 5.1 No spicules

53.6 5.1 Yes spicules, echinoderm frapments
54.75 5.2 No

56.83 5.2 No wood fragments

58.38 5.2 No

58.61 5.2 No

59.68 5.2 No diatoms, spicules, echinoderm & mollusc fragments
65.95 5.4 No insect?fragments

67.65 5.4 Yes sponge spicules

69.95 5.4 No diatoms, spicules

72.65 5.5 No diatoms

75.99 5.5 No diatoms, spicules

77.5 5.5 No tracefossils?

78.25 5.5 Yes tracefossils?

78.49 5.5 No tracefossils?

81.87 5.7 No

85.83 5.7 Yes diatoms, spicules

87.47 5.7 Yes diatoms

93.53 5.8 No diatoms, mollusc fragments
49.49 5.8 No

96.3 5.8 No spicules, wood fragments
97.23 5.8 No spicules, wood fragments
99.12 5.8 No diatoms, spicules

99.95 5.8 No diatoms

102.1 5.8 No diatoms

108.9 6.2 No spicules

109.2 6.2 No spicules
111.69 6.2 No spicules
113.31 6.2 Yes spicules
116.48 6.2 No spicules

119.2 6.2 No spicules

120.5 6.3 No spicules
123.89 6.3 No
128.25 6.3 Yes

129.2 6.3 Yes echinoderm fragments
131.85 6.3 No spicules, woodfragments
13399 6.3 Yes echinoderm fragments
136.97 6.3 Yes
141.24 6.3 Yes
14192 7.1 No spicules
142.25 7.1 Yes diatoms, spicules
142.64 7.1 Yes diatoms, spicules
144.65 7.1 Yes echinoderm fragments
14597 7.1 Yes echinoderm fragments
147.38 7.1 No spicules

recovered in subseguent drillholesdlightly deeper than the
maximum level penetrated in CRP-1.

Twofactorsmay accountfor theabsenceofforaminifers
in many samples. high sedimentation rate/unfavourable
bottom environment and dissolution during diagenesis. It
isprobablethat both haveplayed apart. Insomecases, few
specimensarerecovered, but arewell preserved, suggesting
dilutionby rapidsedimentation.In other instances,specimens
areetched, suggestingpartial dissol ution.Furthermore, many
palynological preparationfromapparentlynon-fossiliferous
intervals contain common foraminiferal test linings, again
pointing to post-depositional removal.

Planktonic foraminifers are very rare in the Miocene
section. Theonly knownspecimenisajuvenileGlobigerina
sp. indet. (CPS id.), first observed by S. Wise in a
nannofossil preparation from 101.31-101.32 mbsf. The
specimen is tiny, c. 50 p, and other similar specimens
would beunlikely toberetained inforaminiferal residues,
which normally cut off a 63 p. The near absence of

planktonic types, togetherwith thecommon occurrenceof
Cribroelphidium and Nonionella, suggests depositionina
relatively shallow-water, inshore environment. Increase
in abundance and faunal diversity below ¢. 120 mbsf may
indicateatrend towardsomewhat deeper and moreoffshore
conditions in the older part of the sequence.

Miocene foraminiferal faunasfrom CRP-1, athough
less diverse, bear a general resemblance to upper
Oliogocene-lower Miocene assemblages described by
Leckie & Webb (1985) from lithostratigraphic Unit 2
(especialy 21to 2B) at DSDP Site 270. Thelatter faunas,
however, have a much greater offshore aspect.
Ammoelphidiella, which ranges no higher than upper
Pliocene, is common to both sites.

The faunas also are similar to those recovered from
lithostratigraphic UnitsS5, 7, 8, 9 and 15, in the Oligocene
to lower Miocene sequence at CIROS-1 (Webb, 1989),
and contain anidentical form of Cribrorotaliasp., aswell
as having other taxain common.
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MACROFOSSILS
Introduction

Macrofossils plainly visible in the haf of the core
available for sampling were identified, and potential
macrof ossil-bearing core-interval sweresearched quickly
for less obvious body fossils and moulds through the
inspection of fractured surfaces. A few macrofossils were
also identified within micropalaeontological residues.
Macrofossils occur in both unlithified and semilithified
sediment, and within concretions at specific intervals
throughout the Miocene section.

Macrofossils are rare and sparse within the Miocene
section of the core. They were noted in the following
intervals:

1 - 46.10 mbsf: serpulid polychagete tubes (concretion:
Fig. 17);

2 - 53.50 mbsf: echinoid spines;

3 - 59.58 mbsf: echinoid spines, bryozoan and
unidentifiable (bivalve?) fragments;

5 - 62.19 mbsf: Chlamys sp., echinoid spines;

6 - 62.34mbsf: serpulid polychaetetube, ?Chiamys sp.
and dissolution vugs left after leaching of
undetermined macroinvertebrates;

7 - 86.64 mbsf: serpulid polychaete tubes (semi-
consolidated concretion);

8 - 95.08 mbsf: serpulid polychaete tube;

9 - 137.66 mbsf: Chlanys sp. (imprint only);

10 - 138.82 mbsf: serpulid polychaete tubes,
undetermined macrofossils (clast: Fig. 18);

11 - 144.60 mbsf: echinoid spines;

12 - 145.92 mbsf: echinoid spines.

H g.17- Largest serpulid-bearing carbonate concretion (46.10 mbsf).

Hg 18- Clastofserpulid-bearing (arrow)carbonateconcretion( 138 S2mbsf).

Taxonomy

Phylum: Mollusca
Class: Bivalvia
Family: Pectinidae

Chlamys (s.L.) sp.

The material consists of two reasonably fresh but
broken (by coring) fragments of arather large and ribbed
pectinid shell from 62.19 mbsf, estimated to have been in
excess of 6 cmin height (Fig. 19). Theincompleteness of
thisshell (auriclesand hinge, aswell as alarge part of the
shell are missing) prevents a more accurate taxonomic
assessment. Theoriginal shell material is apparently still
preserved and may proveval uablefor Ss-dating and stable
oxygen and carbon isotope analysis for
palaeoenvironmental reconstructions, including
palaeotemperature. A small shell fragment at 62.34 mbsf
and theexternal imprint left on amuddy sandstone matrix
a 137.66 mbsf are believed to belong to this same,
probably undescribed, taxon.

FHg 19- Detailoftheexternal ornamentation of the best preserved ribbed
pectinid shell (Chlamys sp.: 62.19 mbsf).
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Phylum: Annelida
Class: Polychaeta
Family: Serpulidae

Serpulid worms, undifferentiated

Thematerial consistsof anumber of straight or slightly
curved, thin walled, conical cal careoustubes(Figs. 20,21
& 22). A distinct annular ornamentation isobviousin the
few, well-preserved specimens (Fig. 23). These tubes are
circular in section, although someof them show avariable
degree of compression and fragmentation. The largest
tubeis 17 mm in length, 2.5mm in width and 0.1 mm in
thickness (46.10 mbsf: Fig. 21). Most tubesarefilled with
sediment that is in places finer than the surrounding

Fig. 20 - Serpulid polychaete tubes from the concretion at 46.10 mbsf;
note the circular shape of one uncompressed serpulid tube and the axial
section o another one, showing a significant degree of fragmentation.

Fig. 21 - The largest serpulid tube (17 cm) recoveredin CRPI (46.10 mbsf),
showing filling by fine-grained sediment and recrystallization
accompanied by precipitation of carbonate cement.

matrix. Hollow tubes within concretions are almost
invariably recrystallized by latecarbonate cement. Pristine
tubes, possibly retaining the original shell material, are
quite rare (62.34, 95.08 mbsf). These worm tubes belong
to an undetermined serpulid polychacte and represent the
most common macrofossil remainsin the Miocenesection
of the core. In many cases they occur in concretions.
Judging from the recurrence of clutches of individuals,
this species appears to have been gregarious in life.

Stratigraphic Distribution

Chlamys sp. from the CRP-1 core bearssome anal ogy
with the Miocene Chlamys n.sp. (aff. natans) from DSDP
Site 272 in the Ross Sea described by Dell & Fleming
(1975). Serpulids appear to be a fossil marker in the

Fg. 22 - Fragmented terminal part of a serpulid tube from a
semiconsolidated concretion (86.64 mbsf); note association with dark
fine-grained matrix.

Fig. 23 - Well-preserved serpulid tube showing annular ornamentation
(62.34 mbsf).
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Miocene section of the core, but their complete
biostratigraphic range is unknown. It must be observed
that the Miocene taxon does not appear to have analogy
with any present-day worm tubes of the Antarctic region
but showsinstead some affinity with the Mioceneworm
tubesreportedby Dell & Flemingfrom DSDPSite270.1n
conclusion, themacrofossilsfromthe CRP-1coresuggest,
although do not prove, aMioceneagefor thecoreinterval
between c. 46-140 m.

Taphonomy

Most macrofossils appear to have been influenced by
post-mortem processes. Pectinids are disarticulated and
most serpulidsare isoriented and parallel to bedding, not
in life position.

The Miocene section has been affected by diagenetic
processes, principally significant carbonate dissolution.
In fact, the most frequent macrofossils, i.e. pectinidsand
serpulids, areprobably diageneticrelicssincetheircalcitic
skel etonsarequitedurablewithrespecttoother cal careous
taxa. At places (137.66 mbsf) even pectinid shells are
completely dissolved, callingfor extremecareinderiving
environmental conditions based on absenceof cal careous
fossils. Thepresenceof non-cal careousfossils, or apparent
dominance of monospecific fossil assemblages, may be
the result of severe leaching.

Itisworth mentioning therareoccurrenceof serpulid-
bearing calcareous concretions at different stages of
lithification. This process seems to have created
pseudoclasts (46.10 mbsf: Fig. 17), at times cannibalized
within other layers (138.82 mbsf: Fig. 18). Fossils from
these concretions were exposed to significant
recrystallization, accompanied by the formation of
carbonate cements in vugs and fissures.

Palaeoenvironmental Remarks

All recognizablemacrofossilsaremarineinvertebrates
belonging to extinct taxa, so palaeoenvironmental
deductions are necessarily highly speculative.
Neverthel ess, macrofaunas seem to beindicativeof silted
shelf environmentswith estimated depths shallower than
100m, possibly intherangeof 20-80m. Input of siliciclastic
particlesmay have been very high a times, as suggested
by thedominanceof gregari ousserpulidworms, by analogy
with some Recent environments characterized by similar
worm-tube assembl ages.

Themacrofaunaseemsto behomogeneousthroughout
thecore, apossibleindicationthat theentirelower Miocene
section may represent a relatively short time span
characterized by the recurrence of rather similar shallow-
marine, highly silted environments. During theseintervals
noiceshef waslikely presentinthevicinity, and conditions
may have been completely open-marine.

The macrofossils point to warmer-than-present and
(possibly) warmer-than-Oligocene seawater temperatures
a the time of deposition. This argument seems better
supported by the absence of true polar pectinid bivalves
(Adamussium spp.), which characterize the Quaternary
(Adamussum col becki Smith) and Oligocene(Adarnussum

? n.sp.) of Antarctica(e.g., Dell, 1990; Beu & Dell, 1989).
These were possibly replaced during the Miocene by
ribbed Chlamys of cold-temperateaffinity (Dell & Fleming,
1975).

CALCAREOUS NANNOFOSSILS

Calcareousnannofossils werefound invery few of the
Miocene samples examined, and these consisted only of
rare, moderately to poorly preserved fragments of
Thoracosphaera, the same group observed in the
Quaternary lithostratigraphic Unit 3.1 (see Quaternary
Strata, thisvolume- section on CalcareousNannofossils,
for a discussion on this occurrence, the specimen
preparation, and the nature of Thoracosphaera). Aswith
the Quaternary, no other nannofossil taxawere observed
in the Miocene samples.

The most consistentand presumablyinsitu occurrence
of Thoracosphaerawasin Miocenesample103.40 mbsf,
wheretwofragmentsupto30x40 mm were noted. Scattered
throughouttheslidewereafew setsof 1-4thoracosphaerid
plates and other calcite debris. These specimens are
classified as Thoracosphaera sp. cf. saxea in that they
havesolid plateswithfewif any pores. They | ack, however,
well-devel opeddigitationsalongtheplateboundariesasis
characteristic of that species. This may be a function of
preservation; high-order interferencecoloursup toyellow
suggest some secondary calcite overgrowth on the
specimens. Two subjacent samples, 104.55 and 106.44 mbsf,
had traceamountsof small fragmentsthat may possibly be
Thoracosphaera, but these are suspect; there was also no
appreciable amount of carbonate in the matrix of those
samples.

Thoracosphearid fragments are more numerous,
however,in Miocenesample123.80 mbsf, whichisalarge
sedimentary mudstonecl astfrom lithostratigraphic Unit 6.1,
adiamictite. Thefragments arefew in number, but over a
half dozen were noted, ranging in size from 20x24 to
26-40 mm. The matrix is replete with micritic and/or
detrital carbonate. Theclast hasobviously been reworked
into thediamictite. As such, it may represent an older unit
and a warmer paleoenvironment if our inferences
concerning Thoracosphaera as discussed in Quaternary
Strata (this volume) are correct.

Thepresumably insitu occurrencecf Thoracosphaera
in Sample 103.40 mbsf isalso of interest. It lies directly
above thelithostratigraphic Unit 6.1 diamictite and at the
base of Unit 5.8, amudstone. As such it occurs within a
maj or transgressi on(seesection on SequenceStratigraphic
Interpretation) and in a unit with a diatom abundance
index of >100 (see section on Diatoms), which can be
interpreted as a maximum flooding surface of the high
stand system tract. Overlying Samples101.31 and 100.27
inUnit 5.8, however, werebarren of Thoracosphaera and
had no appreci ablecarbonateinthematrix, thusoccurrence
isnot aconsistent characteristic of this unit.

Onefactor that might governwhether Thoracosphaera
will be preserved in sampleisthe amount of carbonate in
the matrix. Wherever thistaxon was positively identified
in the CRP-1 core, there was a noticeable amount of
carbonate, either detrital and/or biogenic, in the sample
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matrix. The presence of other carbonate may serve to
buffer the pore water fluids sufficiently to prevent
dissolution of thesemicrofossils,which otherwise may be
destroyed through diagenesiswheresuchfluidsarestrongly
undersaturated with respect to CaCO,.

Other Miocene samples examined for calcareous
nannofossils that were barren are (in mbsf): 45.04, 45.92,
47.04, 48.06, 48.90, 50.00, 51.71, 53.50, 54.22, 55.40,
56.29, 57.52, 58.75, 59.58, 62.11, 63.37, 66.38, 69.73,
72.58, 74.91, 77.05, 78.15, 81.41, 85.21, 88.81, 91.22,
913.14, 96.24, 98.77, 99.02, 108.78, 110.79, 112.46,
114.76, 116.48, 119.42, 120.40, 123.80, 125.52, 130.85,
131.67,138.75,139.77,141.48,141.80, 146.51 and 146.93.

PALYNOLOGY
Marine Microplankton

Twenty-eightsamples frombetween45.04 and 147.68 mbsf
were processed for palynological analysis and their
assemblages documented. Of these, seven were "fast-
track" samples; the remainder were taken as part of the
normal sampling process. Well preserved marine
palynomorphs are present, occasionally common in all
samples (Tab. 11). Species diversity islow to moderate
throughout the drillhole. We consider that the majority of
the marine palynomorphs recovered from the Miocene
section arein situ and represent an Antarctic assemblage
which has not previously been reported,

Most of the taxaincluded in thisassemblage appear to
be new and are referred to using open nomenclature. The
criteriaused in distinguishing selected taxa are given in
table 12. A detailed taxonomic study is planned for the
second Cape Roberts Project volume. Selected speciesare
illustrated in figures 24, 25 and 26.

Asfar as we are aware, there have been no previous
reports from the Antarctic region of any in situ
palynomorphs from sediments younger than early
Oligocenein ageexcept for Holocenematerial. Paleogene
palynomorph assemblages are well documented from
around the Antarctic (e.g., Wilson, 1967, 1989; Kemp,
1975; Wrenn & Hart 1988; Hannah, 1994, in press). Many
arecomponentsaf anendemicSouthern Oceanassemblage
referred to as the Transantarctic Flora (Wrenn & Hart,
1988). Reworked membersof thisassemblage commonly
occurinlateOligocenesedi ments(Truswell, 1986; Wilson,
1989; Hannah, 1994, in press) and were observed in the
lower Miocene section of the CRP-1 drillhole.

The Miocene assemblage in CRP-1 is dominated by
acritarchs; morethanfifteen informal speciesarelistedin
table 11. Acritarch species, ?Sigmopollis s, Acritarch sp. 9,
Leiosphaeridia sp. 1 and Leiosphaeridia sp. 3 range
throughout the Quaternary and Miocene sections of the
drillhole. Most other acritarch speciesappear in astepwise
fashion between 48.35 and 58.43 mbsf. The greatest
abundance and diversity of these forms occurs above
99.02 mbsf.

Thevariousspeciesassigned toL eiosphaeridia arethe
most persistent palynomorph groupin thedrillhole, being
recognised in amost every sample examined. Below
99.02 mbsf, where the other acritarchs disappear,
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Leiosphaeridia often becomesthe major componentof the
palynomorph assemblage. Truswell (1986) also reported
the presence of leiospheres in almost every sample
examined from the slightly older sediments of the
MSSTS-1 drillhole.

Prasinophaycean green algae are present in the core
samples (Tab. 11). Cymatiosphaeridium sp. 3 makesits
first appearance in the Quaternary section and is
consistently present down-section to the base o the
drillhole. The large Prasiniophyte Pterospermella sp. is
sporadically present in the upper part of the Miocene
section between 45.04 and 78.75 mbsf.

Alow diversity, insitu dinocyst assembl agedominated
by speciesof Lejeunecysta wasrecoveredfromtheMiocene
section. In the upper part of the section, Lejeunecysta
fallax is present. The last in place appearance of this
species marks the topmost Miocene sample examinedin
CRP-1. The presence of a poorly preserved species of
Lejeunecysta at 36.62 mbsf is considered to be result of
reworking. Lower in the drillhole two other dinocyst
species are prominant. Lejeunecysta sp. 1 differs from
Lejeunecystafalax in being larger in size with a very
broad cingulum and alarge archaeopyle. Phelodinium sp.
isalsolarger than Lejeunecystafalax. 1t differsfrom both
species of Leeunecysta by being cavate and possessing
more prominent apical and antapical horns.

As in the Quaternary section foraminifera linings
were common in many Miocene samples. Fragments of
arthropods and ?scolecodonts were aso a minor but
persistent component of the in situ palynomorph
assemblage.

Reworked, fragmentedand hyalinedinocystsarefound
in several samplesscattered throughout the drillhole, but
increase in abundance towards its base. Vozzennikovia
apertura, themost commonlyidentified reworkeddinocy<t,
wasfirst encounteredat 35.00 mbsf withinthe Quaternary
section. Its highest Miocene appearanceis at 58.43 mbsf,
and occursin samples down to 120.27 mbsf. Other forms
recognised include Spinidinium macmurdoense,
Deflandrea antarctica, Alterbidinium sp. cf.
asymmetricum, Hystrichosphaeridium sp. cf. latirictum,
and Operculodinium bergmannii. The latter species is
restricted to the Eocene (Wrenn & Hart, 1988), whereas
the remaining species range into the lower Oligocene
(Raine et d., 1997). Rare specimens of Paralecaniella
indentata at 48.35 and 70.02 mbsf are considered to bea
result of reworking. Elsewhere this species can range
throughout the Tertiary (Wrenn & Hart, 1988), however,
in CRP-1 its preservational state is similar to the other
reworked material.

Terrestrial Palynology

Miosporesarepresenti nsmallnumbersin most samples
from the Miocene section (Tab. 13). Neglecting modern
contaminants, which can usually beeasily recognised (see
BackgroundtoCRP-1, thisvolume- sectionon Palynol ogy
Processing), two components can be distinguished,
Cenozoic and Permian to lower Mesozoic.

Permian-lower Mesozoic miospores are present in
several samples, notably around 70 mbsf. They include
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Tab.11 -Rangechart of all Palynomorphsfromthe Quaternary and Miocene sections of CRP-1. @) In sifu marine palynomorphs. Shaded samples

were not examined for marine microplankton.
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taeniateand non-taeniatebisaccatepollen and avariety of
spores. These are noticeably deeper in colour than
recogni sably Cenozoi cspecimens, yellow-browntobrown
in transmitted light, and display little or no
autofluorescence. Commonly, they have adherent deep
brown organic material, perhaps kerogen from parent
carbonaceoussediments or coals.

The Cenozoic componentis generally yellow to light
yellow-brown in transmitted light, and has yellow to
orange autofluorescence. Specimens are generally
moderately well-preserved. In contrast to the apparently
monospecific Quaternary sample from 21.04 mbsf,
Miocene samples contain a number of Nothofagidites
species. With the exception of single specimens of N.
asperus (menziesii-pollentype) at 116.45 and 120.27 mbsf,
al are of the fusca-pollen type, and include N. flemingii
andN. lachlaniaeaswell asundifferentiated other species.

A digtinctiveand rel atively constant element, prominent
in some samples, is Tricolpites sp. a This tricolpate
angiospermpollenhasatectatewal | structurewithprominent,
commonly grouped columellae. It may be conspecificwith
Tricolpitessp. 2 of Truswell (1983) and pollen from the
Sirius Formation of Oliver Bluffsillustrated by Askin &
Markgraf (1986) and compared by theseauthorswith that of
Polygonaceae or Labiatae. Mildenhall (1989) referred
gpparently similar pollen from the lower part of CIROS-1
drillhole to Perfotricolporites digitatus Guzman, but the
CRP-1 pollen does not have digitate columellae.

Other angiosperm taxa include Chenopodipollis sp.
similar to that seen in the Quaternary section, and another
periporate pollen with fewer apertures distinguished as
Caryophyllaceae. Pollen of Proteaceaeis represented by
an aggregateof pollen at 99.02 mbsf, and singlegrainsof
Proteaciditescf. parvus and Triporopollenites ambiguus
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Tab. 77 Continued. b) Insizu terrestrial palynomorphs / marine & terrestrial reworked palynomorphs. Marinespeciesarein caps.
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a 116.45mbsf. Thenamed speciesareclosely comparable
to Triporopollenites sp. and T. cf. T. ambiguus illustrated
by Mildenhall (1989) from the lower part of the CIROS-1
sequence.

Coniferouspollenisless abundant, and is represented
by Podocarpidites spp., Phyllocladidites mawsonii and
Microcachryiditessp., all of Podocarpaceousaffinity, and
Dilwynites granulatus (Araucariaceae). Fern spores are
represented only by Baculatisporites disconformis and
Polypodiidites sp.

Bryophytic spores comprise a distinctive element of
the Cenozoic palynoflora. Marchantiaceae (Hepaticae)
arerepresented & several horizonsby an apparently alete

(possibly hilate) spore with folded exoexine, similar to
spores of Clevea robusta illustrated by Erdtman (1957).
Hilate sporeswithsinglelayeredwall structure havebeen
referred to Coptospora Dettmann. Two species with,
respectively, granulate and coarsely verrucate sculpture
have been distinguished in the Miocene section, but the
diversity may easily be greater. They may represent
Hepati cae, assuggested by Dettmann (1963), but asnoted
in the Quaternary (see Quaternary Strata, this volume -
section on Palynology), thereis also aclose resemblance
to spores of the moss Conostomum. Folded specimens of
the more coarsely verrucate species might be mistaken
for spores of Polypodiidites Couper. Aequitriraditessp.,
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Tab. 12 -Characteristicfeatures of selected taxain open nomenclature. Most of thetaxanoted in the core arc undescribed, or asyet unattributable
by us to known taxa due to the lack of palynological literature on hand for the unexpectedly young section recovered by the con;. The
distinguishing characteristics of some of the taxa reported in open nomenclature arc given in the informal descriptions below.

Taxa Characteristics Figure
Acritarch 1 SubsphcricaI—SﬁhericaI, hollow, thin-walled (< 1pm) central body bearing >100 evenly distributed
processes; each process tapers distally to a capitatc termination. Diameter: ~20-25Wwm. Processes: 25b
) ~6-8uum lone. (Process shape and terminations are distinctive).
Acritarch 2 Medium sized with short noncapitate processesfairly densely distributed over the central body. 25¢
Acritarch 3 Similar distribution of spinesto Acritarch 2 but with very short conical spines. 25¢,f
Acritarch5 Very short, slightly conical spines widely scattered over the medium sized central body. 25h
Acritarch 6 Numerous fine hair like processesdensely covering the central body.
Acritarch 7 Large very solid blade like spines cover the central body. A very distinctive form. 251,
Acritarch 8 Ver)éi srr&a!l_central body with 3-4 very long processes radiating away from it. Process terminations
are dendritic.
Acritarch 9 Subspherical. Indistinct amorphous to fibrous outer wall, black, generally thick (~2-6pm) and 25k,
apparently including many fine fragments within the wall (?composite wall structure); inner wall
) smooth and thin (<1pm thick). Diameter: ~20-30um. (The outer wall structure isdistinctive).
Acritarch 11 Moderate in size, very thin roughly textured wall which isoften broken.
Brigantedinium sp.| Amber brown cyst; low (<1pum) and narrow (<1pm) surface sculpturing of ridgesforming

inerlocking lacuna up to 10pm across. Body

may fracture into angular sections. Broad hexa 2a 26a,b,c,f

archeopyle, asymmetric. Operculum free. Diameter 60-90um. (Distinctive archeopyle when

observable,colour and surface sculpturing).
Cymatiosphaera sp.1 About 12pm in diameter, light yellow central body, wall about 1pim thick. Hyaline membranes
about | pm high delimiting at least 11 fields

25d

Cymatiosphaera sp.3 Smooth brown central body; occasional anastomosing network of lines running over the surface.
Hyaline, outer wall formslow (2-9um) membranesthat delimit at least 14 polygonal areas on the
surface of the central body. Diameter, overall: 39-55um; central body: 33-37um.

Lewsphaeridiu sp.1 Smooth, thin walled (1um), spherical, and hyaline leiosphere. A simple |ateral rupture or
cryptosuture isevident on some specimens. Rarely folded. Diameter approximately 10um.

(Size and hyaline wall isdistinctive).

Lewsphaeridiu sp 2 Smooth, thin-walled (~1m), hyaline, subspherical to spherical Ieiosphere. A simple |ateral
rupture or cryptosuture may be present.Often folded. Diameter ~25um. (Size and thin hyaline

wall are distinctive).

Leiosphaeridia sp. 3 Smooth, thin-walled (+1um?, subspherical to spherical light yellow leiosphere. No excystment

structure evident. Rarely fol
are distinctive).
Phelodinium sp.1

ded. Diameter ~25um. (Lack of excystment structure, size and color 25§

L arge, smooth double walled peridinoid. Margins straight to concave between horns. Apical horn

long blunt distally; antapical horns also long, distally tapered and rounded, may have solid tips. 26d,g
Antapical hornswidely separated. 2a intercalary archeopyle. Cyst 80-110uum long;

62-84pm wide.
?Sigmopollis sp 1

Medium sized, light yellow, discoidal to subspherical, smooth cyst. Sigmoidal-to-undulate

excystment structure in thinwall (<1-1.5pm). A tongue projectsfrom one side of the excystment
margin, a matching groove occurs on the other side. Diameter: 32-381.m.

(Excystment feature is distinctive).

recorded only from 147.68 mbsf, is another taxon with
bryophytic affinity; Dettmann (1963) hasnotedsimilarity
to the extant family Sphaerocarpaceae (Hepaticage).
Although the taxon is more typical of the Jurassic and
Cretaceous, fluorescence colour of the CRP-1 specimen
could not be distinguished from that of undoubted
Cenozoic taxa.

Palaeoenvironmental Significance -
Terrestrial Palynomor phs

As noted above, reworked miospores of Permian or
lower M esozoi ¢ ageoccur throughout thesection. Opaque
carbonaceous fragments, probably in part derived from
Beacon Supergroup coal measures, are abundant. The
limited oxidationappliedtotheCRP-1samples(10 minutes
nitric acid digestion) probably reduced the number of
miospores extracted from these fragments, compared to
the CIROS-1 and MSSTS-1 drillholes in which an
apparently greater diversity of reworked miospores were
observed (Mildenhall, 1989; Truswell, 1986).
Granul atisporites trisinus hasbeen widely recorded from
the Permian, but not the Triassic, of southern continents,
anditislikely that most of the other taxaare also derived
from Permian strata.

Discrimination of younger redeposited miospores is
critical totheinterpretationof theCRP-1Miocenemiospore

sequence. In CIROS-1 Mildenhall (1989) recorded
redepositedJurassi cor Cretaceouspollen,e.g., Classopollis
classoides (Pflug). Althoughsomeof thetaxahereclassed
as "Cenozoic" first appear in the Mesozoic, none are
definitely restricted to pre-Miocene strata elsewhere.
Neither can precise age assessment can be made from
lower range limitsof the Cenozoic miospore assemblage.
Chenopodipollisspp. arenot known from pre-Oligocene
stratain Australiaor New Zealand (Mildenhall, 1989),
but other taxa, where known, first appear in Eoceneor
older strata.

Mildenhall (1989) considered that much of the CIROS-1
miospore assemblage was contemporaneous with
sedimentation, although some could be redeposited from
Eocene or Paleocene strata. Contemporaneity was
supported by the occurrence of Chenopodipollis, by the
presence of pollen aggregates suggesting deposition of
anthers and therefore a nearby vegetation source, and by
theoccurrence of a Nothofagus leaf in the upper part of the
Oligocene section a 215 m (Hill, 1989). The CRP-1
assemblage, although more restricted, has many taxa in
commonwiththat of CIROS-1. An aggregateof Proteaceae
pollen occursin CRP-1 a 99.02 mbsf. Unfortunately the
stratigraphicdistribution of taxain CIROS-1 hasnot so far
beentabulated,limitingdetailed biostratigraphic comparison.

The occurrence of specimens of Eocene-early
Oligocene dinoflagellates of the" Transantarctic Flora" in
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Hg. 24 - Selected miosporesfrom the Quaternary and Miocenesectionsof CRP-1. Sample depthsindicatedarethetop of thesampleinterval. Figures
are at varied magnifications." Cenozoic" taxa: @) Marchantiaceae(size 88 p>,depth 99.02 mbsf, slide P12/2, England Finder coordinatesC43/2);
b) Coptosporasp.a {59 pm, 70.02 mbsf, P21/1, X43/0); c) Coptosporasp.b (40 fim, 39.05 mbsf, P47/1,1.46/1); d) Coptospora sp.c (33 pm, 34.00 mbsf,
P38/1, E28/1); e) Aequitriradites sp. (61 pm, 147.68 mbsf, P45/1, J32/1); f) Baculatisporites disconformisStover (44 pm, 96.37 mbsf, P29/1, C39/3);
) Podocar pidites sp. (61 pm, 116.45 mbsf, P34/1, X43/0); k) Dilwynites granulatus Harris (46 [0,67.54 mbsf, P20/1, T42/1); i) Phyllocladidites
mawsonii Cookson (41 pm, 67.54 mbsf, P20/1, S40/0); j) Trichotomosulcites subgranulatus Couper (33 pm, 21.04 mbsf, P4/1, M32/0);
k, 1) Chenopodipollis sp., twofoci of same specimen (21 pm, 99.02 mbsf, P12/1, T47/4); in) Nothofagidites lachlaniae (Couper) (33 um, 21.04 mbsf,
P4/1, A52/3); n) Nothofagidites flemingii (Couper) (34 pm, 67.54 mbsf, P20/4, V45/0); 0) Nothofagidites sp. (25 pm, 116.45 mbsf, P34/1, Y42/0);
p) Nothofagidites asperus (Cookson) (45 pm, 116.45 mbsf, P34/1, X44/0); ) Caryophyllaceae(27 pm, 82.18 mbsf, P24/2, T49/0); ) Proteacidites
cf. parvus Cookson (47 pm, 70.02 mbsf, P21/1, C49/0); s) Triporopolienites ambiguus Stover (33 pm, 116.45 mbsf, P34/1, D37/0); t) triporatepollen
cf. Proteaceae (33 pm, 34.00 mbsf, P38/1, M28/0); u, v} Tricolpites sp.a, equatorially and polarly oriented specimens(47x30pm, 82.18 mbsf, P24/1,
Y32/1; 40 um, 85.36 mbsf, P25/2, F30/0). Redeposited Permian-lower Mesozoic taxa: w) Horriditrilates ramosus (Bame & Hennelly) (31 pm,
99.02 mbsf, P12/2, W46/0); x} Punctatisporites sp. (38 pm, 108.75 mbsf, P32/2, P48/0).
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FHg 25 - Selected palynomorphs from CRP-1. Sample depths indicated are for the top of the sample interval. Figuresare adifferent magnification.
a) Cymatiosphaera sp. 4 (Size 45 mm, depth 96.37 mbsf, slide P29/1, England finder coordinates Y43/3); b) Acritarch sp. 1 (central body diameter:
22 mm, 48.35 mbsf, P13/1, E40/3); ©) Acritarch sp. 2 (28 mm, 99.02 mbsf. P12/5, Q53/3); d andg) Cymatiosphaerasp- 1 (11.8 mm. 85.36 mbsf,
P24/1,G42); e)Acritarch sp. 3(29.5mm, 99.02 mbsf, P12/5, R51/3); ) Acritarchsp. 3(26.5 mm, 94.02 mbsf, P12/5, N47/4); 1) Acritarchsp.5 (30 mm,
78.15 mbsf, P16/1, N40/1); i) Acritarch sp. 7 (central body diameter: 17.6 mm, 48.35 mbsf, P13/1, G53/0); j) Leiosphaeridia sp. 2 (35.2 mm,
145.65 mbsf, P43/1, S45/1); K) Acritarch sp. 9 (14.3 mm, 48.35 mbsf, P13/1, J47/2); 1) Acritarch sp. 9 (37.4 mm, 112.44 mbsf, P33/1, U30/3);
m) Acritarchsp. 7 (17.5 mm, 85.36 mbsf, P25/1, T51/4); n) Foraminiferal lining (154 mm, 48.35 mbsf, P13/1, D46/2); o) Arthropod part (length:
123 mm, 100.47 mbsf, P30/1, P43-3); p) Arthropod part (Iength:206.5 mm, 78.15 mbsf, P16/2, Y48/2).
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Fig. 26 - Selected palynomorphs from CRP-1. Sample depths indicated are for the top of the sample interval. Figures are a different
magnification. a) Brigantedinium sp. 1(size 68 mm, depth 145.65mbsf, slideP43/1, England finder coordinates D32/2); b) Brigantedinium sp. 1
(72.6 mm, 145.65 mbsf, P43/1, E36/0); c and f) Brigantedinium sp. 1 (68.2 mm, 145.65 mbsf, P43/1, E36/0); d and Q) Phelodinium sp. 1
(112x74.8 mm, 141.80 mbsf, P15/2, V45/4); €) Lejeunecysta fallax (70.4x63.8 mm, 48.35 mbsf, P13/1, H33/4); hand i) Lejeunecysta sp. 1
(94.6x70.4 mm, 120.4 mbsf, P14/1, G36/4); j) Cymatiosphaera sp. 2 (39.6 mm, 100.47 mbsf, P43/1, G36); k) Cymatiosphaera sp. 3 (44 mm,
100.47 mbsf, P43/1, G36).
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Tab. 13- Terrestrial Palynomorphs from the Miocene section of CRP-1.
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CRP-1 Miocene section indicates that concurrent
redepositionaf miosporesof similar ageispossible. There
is, however no obvious correspondence between
occurrences of these dinoflagellates and diversity/
abundance of, for example, Nothofagidites spp.
Inspection of table 12 suggests that it may be possible
to distinguish two sources of Cenozoic miospores.
Nothofagidites spp., Podocarpidites spp., and arange
of angiosperm species occur relatively abundantly at
70.02 mbsfand between 100and 120 mbsf. Thisassemblage
could beinterpreted to represent aNothofagus-dominated
woodland with a variety of other woody plants. Another
component, comprising Tricolpitessp. a, Coptosporaspp.,
and Marchantiaceae is more consistently present through
thesequence. Both thisconsistency and therelatively high
frequency of Tricolpitessp. ainsomesamplessuggest that
it may bederived from alocal vegetation of low diversity.
Although Gramineae, characteristic of vegetation of the
modern Subantarcticzone, areabsent, thislocal vegetation
may have been similar in form to that of the present day

herb tundraformation of the Cool to Cold Antarctic zones
distinguished by Greene (1964). This formation, rich in
bryophytes but with alow diversity of vascular plants, is
presentin thecoastal Antarctic Peninsula, andislands near
or within the boundary of the Antarctic Convergence. If
this vegetation represents a climatic climax, then the
Nothofagus-dominated vegetation may represent warmer
climatic intervals, long distance transport, or reworking
from Oligocene and/or Eocene strata.

Age and Palaeoenvironmental Significance-
Marine Palynomor phs

Because most of the marine palynomorph
assemblage is either new or reworked, little can be
added to the age determination of CRP-1 provided by
the diatoms (see Quaternary Strata & Miocene Strata,
this volume - section on Diatoms). However, the
consistent presenceof thedinocyst L ejeunecystafallax
indicates an age of no younger than middle Miocene
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for the section below 45.04 mbsf, which is consistent
with the ages provided by the diatoms.

The most abundant and consistently occurring
palynomorphs in the Quaternary and Miocene sections of
the core are acritarchs and phycoma of prasinophycean
greenalgac. Alsopresent arelow diversity, low abundance
dinoflagellate cyst assemblagesbut these are restricted to
the Miocene interval. Many of these taxa are undescribed
and contributed little todating the core. However, they are
of paleoenvironmental significance because they parallel
northern highlatitude Quaternary-Hol oceneassembl ages.

Acritarchs, particularly leiospheres, are a major
component of some modern sea-i ce algaassemblagesand
of Arctic Quaternary-Holocene deposits. Studies of sea-
ice margins on the Beaufort and Barents shelves showed
that Leiosphaeridia were most abundant at the contact
margin between the pack ice and the seasonal ice. Here,
they constituted 20-70% of the plankton assembl ages that
also included dinocysts, archaesomonads and
prasinophytes. Other acritarchs, such as Cyclopsiella,
Halodinium, Beringiella and Sigmopollis, are commonly
reported from these settings, as well as from Arctic
estuaries (Mudie, 1992).

Prasinophycean algae, particularly Cymatiosphaera,
are abundant in the normal to low salinity, nutrient-rich
waters that upwell off northeastern Greenland and in
North Baffin Bay (Mudie, 1992). Pterosperma Occur in
low salinity, stratified water layersin Arcticfjords, though
they are more commonly found in oceanic water masses
(Mudie, 1992). Prauss & Reigel (1989) suggested that
fossil prasinophycean algae preferred very low salinity
and low temperature conditions. This was based on the
pal eogeographic distribution, the inferred pal eoclimates,
and the very low delta *C values of the prasinophycean
phycoma of these deposits.

Comparable trends have been reported for
protoperidinioid marine dinocysts which dominate
Neogene-Holocene cold water Arctic assemblages.
Protoperidinioids are heterotrophic, non-photosynthetic
dinoflagellates (Fensome et a., 1993) that generally
produce brown to dark brown cysts.

Quaternary-Holoceneglacia sedimentsin ODP 646, in
theL abrador Sea, weredominatedby cystsof Brigantedinium
(DeVerna & Mudie, 1989b), atypical protoperidinoidcyst
of the region, as were Hol ocene glaciomarine sedirnentsin
Norway, Arctic Canada and Svalbard (Dale, 1996).
Protoperidinioid assemblages recovered from Miocene
deposits o ODP 647 cores from Baffin Bay were well
devel opedin settingsinterpreted to have beeninfluenced by:
1) highriver discharge, 2) falling sealevel, 3) cold currents,
or 4) icecover (Head et a., 1989b).

Dale (1996) observed that protoperidiniacean
heterotrophs are typical of cold Arctic waters and are
dominant inupwelling areasdueto high nutrientinput that

supportsarich phytoplankton community, the prey of the
heterotrophs. Others also have noted the dominance of
heterotrophic protoperidinioids in polar regions (based
primarily onstudiesintheArctic) and that they arelimited
by light and salinity (Taylor, 1987; Mudie, 1992), rather
than by a shortage of nutrients asis often the case with
photosynthetic dinoflagellates in other areas.

Recent studies have shown that the Antarctic annual
seaice, including that in the Ross Sea, providesshelter and
agrowth substratum for acomplex microbial community,
including microalgae (see Knox, 1992, for areview of this
rescarch). Much of this microalgae occurs within the
lower layers of the sea ice, often in brine pockets. When
theseaicebreaks upand melts, theniicroal gaearerel eased
into thewater column, becoming arich source of nutrients
for heterotrophs,includingprotoperidinoiddinoflagell ates.
This enrichment of surface waters with nutrients from
above, rather than below as is the case with upwelling,
might becalled" downwelling". Vast plankton bloomsare
initiated by "downwelling" along the annual ice margin
and within the dispersing pack ice during the Austral
summer.

Overall, these reports indicate that acritarchs,
prasinophytesand protoperidinioid dinocystsareabundant
today in sediments deposited under nutrient-rich, cold
watersof normal toslightly lowsalinity, oftenin association
with pack and seasonal seaice. This has been documented
inwidely separated areas of the Arctic and isinferred for
the Antarctic seas considering the algae blooms noted
above. These associations provide an initial model for
understandingcomparabl e pal ynomorphassemblagesfrom
the CRP-1.

Theinsitu dinocyst assemblagesin CRP-1arelowin
diversity and dominated by speciesof Lejeunecysta spp.,
Phelodinium-1, and Brigantedinium spp.; all of these are
protoperidinoid cysts. Additional study of thecoresamples,
particularly with regard to the acritarchs, is required
before a detailed paleoenvironmental interpretation can
be proposed. However, initial interpretationsare possible.

Insitu dinocyst assemblagesarewell developed in
samples at 48.35 mbsf, within the interval between
85.36-100.47 mbsf, and especially in the lowermost
sampled interval (141.80-147.68 mbsf). The marine
environment was favorable for the development of the
heterotrophic dinocyst assemblages during the time that
sediments in these samples were deposited. Conditions
may have included:

- relativelywarmer, thoughstill cold, water temperatures;
- seasonal melting of seaice and open-pack ice;

- lower salinity surface water conditions, and

- high phytoplankton productivity, perhapsinitiated by

"downwelling" of the sea-ice microbial community

during sea-ice break up.

The absence of these, or comparable younger
protoperidinioid taxa, from Quaternary samples may
indicate that sharply harsher conditions prevailed than
during the Miocene.

PALAEOMAGNETISM AND MINERAL
MAGNETIC PROPERTIES

INTRODUCTION

The goal of this work was to provide an initial
characterization of the palaesomagnetic and mineral
magnetic propertiesof CRP-1andtodevel opapreliminary
magnetic polarity zonation for the core. The laboratory
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facilitiesand equipment usedin thisstudy aredescribed in
Background to CRP-1, section on Palaeomagnetic
Laboratory (this volume). In the Quaternary interval (c.
19-43 mbsf), the lithofacies are dominated by coarse-
grained sediments (including diamictons) that are poorly
consolidated and extremely fractured. Because of
difficultiesin obtaining coherent samples, this part of the
corewasdeemed unsuitablefor palacomagnetic sampling.
Preliminary biostratigraphic analyses indicate that the
remainder of thecore(c. 43-148 mbsf) islikely to beearly
Miocene(c.17.5-22.3Ma) in age(seesection on Diatoms).
Thisinterval is more consolidated and less fractured
than the Quaternary interval and is dominated by
generally finer-grained lithofacies. All of the
pal aecomagnetic samples discussed in this report come
from the lower interval.

SAMPLING

Standard pal aeomagnetic samples(25 mm diameter x
22 mm height) were drilled using a modified drill press
(see Background to CRP-1, this volume - section on
Palaesomagnetic L aboratory). Sampling was achieved by
selecting the interval of core to be drilled, removing the
appropriate core section from the core box, and placing
thesectiononatray with theflat surfacedown. Orientation
with respect to vertical was maintained by marking the
outer surface of thecoretoindicatethe upward direction.
Theorientation of the samplewas preserved by centering
the drilling on this mark. Azimuthal orientation of
individual core sections was not maintained because
there are frequent core breaks; in addition, concentric
(circumferential) markingsontheupper andlower surfaces
of intact piecesof coreindicatethat many partsof thecore
underwent substantial rotation within the drill barrel.
Lack of azimuthal orientation does not pose aproblemfor
magnetostratigraphic studiesbecause thefield hasasteep
inclination at the high latitude of the CRP-1 site. As a
conseguence, this parameter is sufficient to uniquely
determinepolarity(i . e., negative (upward) magnetisations
correspond to normal polarity; positive (downward)
magnetisations correspond to reversed polarity).

Our preferred strategy was to samplethe CRP-1 core
at an interva of 0.5 m. This strategy was adopted to
preclude missing any short polarity intervals due to
inadequate sampling. As noted above, the time interval
represented by CRP-1 isestimated tobe17.5-22.3Ma.In
thisinterval, the shortest polarity intervalsoccur between
21.7and 24.2 Ma(Fig. 27) and haveaduration of 50 - 300ky
(Cande & Kent, 1995). For a uniform sedimentation rate,
the above strategy would result in samples which are
spaced at 20- 25ky intervals. However, the sedimentation
rateisnot necessarily uniform and, moreimportantly, this
level of sampling was not possiblein some partsof CRP-1.
The lower sampling resolution in intervals of unsuitable
lithology could cause problems if they correspond to
portions of the Magnetic Polarity TimeScale(MPTS) that
have high reversal frequency and short polarity intervals,
such as theinterval from 21.7 to 24.2 Ma.

One hundred and fifty five samples were collected
fromtheinterval between’58.80and147.56 mbsf. Fourteen

pairsof samples, each separated stratigraphicall y by a few
cm, were collected a regular intervals from varying
lithof aciesthrough-out thecore. Thesesamples wer e used
for apilot study, whichwasaimed a determining t he most
suitable demagnetisation technique for routine treatment
of the samples.

Diamictites comprise asignificant part of the interval
between 58.80 and 147.56 mbsf. Whenever possible,
samples were selected from fine-grained horizons within
thisinterval; however, there was often no alternative lint
to sampl e diamictitesor sandstone-dominated lithofacies.
The diamictite matrix is often silt-sized and, therefore,
potentially useful for palacomagnetic study. However,
very coarse sand grains, granules and pebbles within
samples from diamictites pose a problem because the
deposition of such large particles would be controlled by
gravitationa rather than magnetic forces. Thus, their
orientation could not be expected to represent the
geomagneticfield at or near the time of deposition. This
problem would be most severefor strongly magnetic basic
igneous material, which is acommon clast constituent in
the core. The presence of such grains means that care
should be taken in interpreting palacomagnetic data from
coarse-grained intervals.

During sampling, x-ray images of the CRP-1 core
were used to identify clast-free intervals. However, this
method wasnotideal inthat acidic-igneousclastswere not
detected because they have the same x-ray density asthe
quartzo-feldspathic matrix. Thepossiblepresenceof clasts
was taken into account by adopting a conservative
interpretive approach within coarse-grained lithologies.
After magnetic measurements were completed, such
samples were examined to determine the presence of
clasts. Resultsfrom such samples are considered reliable
only if no clasts are visible within a sample, 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.

M easur ements

All measurements of natural remanent magnetisation
(NRM), including measurements after each stepwise
alternating field (AF) and therma demagnetisation step,
were performed with the AGICO spinner magnetometer
(see Background to CRP-1, this volume - section on
Palaeomagnetic Laboratory). Approximately 20% of the
sampleswere either too friable or too weakly magnetised
to measure with aspinner magnetometer. These samples
will be measured at a later date with a cryogenic
magnetometer in Rome.

The study of the palacomagnetism of the CIROS-1
core (Wilson et d., 1998) was undertaken to constrain the
chronology of that core aswell asto provide experience
with handling material that was expected to be analogous
to the Cape Roberts cores. Theresultsfrom the CIROS-1
core clearly indicated how samples should be treated to
obtain high-quality data. However, the materia in the
CRP-1coreisof different agefromthe CIROS-1 core and
may haveadifferent provenance. For thesereasons, anew
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pilot study wasconductedto understand thepal acomagnetic
behaviour and magnetic characteristicsof the CRP-1core.

The pilot study was conducted by subjecting one
samplefrom each set of 14 paired samplesto stepwise AF
demagnetisation while the corresponding sample was
subjected to therma demagnetisation. All of the samples
subjected to AF demagnetisation were measured at steps
of 0.5, 10, 15, 20,25, 30,40, and 50mT; for somesampl es,
someof thefollowing stepswere added: 35, 45, 60, 70, 80,
90, and 100mT. Thermal demagnetisationwasconducted

in 40°increments from 80°C to 600°C. After each thermal
demagnetisation step, the magnetic susceptibility was
measured tomonitor for thermal ateration. Further heating
was abandoned if the susceptibility increased by more
than about 30%, with concomitant|ossof coherencein the
palacomagnetic signal.

Mineral magneticstudieswere conducted on 10 of the
14 AF-demagneti sed samplesfrom the pilot study, aswell
asanother 8sampl eswhich had been collectedfor physical
properties studies and which were loaned to us for
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palacomagnetic analysis. These samples were given an
isothermal remanent magnetisation (IRM) with inducing
fields 0£0.01,0.02,0.05,0.1,0.2,0.3,0.5,0.7and 1'T. The
IRM (at 1 T) was then demagnetised by inverting the
sample and applying back-fields of 5, 10, 20, 30, 40, 50,
60, 80, 100, and 300 mT. These high-field remanent
magnetisations were measured with the Molspin spinner
magnetometer (see Background to CRP-1, this volume -
section on Palaeomagnetic Laboratory). |sothermal
rcmanent magnetisation acquisition and back-field
demagnetisation studieswere performed to determine the
coercivity of remanence ( B ) and a parameter known as
the S-ratio (-IRM ; ;1/IRM, ;). These parameters provide
information about the bulk coercivity of the magnetic
assemblage and are therefore useful in understanding the
magnetic mineralogy (e.g., King & Channell, 1991;
Verosub & Roberts, 1995). The IRM at 1 T (IRM; ;) and
the magnetic susceptibility (k) are useful indicators of
magnetic mineral concentration, and the ratio, IRM,/k,
providesinformation about grain-sizevariation, aslong as
themagneti c assembl ageisdominated by asinglemagnetic
mineral (eg., Verosub & Roberts, 1995). Magnetic
susceptibility data were also compared with the whole-
core susceptibility log that was obtained at the Cape
Roberts drill site.

RESULTS
Pilot Study

Results of the pilot study and preliminary mineral
magneti canalysesindicate that themagneticcharacteristics
of the recovered sediments vary with depth in the core
(Figs. 28 & 29). Ingeneral, sedimentsbetween 58 and 80 mbsf
and between 114.0 and 116.5 mbsf are relatively coarse-
grained and | essstably magnetised than the other Miocene
sediments from CRP-1. Samplesfrom thesetwo intervals
have relatively high coercivity (Fig. 28a & b), relatively
low concentrations of ferrimagneticgrains(Fig. 28c & ),
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and a large, sub-vertical, chilling-induced magnetic
overprint that isusually removed by AF demagnetisation
at 5mT (Fig. 29a). Such drilling-induced overptints arc
common inpalacomagnetic studies associatedwith drilling
projectsand were routinely observedin the CIROS-1 core
(Wilson et a., 1998). Overprints that are sufficiently
strong to completely remagnetise sediments have
compromised palacomagnetic studies associated with the
Ocean Drilling Program for many years (e.g., Robeits et
al., 1996; Fuller et a., in press).

In the intervals between 58 and 80 mbsf and between
114 and 116.5 mbsf in the CRP-1 core, the drilling-
induced overprint usually comprises 75 - 85% of the
NRM. This makesit difficulttoisolateastablecharacteristic
remanence component from the demagnetisation data for
thesesamples, particularlywith AF demagnetisation (e.g.,
Fig. 29a). Although the drilling-induced overprint also
affects thermal demagnetisation data, theimal
demagnetisation appears to be more effectivein isolating
the characteristic remanence direction in samples from
theseintervals (e.g., Fig. 29b). Thermal demagnetisation
was therefore used for al other samples from 58.8 to
80.0 mbsf and from 114.0 to 116.5 mbsf.

The magnetic behaviour of pilot samples from the
relatively lower coercivity zones (80 to 114 mbsf and
116.5 to 147.0 mbsf; Fig. 28a &b) indicates that the
magnetic carriers are much morestablethan in the higher
coercivity zones, although thebehaviour variessomewhat
withlithology (Fig. 29¢-f). For many of thepaired samples
from thisinterval, there is close agreement between the
characteristic remanence directions identified by AF and
thermal demagnetisation (e.g., Fig. 29g & h). Moreover, in
most cases, AF demagnetisation at 5 or 10 mT was
sufficient to remove the drilling-induced overprint. In a
few cases, there was a relatively large drilling-induced
overprint for samples from the lower coercivity zones
(e.g., Fig. 29d). Even though it is difficult to identify a
characteristic remanence component in some of the AF-
demagnetised data, it is not clear whether thermal
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H g. 28- Down-core variationsin magnetic propertiesfrom preliminary rock magneticanalysesfromthe CRP-1core: a) coercivity of remanence(B);
b) Sratio; ) IRM at 1 T; (IRM,,); d) IRM,  /«; and e) magnetic susceptibility (k).
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demagnetisation of the sister sample enabled adequate
removal of the drilling-induced overprint (Fig. 29¢). It
wasdecided that it is preferableto deal with the dominant
drilling-induced overprint in AF demagnetisation data
than to use the apparently stable, but possibly erroneous,
results from thermal demagnetisation. Given the success
of AF demagnetisation in isolating characteristic
remanence directions for most samples from the low
coercivity intervals, all other samplesfrom theseintervals
were treated with AF demagnetisation.

Clearly, minerd magnetic properties are useful in
identifying zones of different magnetic behaviour, and it
would havebeen useful to conduct more detailed analyses
of suchproperties. However, thiswasnot possiblebecause
of time restrictions. It should aso be noted that the
drilling-induced overprint can be beneficial: in cases
where it doesnot compl etely remagnetise the sample, the
consistently steep, upward orientation of the overprint
provides unambiguousevidence that neither the core nor
the samples have been mistakenly inverted at any stage.
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Fig.29-V ector component diagramsof demagnetisation
behaviour of representative samplesfrom the pilot study
of the CRP-1 core: @ and b) comparison of AF and
thermal demagnetisation of samples from 62.88 and
62.91 rnbsf, respectively; ) and d) comparison of AF and
thermal demagnetisation of samples from 105.13 and
105.18 mbsf, respectively; €) and f) comparison of AF
and thermal demagneti sationof samplesfrom110.51and
110.56 mbsf, respectively; g) and h) comparison of AF
and thermal demagnetisation of samplesfrom 112.70and
112.90 mbsf, respectively; i) AF demagnetisation results
for asample from 131.11 mbsf; j) AF demagnefisation
results for asample from 135.90 mbsf.

For example,with onepair of samples, opposingpolarities
wereidentifiedfor the two samplesthat weretreated with
different demagnetisationtechniques(Fig. 29e &f). Data
for both samplesdisplay clear evidenceof asteep normal
polarity drilling-induced overprint, which indicates that
both sampleswerecorrectly oriented. It thereforeappears
that the reversed (Fig. 29¢) and normal (Fig. 291) polarity
directionsrecorded by thesesamplesarereal and that there
isapolarity transition in thevicinity of thesesamples.
The origin of the drilling-induced overprint is not
easily understood. The ease with which the overprintis
removed by AF demagnetisationat pesk fieldsof 5-10mT
could indicate the presence of coarse (multi-domain)
magnetic particles. However, the mineral magnetic data
imply that samples from above 80 mbsf and at about
115 mbsf, which are strongly affected by the drilling-
induced overprint(e.g., Fig. 29a), havehigh coercivity,as
indicated by B, and S-ratio values (Fig. 28a & b).
Coercivitiesin thesezones are higher than those of many
of thesamplesfrom other partsof thesequence, whichare
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not soseverely affected by theoverprint. It ispossiblethat
thisprobleminvolvesdiffering responsesdf thedifferent
materials to AF and direct field demagnetisation.
Additional mineral magnetic work is needed to resolve
this dilemma.

Anomalous palaecomagnetic behaviour was also
observed in a samplefrom a diamictite at 135.90 mbsf
(Fig. 29j). The data clearly indicate the presence of a
normal polarity drilling-induced overprint (O - 5 mT), a
reversed polarity component (5 - 15 mT) and a stable
normal polarity component(20-60mT). Weinterpretthis
three-component magnetisation as a composite
magnetisation arising from the presence of one or more
clastswithinthesedimentmatrix. For example,thereversed
polarity component could be due to the presence of a
coarse-grained igneous clast that was oriented with a
downward magnetisation. This sample, which represents
the most anomal ousbehaviour observedin the pilot study,
demonstrates the need to exercise extreme caution in
interpreting data from coarse-grained lithofacies where
theeffectsof asingleclast could precludeinterpretingthe
datain termsof a magnetisationacquired at, or near, the
time of deposition.

Palaesomagnetic Behaviour

One hundred and twenty-two sampleswere analysed
in the Crary Science and Engineering Center (CSEC)
laboratory. Due to their brittle and fractured nature, the
remaining33sampleswereput asidefor |ater measurement
on acryogenic magnetometer. Almost all of the analysed
samples display a low coercivity near-vertical, normal
polarity componentthatisinterpretedto representadrilling-
induced overprint. In most cases, this component was
removed with peak AFs of 5 - 10 mT (Fig. 30). For
reversed-polaritysamples(eg., Fig. 30 h-j), theoverprint
can beeasily identifiedin vector component diagrams; for
normal -polaritysamples, itissometimeseasier toidentify
the overprinton plotsdf intensity versusdemagnetisation
level becausethesteepnessaf the geomagneticfield at the
CRP-1sitecan makeit difficult to distinguishbetweenthe
overprint and atruegeomagneticfield directionsolely on
thebasi sof inclination. Occasionally, thedrilling-induced
overprint and the origina remanence had completely
overlapping coercivity spectra. In these situations, it was
not possi bl etoisol atethetwo components(e.g., Fig. 30d).

For six thermally-demagneti sed samples, thedrilling-
induced componentwasclearly not removed (e.g., Fig.30%),
and these samples were excluded from subsequent
interpretations. Stable palacomagnetic behaviour was
evident from the vector component plots of 95 of the
remaining 116 samples. In each case, the characteristic
remanencedirection was determined using a best-fitline
that was constrained through the origin of the vector
component diagram (Fig. 30). Steep normal polarity
directionswereobservedfor 52stably magnetisedsamples
(e.g., Fig. 30a-c), and steep reversed polarity directions
wereobservedfor 32samples(e.g., Fig.30h-j); remanence
directionsfor theremaining11sampleswereneither steep
nor clearly of reversed or normal polarity (e.g., Fig. 30e).
Sampleswith abnormally low inclinations (e.g., Fig. 30e)

or with 3-component magnetisations (e.g., Figs. 30g &
29j) were found to be from diamictite intervals which
contained small clasts of dolerite. The magnetisation of
these samples is probably dominated by clasts whose
orientation was not controlled by the ambient magnetic
field during deposition.

For 21 samples, stable characteristic remanence
directionscould not be obtained; however, the polarity of
9 o these samples could be inferred from the trend
exhibited during demagnetisation(e.g., Fig. 29b). It was
not possi bl eto determinethe polarity for theremaining 12
samples.|n most cases, thedrilling-induced overprint was
the dominant component, and the majority of the
magneti sationwad ost duringthefirst few demagnetisation
steps(e.g., Fig. 29a).

Magnetic Polarity Stratigraphy

A tentative magnetic polarity zonationfor the lower
90 mof the CRP-1coreisshowninfigure3l. Generally,
for the studied interval, the record appears to have been
divided equally between norma and reversed polarity.
The polarity zonation shown in figure 31 may change
dlightly after analysisof further samples. However, we do
not expect much change in the interval below 81 mbsf.
Between 58 and 81 mbsf, further study is essential to
understandthe magnetic minera ogy and thebehaviour of
individual samples. Afew samplesfromthisinterval have
not been measured, and, althoughthe general trend seems
to be of reversed polarity, we cannot be certain of the
detailsof the polarity record in thisinterval.

Normd pol aritydominatestheintervalfromc.82-124mbsf,
with 2 thin reversed polarity intervasat c. 105 mbsf and
118 mbsf, respectively, and a 20-m-thick interval of
reversed polarity between 124 and 144.74 mbsf. A single
stablebut low inclination (30°) sampleat 110.5 mbsf may
mark another thin reversed polarity interval.However, the
interval between 110.0 and 112.5 mbsf also contains
severa stable intermediate to low angle normal polarity
samples. This interval may represent a geomagnetic
excursion. Until the nature of the polarity record in this
interval is clarified, a “?” indicates the uncertainty in
interpretationof thisinterval onfigure31, Bow 144.74 mbf,
thesampling interval wasonly 30 cm on average, and the
dataalternatebetweenreversedandnormal polarity.Every
samplefrom thisinterval is stably magnetised and hasan
unambiguous vector endpoint, which is consistent with
aternatingpolarity inslowly-depositedsediments. Thisis
not unexpected, because preliminary biostratigraphic
analysis(see section on Diatoms) indicated that the basal
partof theCRP-1coreisof earliest- middleearly Miocene
age, and thisinterval of the MPT Shasahighfrequency of
reversals (Fig. 27). Detailed additional sampling will be
necessary to determine whether al polarity zones have
been identified in thisinterval of the core.

DISCUSSION

An interpretation of the polarity of the CRP-1coreis
plotted in figure 32 against lithology and stratigraphic
cycleswhich areinterpreted to beduetorelativesea-level
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change (see section on Sequence Stratigraphic
Interpretation).lt should benotedthat thepolarityintervals
arenot related to lithologicfeatures; that is, polarity, and
the ability to interpret palacomagnetic data, appear to be
independent of lithofacies. Also, the boundaries between
polarity zones occur almost exclusively withinlithologic
unitsor cycles rather than at lithostratigraphic breaks or
cycle boundaries. In the case of CRP-1, these cycle
boundaries have been interpreted as regressive erosion
surfaces (see section on Sequence Stratigraphic
Interpretation). If significant time is missing at any of
these unconformities, it is likely that polarity reversal
boundarieswould beobserved at thesestratigraphi cbreaks.

The magnetic polarity stratigraphy suggests that thereis
not a significant amount of missing time distributed
throughout the sequence. However, the possibility that
significant time is missing at one or two stratigraphic
breaks cannot be excluded.

For the purpose of correlation with the MPTS, the
polarity record has been divided into four magnetozones:
an upper reversed polarity interval (<82 mbsf, R1), which
has yet to be analysed in detail; a predominantly normal
polarity intewal (82-124 mbsf, N1), which includestwo
reversedpolarity zonesinthelower part and af ew intervals
that have yet to be analysed; asecond interval of reversed
polarity (124.00-144.74 mbsf, R2); and an intewal at the
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F g. 32- Preliminary correlation of the CRP-| magnetic polarity zonation with the magnetic polarity timescale (MPTS) of Cande & Kent (1995) and
Berggren et a. (1995). Magnetic polarity symbols are defined infigure 32. Shaded correlations represent the diatom events discussed in thetext. The
distributed nature of the shading indicates the maximum published ranges of these datums. The dashed lines indicate an initia correlation of the
magnetozones with the MPTS (see text for discussion). Further refinement of the diatom datums and correlation of the magnetic polarity record with

the MPTS is discussed in Summary of Results from CRP-I (this volume).

base of the record (144.74-147.69 mbsf, M1) with
aternating normal and reversed polarity.

Dueto thevariablenatureof thelithofacies, itislikely
that there are large fluctuations in sedimentation rate.
Therefore, thethicknessesof theidentified magnetozones
cannot be directly compared to the duration of polarity
chrons. Furthermore, eventhough therewasahighreversal
frequency in the early Miocene (the time interval
represented by the lower 100 m of the CRP-I core; see
section on Diatoms), magnetozoneM1 probably represents
a period of slow, but continuous or subcontinuous,
sedimentation, perhapson the order of 2 m/my. Based on

thelithostratigraphy, thelower c. 3m of magnetozoneR2
would be expected to represent equally slow, but
continuous,sedimentation. Theupper part of magnetozone
R2 occurs within a diamictite, which may have been
rapidly deposited, and which might not represent much
time. MagnetozonesR1 and N| encompass a variety of
lithofacies, and, at best, it may be possible to specify an
average rate of sedimentation for theseintervals.
Thediatomflorafrom the CRP-I coreincludespecies
from the Thalassiosira fraga Zone, which suggests that
thelower 104 m of therecordisof early Mioceneage(see
section on Diatoms). Several diatom datumsmoreclosely
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congtrainapossible correlation. Theseincludethe lastoccurrence
(LO) o Stephanopyxis spinosissima & c. 141.5mbdf, the first
common occurrence(FCO) of T. praefraga (syn.T. fraga)
at ¢. 102.2-103.4 mbsf, and thelast occurrence (L O) of
T. praefraga at c.58.8-60.0mbsf. TheLO of S. spinosissimu
is known from MSSTS-I (syn S. sp. A, Harwood et al.,
1989, see section on Diatoms) to occur within Chrons
C6AA and C6A. The FCO of T. praefraga is reported to
occur in Chron C6An & ODP Sites 747 and 748 from the
Kerguelen Plateau (Harwood & Maruyama, 1992;
Harwood et a., 1992). However, its first occurrencein
Sites 747 and 748 has been reinterpreted in this volume
(see section on Diatoms) to be in chrons Cén or Cér. The
LO o T. praefrugu is reported to occur in Chron C5D or
possibly latest Chron C5E from ODP sites 747 and 748
(Harwood & Maruyama, 1992; Harwood et al., 1992, see
section on Diatoms). The maximum possible ranges of
thesepreliminary diatom correlationsareshaded infigure
32. Using these diatom datum rangesand the preliminary
polarity stratigraphy of the CRP-I core, R1 can be
tentatively correlated with Chron C5Dr and possibly up
into ChronC5Cr. N1 canbecorrelated with ChronsC6An
through C5E, and R2 can be correlated with Chrons
C6AAr through C6Ar. The basal part of the record (M)
may correspond to Chrons C6C through C6B. A more
refined correlation to the M PTSusing further diatom data
(see section on Diatoms) is discussed in Summary and
Preliminary Interpretation of CRP-I (this volume). A
conclusivecorrelationwiththe M PTSwill not be possible
until moredetailed pal acomagneti cstudiesare conducted.

ADDITIONAL WORK

Theabove-reportedinitial characterisationstudieshave
served to identify several areas that warrant additional
work. Themagnetostratigraphy of the CRP-1 coreclearly
needstoberefined. Although highquality palacomagnetic
results have been obtained from many of the CRP-1
samples, it is still important to characterize the mineral
magnetic properties of different parts of the core. The
mineral magnetic measurementswill serveasthebasisfor
studiesof the environmental magneticrecord of the CRP-1
core. Finaly, it should be noted that the lower part of the
CRP-| core may correspond to the upper part of both the
CIROS-1core (see Barrett, 1989) and the M SSTS-| core
(see Barrett, 1986). Additional palacomagnetic and
environmental magnetic studies of these two cores may
allow development of an integrated correlation between
the CRP-l, CIROS-1 and MSSTS-| cores.
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Summary of Resultsfrom CRP-1, Cape RobertsProject, Antarctica
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Abstract - Poorly consolidated diamicton, silt, sand, gravel, and a mixed skeletal carbonate-terrigenous facies was
cored from 16 m down to 43.55 mbsf and dated as 1.25 to 1.80 Ma (early Quaternary) from diatom biostratigraphy.
Depositional environmentsrangeamong 1) possible terrestrial exposure, 2) glacimarine sedimentation from nearby
glacier ice, 3) deposition under sea-ice like today and 4) shallow-marine sea-ice free carbonate sedimentation,
representing much warmer temperatures than today. At least two cyclesof rise and fall in sealevel are recognised.
The pre-Quaternary section comprises mainly diamictite, sandstone and siltstone, organised in a cyclic fashion
considered to reflect 6-8 variations in relative sea level and/or glacial advance-retreat. Depositional environments
were largely shallow-water glacimarine with sedimentation associated with temperate-glacier termini. Diatom
biostratigraphy and magnetostratigraphy indicate the strata range from 22.4 to 17.5 Ma in age (average sediment
accumulationrateof 21m/my). Thesestratarecord thefirst extensive Neogenevol canism inthe region around 18 my
ago, and contain thefirst post-Eocenemarine-dinoflagel late assemblage (at |east 15 new species). Another first report
isof the calcareous dinoflagellate (Thoracosphaera), found in both Miocene and Quaternary sediment at CRP-1.
The pre-Quaternary section of CRP-1reachesdown almost to the base of seismic Unit V3, previously interpreted as
representingmid-Oligoceneshallowingand glacial advanceintheVictoriaLand Basin. Resultsfrom CRP-1suggests
that the base of V3 could be as much as 8 my younger. This should be resolved by futuredrilling planned off Cape
Roberts.

INTRODUCTION

The Cape Roberts Project is a cooperative drilling
project involving personnel from Australia, Germany,
Italy, New Zealand, UK and USA. The aim of the project
isto recover continuouscore through c. 1. 300 m of strata,
thought to record the period from 30 million years before
present (Ma) to possibly 100 Ma, beneaththewesternside
of McMurdo Sound. The project is named after Cape
Roberts, the staging point for the offshore drilling and a
small promontory 125 km northwest of McMurdoStation
and Scott Base (Fig. 1).

\ edge of ice
\a~" before October 24

The project is designed to addresstwo questions: SOUND
- did ice sheets grow and decay on Antarctica, with R
attendant changes in globa sea level, prior to the MSSTS gg;y:gs

earliestOligocene34 Maago,whenitiswidely believed ® CIROS 1

the first extensiveice formed on the continent?

- at what time did this region begin to rift to form the
Ross Sea and the Transantarctic Mountains?
Implicitintheseobjectivesisthe determinationof age,

andlithol ogical calibrationto be provided by coringfor the

seismic stratigraphy of the VictoriaLand Basin, based on

an extensive array (40 000 line km) of seismic surveysin
the western Ross Sea. Fg 1- Mgp of the south west corner of the Ross Sea, showing the

The strata to be cored form a seaward—dippi ng locations of C:.ape Roberts, CRP-1 and oth(_er driII_siteﬁin the area, and
ession 10-15 km offshore from Cape Roberts. and McMurdoStatxor_x/Scott Base,themanstaglngpomtfortheprolef:t.The
succession ap d edge of the fast ice before and after the October 24 break-out is aso

seaward of the boundary between the Transantarctic  shown.

McMurdo /
Blue Gl Ty, Station
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Mountains (TAM) block and the Victoria Land Basin
(VLB) (Fig. 2). Seismic surveysof the basin have traced
three sequencesinto the 2 000 m+ of sedimentary section
off Cape Roberts (V3, V4 and V5, Fig. 3). Correlations
with the CIROS-1 hole 70 km to the south indicate that
most of the strata are more than 30 Maold (Bartek et al.,
1996). The Cape Roberts Project aims (over two or three
years) to core1 200 m or moreof thissection by drilling at
least three holes ranging in depth from 400 to 700 m and
overlapping soastoensureacontinuousstratigraphicrecord.

Cape Roberts - 1 (CRP-1) was drilled from a rig
established on sea-ice some 15 km east of Cape Roberts,
western McMurdo Sound, Antarctica (Fig. 1) during
October, 1997. The holewassited in arelatively offshore
position onthewesternflank of asubmarineridge, designed
to penetrate the youngest part of the section identified
fromseismicreflectionrecords(Fig. 2). CRP-1 wasdrilled
to adepth of 147.69 m and was cored continuously, apart
from the uppermost 20 m. The drill hole encountered a
succession of clastic sediments and sedimentary rocks
with one short interval of carbonate sediments. The
succession has been interpreted in terms of a lower
Quaternary (Pleistocene) sectionto 43.55 metresbel ow
sea floor (mbsf) unconformably overlying a lower
Mioceneinterval (43.55t0147.69 mbsf). Both sections
represent predominantly glacimarine deposition

Cape Roberts Science Team

modulated by significant variation in climate, sca-
level and ice cover.

Thischapter summarisesresultsof research conducted
during and immediately followingthedrillingof the hole,
at the Cape Roberts drill site and base camp, and at the
Crary Scienceand Engineering Center (CSEC), McMuido
Station, respectively. Anaccount of thelitho-,bio-, seismic-
and sequence-stratigraphy of the hole is given, together
with an initial appraisal of petrology, palaeontology and
physical properties of the cored section.

DRILLING HISTORY

The drilling rig was set up on the sea-ice off Cape
Robertsin early October, and after some delay in setting
theseariser, coring of CRP-1 began on October 17, 1997.
Coring the upper part of the section proved difficult, due
to unconsolidated sediments and the brecciated character
of much of the core, but an average corerecovery of 68%
was nonethel ess achieved. Unstabledown-hol e conditions
continued intothemoreconsolidated Miocenesection dueto
the persistence of thefracturing and brecciation mentioned
above, and substantia volumesof drillingfluidwerelost to the
formation. More consolidated strata (mainly diamictite) were
encountered at 100 mbsf and corerecovery roseto 98%.
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Corewas splitand boxed at thedrill site, and transported
first tothe CapeRobertsbasecamp and henceto McMurdo
Station by helicopter onadaily basis. Thedecision tocase
and cement the H rod was made on October 23, but the
consequences of a severe storm a that time forced
abandonment of thedrill site. Theretrieval of thedrilling
rig to safe refuge a Cape Roberts was completed on
October 25. Following an appraisal of sea-ice conditions
after the storm, the decision was taken to conduct no
further drillingin the 1997 season.

LITHOSTRATIGRAPHY

The core comprises a succession of interbedded
diamictite, conglomerate, sandstone, siltstone, claystone
and in the upper part of the core the unconsolidated
equivalents of these lithologies together with a short
interval of mixed carbonate-clastic sediment. A graphic
log illustrating the lithological succession and
lithostratigraphic subdivision of the core is shown as
figure4. Thebasisfor thelithostratigraphic divisionisthe
alternation throughout the core between units dominated
by diamicts and those composed predominantly of other
clastic sedimentary facies. Accordingly, seven principal
lithostratigraphic units are recognised, some of which are
divided into severa sub-units (Fig. 4).

Theuppermost part of the core (to 43.55 mbsf, base of
lithostratigraphic Unit 4.1) is poorly consolidated and

contains microfossilsindicating an early Pleistocene age,
whereastheunderlyingsectionismaoderately lithifiedand
contains lower Miocene microfossils throughout. Much
of the core is affected by fracturing and brecciation,
believed to have largely formed naturally by brittle
deformationd therock, thoughtheoriginof thisbrecciation
isat present unclear.

PETROLOGY

Petrological investigations have been conducted on
gravel, sand and mud fractions of sedimentsfrom CRP-1.
Studies of extraformational clasts from diamicts and
conglomerates/gravels indicate provenance from the
Transantarctic Mountains. Clasts include granites of
probable Cambro-Ordovician age, metamorphic rocks
perhaps of the Koettlitz Group, Ferrar Dolerite (Jurassic)
and rhyolitesof uncertainaffinity. Metamorphicclastsare
present only in the lower Miocene section. The sand
fraction is dominated by grains derived from crystalline
basement and theBeaconSupergroup(Devonian-Triassic),
mainly quartz and feldspar, with rarer bictite, tourmaline,
zircon, garnet, and minor but persistent pyroxenefrom the
Ferrar Dolerite. Additionally, grains of volcanic glass
(varying incompositionfrom basaltic to intermediate and
evolved, includingtrachytic) andlithicfragments(mainly
oxidised, fine-grained lavas) are abundant in the upper
part of the hole, decreasing sharply below 62 mbsf. This
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abrupt influx of volcanic detritus, correlated with the
onset of McMurdo Vol canic Group activity, corresponds
tothebaseof lithostratigraphicUnit 5.3, base of sequence
stratigraphic Unit 7 (see below), and an abrupt downward
decrease in magnetic susceptibility related to adecrease
in ferromagnesian-mineral content. X-ray diffraction
analysis of mud samples shows a similar change in
mineralogy over the interval 60-65 mbsf from smectite-
dominated above toillite and chlorite-dominated below.
These changes mirror that from vol canic-dominated to

volcanic-poor in the sand fraction, and a causal link is
considered likely.
PALAEONTOLOGY

QUATERNARY

The Quaternary section of CRP-1is dated by diatom
biostratigraphy at 1.25 - 1.80 Ma, though it hasyielded a
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wide variety of macrofossils and microfossils. Their
occurrences, however, are largely sporadic or
discontinuous, and reworked taxa from older units were
frequently noted, particularly in thediamicts. Nonethel ess,
these fossils provide age control and important
pal acoenvironmental i nformati on onwhat appearstohave
been a glacimarine setting that underwent significant
fluctuations.

Diatomsarethemost preval ent fossil group andinclude
marine (planktonic and benthic), fresh and nearshore-

brackish water taxa. Their occurrences, along with their
abundances, reflect varying conditions of sea-ice cover,
sea-water temperature, sealevel, and cover by aglacier
tongue or ice shelf. Postul ated palacoenvironments at the
siterangefrom possibly terrestrial to open marinewith an
absence of seaice, to marine sea-ice covered.
Pleistoceneforaminifersareal so ubiquitous,consisting
of over 30 benthic and planktonic taxa, but calcareous
nannofossils are few and consist only of well-preserved
fragmentsof Thoracosphaera, acal careousdinoflagellate.
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Thisisthefirst report of thisgroup from the Quaternary of
the East Antarctic margin.

Palynomorphs, present in 8 of 10 samples examined,
include spores and pollen (miospores) and organic-walled
microplankton (dinoflagellates, acritarchs and
prasinophycean green algae cysts). Also noted in organic
rcsidues were foraminiferal linings, which were the
dominant andalmost the only palynomorphinthecarbonate
lithostratigraphic Unit 3.1. The terrestrial palynoflorais
limited and includes forms such as Nothofagidites
lachlaniae that may or may not beinsitu.

Of particular palaeontological interest is the unique
bioclastic carbonate (lithostratigraphicUnit 3.1) inwhich
all fossil groups are present. Theinvertebrate assemblage
islargelyinsituor nearly so, andisdominated by molluscs
(over 35 taxa identified at least to genus) along with
appreciable numbers of bryozoans and lesser numbers of
echinoids, serpulid worms, octocorals, barnacles and
brachiopods.

MIOCENE

The section from 43.55 mbsf to the bottom of the hole
is dated as 17.5 - 22.4 Ma (lower Miocene) by diatom
biostratigraphy. This suggests an average sediment
accumulation rate (uncorrected) of ¢. 21 m/my. The most
prevalent fossils groups are the diatoms, palynomorphs
and foraminifers. Calcareous nannofossils
(Thoracosphaera) are rare to few, as are macrofossils.
Palacoenvironmental i nterpretations suggest aglacimarine
setting that underwent some significant fluctuations in
water depth and proximity to the ice margin.

Diatomsinclude marine (planktonic and benthic) but
no fresh- or nearshore-brackish-water taxa. Their
occurrences are discontinuous and, along with their
abundances, reflect varying sedimentation rates, cover by
glacier tongues or shelf ice, or productivity in an open-
marineenvironment. Recurrence of intervalsrichin benthic
diatoms suggestsfluctuations in water depth to less than
50 m below sealevel (bdl) in many intervals.

Benthic foraminiferal assemblages were found in 15
of 45 samples examined. Those between 43.15 and
¢. 120.00 mbsf were mostly rare or barren, but abundances
and diversities increased down hole below that point.
Planktonic forms are very rare, which suggests sediment
depositioninrelatively shallow-water,inshoreenvironments.

Of particular palaeontological interest is the plethora
of new marinepalynomorphtaxa, anespecially noteworthy
discovery inthat thisisbelieved to bethefirst report of in
situ antarctic palynomorphsinlower Miocenestrata. The
well-preserved assemblage is dominated by acritarchs,
more than 15 species of which are new. Prasinophycean
green algae are also among the most abundant and
consistently occurring palynomorphs. Dinocyst
assemblages are of low abundance and diversity but
consist of protoperidinoid cysts, aform not seen in the
Quaternary deposits of the core. This might indicate
milder-climatic conditions during the Miocene at the
CRP-1drill site.

Miospores are present in small numbers in most
samples, including reworked Permian - lower Mesozoic

taxa, which are most prevalent around 70 mbsf. Also
present at that level and between 100 and 120 mbsi are
relatively abundant Nothofagidites spp., Podocarpidites
spp., and arange of angiosperm taxa that may o1 may not
bein situ.

Macrofossils consist of serpulid (polychactc) worm
tubes, echinoid spines, bryozoans, and Chlatnys (scallop)
shells. These seem indicative of silted shallow-marine
environments, with estimated depths shallower than
100 m bsl, possibly between 20 and 80 mbsl, substantially
shallower than the present range in depth for the Miocene
section, around 190t0300 m bsl. Theabsenceof tiue polar
pectinid bivalves (Adamussium) suggests temperatures
warmer than present.

AGE MODEL AND CORRELATIONTO THE
MAGNETICPOLARITY TIME SCALE (MPTS)

Diatom biostratigraphy suggests the interval from
26.95 to 34.80 mbsf belongs to the lower Quaternary
Fragilariopsis kerguelensis Zone (1.25 to 1.80 Ma) of
Harwood & Maruyama (1992). This zone represents the
stratigraphic interval between the highest occurrence of
Fragilariopsisbarronii (event D2g on Fig. 5), down tothe
highest occurrence of Thalassiosira kolbei (event D4q).
Other diatom biostratigraphic eventsthat support thisage
are indicated on figure 5. The recovery of Thalassiosira
dliptipora and Actinocyclus ingens uptointerval 26.08 to
26.95 mbsf, suggests an age older than 0.65 Ma at this
level (event D1q). The presence of T. torokina up to
interval 26.08t026.95 mbsf may suggest an age ol der than
-1.4 Ma, although the upper range of this diatom is not
well established. Thelowest occurrenceof Thalassiosira
liptipora indicatesan age younger than 2.4 M a between
34.81 to 35.47 mbsf (event D5q) (Winter & Harwood,
1997). The absence of Thalassiosira fasciculata and T.
inura from the diatom bearing interval between 26.95 to
34.80 mbsf provides further support for an age younger
than1.8Maabove35.46 mbsf. Thediatom-bearing interval
(26.95 to 34.80 mbsf) was apparently deposited within a
time interval less than 550 000 years during the early
Quaternary. The2m-thick, fossiliferousUnit3. 1represents
only a fraction of this time period, perhaps less than
100000 years. The Quaternary is separated from the
lower Miocene section of CRP-1 by an unconformity at
43.55 mbsf that representsapproximately 15 my from 1.8
to 17.5 Ma(Fig. 5).

In situ marine diatoms aso provide biostratigraphic
age control for the lower Miocene portion of the CRP-1
core (Miocene Strata, thisvolume - section on Diatoms).
Biostratigraphic reference comes from Antarctic data in
the nearby MSSTS-1 and CIROS-1drill holes and from
datain nearby Ocean Drilling Program (ODP) drill holes.
Magnetic polarity stratigraphy has been measured for the
lower c. 90 m of the CRP-1 drill hole(MioceneStrata, this
volume - section on Palacomagnetism and Mineral
Magnetic Properties). Palasomagnetic analysis was not
possible on the upper ¢. 60 m of the core because it was
poorly consolidated and heavily fractured. Thefracturing
also precluded sample collection and analysisin much of
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datums, dotted line is representative only and is not well-defined. Two interpretations are presented for the interval from 60 to 90 mbsf, with the

favoured interpretation marked by the heavier line.

the interval between 58 and 89 mbsf. Below 89 mbsf
stable endpoint-polarity solutions were achieved for
almost all samples measured, resulting in a reliable
polarity record within which 4 magnetozones are
defined (Fig. 5): an upper poorly defined reversed
polarity interval (<82 mbsf, R1); a predominantly
normal polarity interval (82-124 mbsf, N1) which
includes two thin intervals in the upper part for which
no datais available and two reversed polarity zonesin
the lower part; a second interval of reversed polarity

(124.00-144.47 mbsf, R2); and an interval at the base
of the record (144.47-147.69 mbsf, M) with high
frequency alternating normal and reversed polarity.
Three key diatom datum events tightly constrain
correlationtotheMPT S theL ast A ppearanceDatum(LAD)
of Stephanopyxis spinossisima (141.48-141.80 mbsf, D6,
Fig. 5), First Common Appearance Datum (FCAD) of
Thalassiosira praefraga (102.24-103.39mbsf, D5, Fig. 5),
and LAD of T. praefraga (58.75-59.68 mbsf, D3, Fig. 5).
TheLAD of S spinossisirna(D6) intheM SSTS-1drillhole
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(58 mbsf, Harwood, 1986) occurs in reversed polarity
which, because of theincomplete recovery and numerous
unconformitiesinthe upper part of MSST S-1, Harwood et
al., (1989), wereableto restrict to chrons C6AA and C6A
only in their integrated correlation with CIROS-1. The
FCAD of T. praefraga (D5) iswell known and reported to
rangefrom the upper part of chron Cér through chron Céon
in Southern Ocean ODP drill holes (Gersonde & Burckle,
1990; Baldauf & Barron, 1991; Harwood & Maruyama,
1992; Harwood et a., 1992). Harwood & Maruyama
(1992) dso report the LAD of T. praefraga (D3) in the
lower part of anomaly C5Dr but other reports place this
datum slightly older in the upper part of C5En (Gersonde
& Burckle, 1990; Barron & Baldauf, 1995).

In CRP-1, the LAD of T. praefraga (D3) occursin an
interval of reversed polarity (58-65 mbsf) in magnetozone
R1 (Fig.5). Thisinterval of reversed polarity must correlate
within C5Dr. Because of the underlying interval with no
polarity data, it is not known whether the lower reversed
polarity interval of magnetozone R1 (74.00-78.50 mbsf)
also correlates with C5Dr, or whether it correlates with
chron CSEr. Lower in the core, the FCO of T. praefraga
(D5) occurs within an interval of normal polarity above
105 mbsf in the middle of magnetozoneN1 (Fig. 5). This
interval of normal polarity must therefore correlate with
chron C6n of the MPTS. Because there is no obvious
lithologic break at the base of the normal polarity interval
it is most likely that the underlying reversed polarity
interval (105-107 mbsf) correlates with chron Cér of the
MPTS, andthe underlying twointervalsof normal polarity
arelikely correlativewith C6A.n1n and C6A.n2n. Lower
still in the core the LO of S spinossisima occurs within
reversed polarity magnetozone R2. This may correlate
with any or al of the reversed polarity sub-chrons in
chrons C6AA and C6A, but it ismost likely that much of
R2 correlates with chron CoAr. This brackets the lower
portion of magnetozone N1, as suspected, with the N-R-
N-R sequence (105-125 mbsf) correlativewith C6An.1n,
C6An.1r and C6An.2n. (Fig. 5).

Guided by these correlations, two interpretations are
possible for the interval 60 to 88 mbsf. The first and
favored interpretation, because it is a better match to
datum D3, impliesthat C6N continues throughtheintervals
with no polarity data up to -80 mbsf. This interpretation
alsoimpliesthat C5En lieswithin the broad interval of no
polarity data from 65 to 75 mbsf. This interpretation is
represented by theheavy line. Anaternativeinterpretation
implies that C5En is present between 80-87 mbsf,
representing one or both of the normal poarity eventsin
thisinterval (Fig. 5). In thiscase, theinterval of reversed
polarity between 77-60 mbsf correlatesto C5Dr.

The lower mudstone (Unit 7.1) of CRP-1 cannot at
present be correl ated with the MPTS. Thelowermost 3m
of CRP-1, magnetozone M |, contains many thin polarity
events that may, if they represent polarity sub-chrons,
correl ate somewhere within the high reversal frequency
interval including chrons C6Cn, C6B and C6AA.

On the basis of the above correlations, the average
sedimentation rate between c. 140 mbsf and the
unconformity at 44 mbsf isabout 20 m/my withlittleor no
timel ossrecognisedin unconformities(thoughsedimentary

facies and sequence stratigraphic analysis suggest
considerabletimecould bemissingat many level sthiough
the core). Below 140 mbst the rapid polarity changes
suggest asedimentation ratethat islikely tobe an order d
magnitude lower.

SEISMIC CORRELATIONSTO THE
VICTORIA LAND BASIN,
AND CORE PHYSICAL PROPERTIES

In the light of drilling results, a re-evaluation of the
seismic-reflection interpretation hasbeen carried out. The
bottom of CRP-1isnow interpreted toliewithin ¢.15 m of
the seismic sequence boundary V3/V4, which by
correlation with the CIROS-1borehole wasthought to he
of late Oligocene age (30 Ma). The oldest sediments in
CRP-1, however, areestimatedfrom diatom biostratigraphy
and magnetostratigraphy to be c. 23 Ma, which demands
re-evaluation of previous correlations. Three seismically
definableunitsarerecognised (Background to CRP-1, this
volume - Fig. 19, section on Correlation of Seismic
Reflectors with CRP-I), and correspond to Quaternary
lithostratigraphic Units 1-4, and lower Miocene Unit 5,
and Units 6/7. An dlternative interpretation that the
lithostratigraphic Unit 6/Unit 7 boundary represents the
V3/V4 boundary is considered less likely. The reflector
corresponding to the base of the Quaternary succession
shows truncation of underlying strata against steep-sided
channel features.

Theseismicunits defined abovecorrespond to changes
in physical properties (magnetic susceptibility, P-wave
velocity and porosity as interpolated from density)
measured on the core at the drill site. The core has been
divided into six units based on changes in the above-
mentioned physical properties (Background to CRP-1,
this volume - Fig. 16, section on Physical Properties),
which show close correspondence also to the
lithostratigraphic units noted above and sequence
stratigraphic divisions described below.

PALAEOENVIRONMENTAL
INTERPRETATION

In order to addressthefirst of thetwo questions posed
by the project, namely the history of growth and decay of
the Antarcticice sheet and itslinks with sea-level change,
a detailed sedimentological analysis of the core was
conducted. Firstly, afacies analysis was carried out on a
bed-by-bed basis, followed by a sequence stratigraphic
analysis at abroader scale to identify patternsand trends
through the vertical succession.

The recovered parts of the Quaternary section
comprise diamicton of varying texture and fabric with
coarse clasts up to boulder grade principally of granite
and dolerite, interbedded with sands, muds, minor
gravels and a short interval (31.89-33.82 mbsf) of
mixed skeletal carbonate-terrigenous clastic sand/
gravel. Two facies associations have been recognised,
each containing four lithofacies. Association A,
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comprising diamicton, gravel, sand and mud, is
interpreted to reflect sediment accumulation in
glacimarine environments, whereas Association B,
comprising calcareous silt, shell hash deposits, sand
and mud, isinterpreted to record sediment accumul ation
in offshore-marinecarbonate banks (Quaternary Strata,
thisvolume - Tab. 1, section on Facies Analysis).

The lower Miocene section contains facies that are
more lithified but otherwise comparable to the overlying
Quaternary section, with the exception of the carbonate
facieswhich isabsent. Theinterval has been divided into
six recurrent lithofacies: diamictite, rhythmically
interlaminated fine-grained sandstone and siltstone, well-
stratified sandstone, poorly-stratified muddy sandstone,
coarse-grained siltstoneand fine-grained siltstone. These
facies arc interpreted in terms of sediment deposition in
glacimarine environments by a combination of tractional
currents, fallout from suspension and dropping of coarse
debris from floating ice (Miocene Strata, this volume -
Tab. 1, section on Facies Analysis).

Two different approaches have been taken to the
interpretation of the sedimentary sequence cored in
CRP-1. One approach is based on a direct comparison
between the CRP-1 core and facies found in modern
glacial settings, embracing cold, dry," polar" glaciation as
in modern Antarctica a oneend of aspectrum, and warm,
wet, "temperate glaciation asin Alaska at the other. In
between, modern Arctic and sub-Arctic glaciated areas
provide alternative depositional models (e.g., Powell,
1984; Hambrey, 1994; Powell & Domack, 1995). This
""comparative facies" approach aims at providing an
interpretation of thecored sequencein termsof icemargin
variation.

The alternative view is based on recurring lithologic
patterns, but notably variationsin grain size, wherefining
trends are related in a general way to rising sea level. It
usesthefaciesschemepresented in MioceneStrata, section
on Facies Analysis (this volume) and derives an
interpretation of relative sea-level variation that is not
predicated on any particular model or analogue. It also
embodies the view that only limited inferences can be
made of past glacial environmentsfrom lithofacies. The
two approaches are seen as distinctively different but
complementary,

Diamict is the facies most indicative of a glacial
setting, although non-glacial processes may also produce
diamicts. Theapparently unstratified character of much of
this facies suggests a proximal glacial setting, perhaps a
water-laintill, wherecontinuousrain-out of fine-to coarse-
grained sediment is taking place. Massive diamicts may
form both subglacially and in the marine environment:
one widely-used means of distinguishing the two
alternatives is clast-orientation fabric. Random fabrics
suggest deposition inwater, whereasdirectional fabrics
are indicative of basal till. Of four samples studied,
three suggested the former, whereas one (at 62 mbsf)
showed adirectional fabric suggestive of deposition as
asubglacial till.

Otherpoorly-sorted sediments, containing <1% coarse
clasts, include muddy sandstone and sandy mudstone.
These can form by avariety of processes and in various

environments, although aglacial context seemsreasonable.
However, unlessthestratacontain adirect glacia imprint,
such asthepresenceof i ce-rafteddebris, acautiousapproach
to interpretation has been adopted. Sediment deposition
from density currents, asindicated by bed character and
internal structure, is consistent with both glacially and
non-glacialy influenced environments.

Better-sorted siltstones and sandstones could be
interpreted asarisingfrom sedimentationcloseto aglacier
grounding-line by efflux from asubglacial stream in the
context of the"glacial" model, or as the depositsof dilute
agueous currents in any marine setting. In volumetric
terms, rhythmically laminated sediments are rare, but
some examples of "cyclopsams" and "cyclopels”
(Mackiewicz et al., 1984) have been recognised. These
facies form in modern glacial fjord settings such asin
Alaska, and have been used as an indicator of an ice-
proximal setting, especially where evidence of ice-
rafted debris is also preserved. In the case of the
bioclastic carbonatefacies(lithostratigraphic Unit3.1),
the glacial context is unclear except that ice-rafted
debrisispresentinsomepartsof thatinterval. Biological
indicators suggest that interglacial conditionsprevailed
at this time, with shallow-marine deposition in an area
free of sea-ice.

The comparative facies approach for the Miocene
section suggests that there were at least six significant
advance and retreat episodes (Fig. 4), though they areseen
possibly astheresult of local variation in theicefront and
not necessarily resulting from sea-level change. Ice distal
deposits are considered to be poorly represented in the
section, possibly on account of subglacial erosion by
advancing ice.

A sequence stratigraphic analysis has also been
conducted using thefaciesschemepresentedin Miocene
Strata, section on Facies Analisis (this volume), and
based on the premise that changes in grain-size reflect
changes in depositional energy, and hence relative
water depth in ageneral sense. The succession hasbeen
divided into 10 sequences (Miocene Strata, thisvolume -
Fig. 3, section on Sequence Stratigraphic Interpretation;
Fig. 4), each bounded by an abrupt upward increase in
grain-size that is interpreted as a sequence boundary
(regressive surface of erosion). Each sequence passes
upward from a basal diamict into progressively finer-
grained facies, interpreted as recording a flooding
event. According to this model, sequences are
interpreted torecord thecyclical advanceand retreat of
(grounded) ice across the area of the drill site, whereby
glacial advancesleavelittleif any sedimentary record,
diamicts are deposited during glacial retreat and the
other facies are formed in deeper water during
interglacial periods. Animportant ramification of this
model is that sequence boundaries may indicate gaps
inthestratigraphicrecord, such that substantial periods
of timemay beunrecorded. Thishypothesisissupported
by thefact that short-term sedimentation ratesin modern
glacimarineenvironments may be of the order of metres
per year, yet the long-term average sediment
accumulation ratefor the Miocene section in CRP-1is
21 m/my.
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Thesummary log (Fig. 4) providesaninterpretation of
inferred depositional environmentsin ageneral sense, and
stratigraphic patterns, based on analysisof faciesand their
associations, and taking into account palaeoecological
data available at the time of writing. From these analyses,
acurveshowing theinterpreted relative position of theice
margin has been constructed, and an interpretation of
relative sea-level fluctuations also given.

QUATERNARY ENVIRONMENTS
AND DEPOSITIONALHISTORY

TheQuaternary sectionin CRP-1yielded adiversity of
depositional environments ranging from conditions 1) of
possibleterrestrial exposure during sea-level lowstand, 2)
of glacimarine deposition under the influence of nearby
glacial ice, 3) of deposition under seasonal sea-ice, similar
to today, and 4) of warmer marine temperatures when
carbonatesedi mentsaccumul ated beneath seasthat lacked
sea-ice. At least two cycles of relative sea-level rise and
fall arerecognisedfromthesequencestratigraphicanalysis
(Fig. 4).

The passage of glacial ice across or close to the drill
site is recorded by diamicts, which from their fossil
content areinterpreted to have been deposited in shallow-
marine water. The identification of reworked Pliocene
foraminifersin some samples indicates theincorporation
of ol der glacimarine sedimentsinto the Quaternary record.

H g. 6 - Perspective illustrations of the
palaeoenvironment of the Cape Roberts
area during early Quaternary times
viewed from offshore. Theillustrations
are not to scale to allow marine
environments to be emphasised. The
drilling rigiscircled.

a) Quaternary retreat phase from
expanded ice in Ross Sea while its
grounding line is pinned on Roberts
Ridge and a floating shelf is fed by a
glacier from the ice sheet behind the
mountains. Subglacial till is deposited
ontheridge, withwaterlain till deposited
just beyond thegroundingline and debris

The possibility of non-marine conditions israised by the
identification of an exclusively freshwate: diatom
assemblage at 24.53 and 25.13 mbsf, although the
lithofaciesfrom which these samplesweretaken suggests
amarineenvironment. This, together with therecognition
of Nothofagidites pollen in a diamicton at 21 mbsf, is
suggestive of incorporation of older glacigenic sediments
and their contained fossils into the Quaternary record.

Preservation of marine sands and siltswith little or no
ice-rafted coarsedebris, and the preservation of amodein,
sea-ice diatom assemblage in Unit 2.2 is suggestive of
sediment accumulation under conditionssimilar totoday,
when perhaps a seasonal sea-ice cover developed across
the shallow-marine environment.

In contrast, the bioclastic carbonate sediments of
lithostratigraphic Unit 3. lweredeposited under conditions
that were warmer than today, asindicated by the presence
of the cal careous nannoplankton Thoracosphaerasp. and
thesilicoflagellate genus Dictyocha, and theabsence of a
diatom assemblage that today inhabits the sea-ice
environment. Thisunit hasimportant implications for the
understandingof Quaternary climateand glaciation history.

Modern and presumably Quaternary glaciers in the
McMurdo Sound region are well below freezing in the
upper few hundred metres, but are locally at pressure
melting point wheretheiceisthick. Asaconsequence they
carry unsorted basal debris(typically sand and gravel with
minor mud) in layers metres thick (Barrett et a., 1981).
TheQuaternary sectionof theCRP-1coreisprovisionally

flowsmovediamicts down slopetoward
Mackay Sea Valley.

b) Quaternary interglacial phase with
glaciers almost gone and only rare
icebergs crossing the drill site. A
carbonate-rich epibenthiccommunity is
established on Roberts Ridge.
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interpreted on thesamebasis. An artist's impression of the
depositional setting, in which grounded ice entersthearea
from McMurdo Sound to the south (left) and from the
TAM to the west (via the Mackay valley), is shown in
figure 6a. The cold-ice front of the resulting glacier
complex would be grounded on the south side of therise
and floating on the north side; sediments arising from
interaction of ice with the marine environment are
illustrated. Animpression from the sameviewpoint of the
interglacial period represented by carbonate Unit 3.1 is
shownin figure 6b.

MIOCENE ENVIRONMENTS
AND DEPOSITIONAL HISTORY

A similar cyclicity to that noted above is recorded
within the Miocene section, with seven compl ete and one
partial cycle(s) of relative sea-level changerecognised in
the sequence stratigraphic analysis (Fig. 4). The most
distal facies recorded occursin the lowermost 6 m of the
core, whichfrom palaecomagneticanalysisisalso believed
to have accumulated an order of magnitude more slowly
than other facies. The abrupt base of a diamictite that
overlies thisinterval (Unit 7.1/6.3 boundary: Fig. 4) may
or may not correspond to the “V3/V4” seismic sequence
boundary noted in seismic-reflection records.

Macro- and microfossil assemblagesindicate entirely
marine environments of deposition. The extremes of

environmental fluctuation preservedwithintheQuaternary
record (bioclastic carbonates, freshwater diatom-bearing
sediments) are not represented in the Miocene section.
Nonetheless, significant cyclical fluctuations in
environment, perhapsin proximity toanicefront and/orin
water depth, are recorded in thelithofaciesand associated
macro- and microfossil assemblages. The only positive
evidence for sediment accumulation under grounded ice
has been found in adirectional clastfabricin adiamictite
at 62.64 mbsf. Nonetheless, the sequence stratigraphic
analysis suggests that grounded ice may have passed
across the drill site a number of times, leaving a record
only of glacial retreat and thesubsequent relative sea-level
rise. No mgjor changes in facies assemblage have been
identified withintheMiocenesection,implyingthat similar
variations in environmental conditions prevailed
throughout.

In contrast to the Quaternary, climates of the Miocene
are generaly believed to have been milder. From the
availableevidence,itisdifficult tojudgewhether Miocene
glaciers were polythermal (as in southern Greenland,
Svalbard and parts of the Canadian Arctic) or temperate
(like Alaskaand Patagonia), butfrom theevidenceto hand
an ice cliff, grounded on the seafloor, is the most likely
scenario for glacier termini. The facies associated with
such settings have amuch larger component of fine melt
water-transported sediment (Anderson & Ashley, 1991).
An impression of the ice margin as a temperate or
polythermal ice margin retreatsacrossthe CRP-1 drill site

Hg. 7 - Perspective illustrations of the
palaeoenvironment of the Cape Roberts
areaduring early Miocene times viewed
from offshore. Theillustrationsarenot to
scaleto allow marine environmentstobe
emphasised. Thedrilling rig iscircled.
a) Mioceneglacial advance astemperate
or polythermal glaciers expand out from
the (lower) Transantarctic Mountains
towards the drill site, occasionally
extending beyond. Much of the time the
site accumulated sediment rapidly close
tothegroundinglineof aglacial tidewater
cliff, where sediments include morainal
bands, grounding line fans and iceberg
zone facies associations.

b) Mioceneice in retreat with most ice
gone apart from remnants of valley and
tidewater glaciers. Most sediment is
delivered to the coast by rivers and
distributed by waves and currents. Only
avery small proportion of the debrisis
ice-rafted.
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OXYGEN ISOTOPES
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SEQUENCE ANALYSIS
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isshowninfigure7a. A palacogeography isillustrated in
which glaciers emanated only from the TAM to the west,
coalescing to form a broad, north-south elongate front
along the TAM front, and contributing to the basin-ward
thickening Miocene sequence. The impression shown in
figure7bisof aninterglacial period with virtually noice
but for afew small glaciersand floating bergs - suggested
by sparse but persistent coarse sand and grit scattered
through the Miocene sequence.
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CONCLUSIONS

The following points are seen as the major scientific
findings from CRP-1:

- need for revision of the seismic stratigraphy of the
VictoriaLand Basin. Thediscovery that strata near the
base of V3 are around 8 my younger than expected
indicates the need for a major review of basin
stratigraphy, though thiswill be best undertaken when
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H g. 9- Interpreted seismic profilefor NBP8901-89 (location shown in Miocene Strata, this volume - Fig. 4, section on Regional Setting), showing
CRP-1 and the locations proposed for two further drillholes, each with a target depth of 700 mbsf, to core the entire sequence.
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coring has reached into V5;

- characterisation of variationsinglacial and glacimarine
environments in the early Miocene and Quaternary.
Two different approaches separately indicate around
10 major variationsin ice extent and relative sealevel
through the cored interval;

- identificationof asignificant, relatively warm-climate
facies in the early Quaternary with a rich and varied
calcareous and siliceous biota;

- documentation of newfossil biotasfrom the Antarctic
region (palynomorphs, Thoracosphaera) and
development of abiostratigraphic database for future
usein correlation within and beyond Antarctica;

- documentation of a period (20-22 Ma) not before
recorded from the Victoria Land Basin (Fig. 8).

FUTURE PLANS

With around 10% of the sequence cored the project is
well short of itsobjectives. A further season's drilling has
been planned for under the present budget, and this will
proceed. A number of difficulties were encountered in
both drilling and core retention, most of which relate to
unstabl e hol e conditions to adepth of 100 m. Thedrilling
systemiscurrently under review so asto provideincreased
flexibility for thedrill team to improve recovery and hole
stability.

The next hole to be drilled will begin just above the
oldest stratareached by CRP-I and have a target depth of
700 m (Fig. 9). The value of the holein regional termsis
seen asthe coring of the two oldest sequence boundaries
intheVictoriaLand Basin. For thegoal sof the project this
hole should extend the history recorded by CIROS|
70 km to the south further back in time, and possibly into
the Palaeocene,
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Appendix |

Core Recovery Data for CRP-|

CORE RUNS CORE RECOVERY ROCK TYPE/AGE

RUN DAY TIME START END m sum % cum % (not for quoting-seemain body of report)

1 17 01:30  15.00 15.63 0.00 0.00 0 0 UNIT10.00-19.13m

2 17 03:10 15.63 16.06 043 043 100 93 Run | corcdgrout and2 cored dolerite boulder

3 17 05:20 16.06  19.07 0.10 0.53 3 15

4 17 06:00 19.07 19.57 044 097 88 24  UNIT219.13-31.70 m

5 17 07:44 19.57 22.00 240 337 99 53  Pebbly sandy mud (diamicton) with scattered
6 17 12:00 22.00 25.05 0.67 4.04 22 43  boulders andoccasional muddy volcanic sands
7
8
9
10

17 13:00 25.05 28.13 3.05 7.09 99 57  Deposition from glaciers, marine currents, waves
17 13:00 28.13  31.18 169 878 55 56 Age0-2ny
17 16:40 3118 34.30 310 1188 99 64
17 20:00 3430 36.01 1.48 13.36 87 66 UNIT331.70-33.82m
DRILL 20.38 m REC 13.36m 66% Muddy limestone with small clam shells
11 17 23:00 36.01 36.85 0.25 13.61 30 64  Deposition in shallow water andlittle glacial discharge
12 18 00:20 36.85 39.95 218 1579 70 65 Agel.0-1.8my
13 18 03:20 39.95  40.95 1.40 1719 140 68 UNIT433.82-43.55m
14 18 04:55 40.95 42.35 1.21 18.40 86 69  Pebbly sandy mud (diamicton)
15 18 06:50 42.35 43.45 1.04 19.44 95 70 Deposition fromnearby glaciers
16 18 07:40 4345  45.28 184 2128 101 72 Agel-2my
18 18 15:30  46.10  46.60 132 2260 264 73
19 18 17:30  46.60  48.20 1.36 2396 85 73 UNIT5.1-5.743.55-92.19m
20 18 20:00  48.20 49.30 1.00 2496 91 74 Volcanic fine sandstone at top- mixedsiltstone and
DRILL 13.29 m REC 11.60m 87% sandstonein lower part. Brecciatedin places.
21 18 21:00  49.30 50.70 093 2589 66 74  Deposition in shallow water by marine currents
22 18 23:50 50.70 52.00 0.67 2656 52 73  lIcebergsinitially but iceretreating with time.
23 19 05:00 52.00 53.11 0.80 2736 72 73  AQel7.0-18.5 my 53 m
24 19 07:00 53.11 54.20 0.30 2766 28 72
25 19 12:30  55.00 57.30 230 2996 100 72
26 19 14:15 57.30 59.40 210 3206 100 73
27 19 15:30  59.40 61.25 1.85 3391 100 74
28 19 17:30 61.25 63.50 225 36.16 100 75
DRILL 14.20 m REC 11.20m 79%
29 19 20:40 63.50 65.40 0.50 36.66 26 74
30 19 22:30 6540 66.45 0.95 3761 90 74
31 20 01:15 66.45  68.05 1.60 39.21 100 75
32 20 02:28  68.05 68.78 0.67 39.88 92 75
33 20 04:30 68.78  70.90 1.98 4186 93 76
34 20 06:17 7085  72.92 0.78 4264 38 74
35 20 10:30 7292  73.95 0.52 4316 50 74
36 20 12:20 73.95 74.65 0.52 4368 74 74
37 20 14:30  74.65 76.80 1.97 4565 92 75
38 20 16:00 76.80 78.15 1.33 46.98 99 75 Agel8.5-20.5my a 78m
39 20 17:30 78.15  81.00 285 49.83 100 76
40 20 19:50 81.00 82.80 1.58 51.41 88 77
DRILL 19.30 m REC 15.25m 79%
41 20 21:50 82.80 83.75 0.63 52.04 66 76
42 20 23:30 83.75 84.97 1.22 5326 100 77
43 21 02:00 84.97 87.92 284 56.10 96 78
44 21 03:45 87.92 89.82 1.40 57.50 74 77
45 21 06:17 89.82 91.59 1.40 58.90 79 78 UNITS5.892.19-103.41m
46 21 13:30  91.59 9295 1.01 5991 74 77  Mudstoncwithscatteredpebbles
47 21 13:30 92.95 94.50 145 6136 94 78  Depositionin mod deep water with floating bergs
48 21 17:30 94.50 97.50 297 6433 99 79 Agel8.5-20.5my at99m
49 21 19:30 97.50 100.50 3.03 6736 101 79
DRILL 17.70 m REC 15.95m 90%
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CORE RUNS CORE RECOVERY ROCK TYPE/AGE
RUN DAY TIME START END m sum % cum % (not for quoting-see main body of report)

50 22 21:00 100.50 102 99 244 69.80 98 80
51 22 00:30 102.99 105.42 230 7210 95 80 UNIT6103 41-141.60m
52 22 03:30 105.42 108.56 3.10 75.20 99 81  Pebbly muddy sand (diamictite) with finewell-sorted
53 22 06:00 108.56 111.48 2.88 78.08 99 81 sandstone beds - real “chasers” -at 115-117 m
54 22 09:15 111.48 114.60 3.06 81.14 98 82  Deposition in shallow water with glaciers nearby
55 22 10:45 114.60 116.40 1.80 82.94 100 82
56 22 13:00 116.40 119.00 2.47 85.41 95 83
57 22 18:30 119.00 121.20 2.14 87.55 97 83

DRILL 20.70 m REC 20.19m 98 %
58 22 20:30  121.20 124.15 3.03 90.58 103 83
59 22 23:15 124.15 127.13 2.92 93.50 98 84
60 23 01:45 127.13 129.60 2.44 9594 99 84
61 23 05:15 129.60 132.56 3.00 98.94 101 85
62 23 09:30 13256 135.30 2.84 101.78 104 85
63 23 12:45 135.30 137.65 2.05 103.83 87 85
64 23 15:15 137.65 140.45 2.80 106.63 100 85

DRILL 19.25m REC 19.08 m 99%
65 23 20:27 140.45 143.18 2.29 108.92 84 85 UNIT7.1141.60-147.69m
66 23 23:45 143.18 144.98 1.73 110.65 96 86  Mudstone with lonestones
67 24 02:00 144.98 147.69 2.67 113.32 99 86  Deposition in deeperwater with glaciers more distant

DRILL 7.24m REC 6.69m 2.67 113.3292% Age22-24 my

END OF HOLE

Notes. |') Coring ranfrom October 17 to 24. Timeiswhen theinner tube reached therig floor. 2) Core run limits arcin mbsf (metres bel ow sca floor).
3) Thesummary of each day's coringis madefor 20.00 hoursto coincidewith the12 hourly shift change. 4) Thedescription of rock typeand age were
compiled for immediate reference during the drilling phase.
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Appendix 2

1:20 Core Logs

Thefollowing logs were prepared at Cape Roberts Camp ascale of 1:20. The logs are based on the
working half of thecore. Thestripimagesto theleft of thelogswereacquired at the Drill SiteusingaDMT
line scan camera. The images are derived from the core box images presented in Appendix 3.

Theimage collection system was supplied by DM T-Geotec, Essen, Germany, and subsequent image

processing was completed using CorelDraw 7.

LEGEND FOR
1:20 SCALE LOGS

=  Cape Roberts Project
— sharp contacts
-- graded contacts =
_—— irregular contacts
777
e,

) wispy bedding
= N
= inclined laminationlbedding o
% disturbedichaotic laminationlbedding =
7‘1_]‘ unlaminatedlbedded A
—)em vaguely/poorly laminatedibedded ©
. °

dam

- laminatedlbedded
=——om Q&= Bivaives

cm
==mm well laminatedlbedded
> Echinoids & Forams
; Gastropods

Lone stone

cross-bedding

ripple cross-lamination
soft-sedimentdeformation
(in general)

load casts

clastic dykes

microfaults -

intraformational
gravel

extraformational

traces fossils (general)
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£ CRP 1 Sheet Number 1
antarctica —
Scale 1:20
D o Depth Clay SlltVCSand Gra;vel . Structures o
x |9 Ve 8 Mo of Closts Description
# |© (mbsf) | ?\;ﬁ Bioturoation
LT
15.0 _| _
2 Topmost 15.63m not recovered.
4 — -

Quo

19.0

{

Lol

Unit 1.1 0.00 m to 19.13 in
(?) DIAMICTON

Drilling washed gravel, probably derived from a
diamicton.

A single dolerite boulder was recovered between 15.63
m and 16.03m. A collection of drilling washed pebbles
was recovered between 16.03 m and 19.13m.
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Jﬁn CRP 1 Sheet Number 2
antarctica [

Scale 1:20
Clay Silt Sand Gravel Structures

Description
— B ( Bigfurbation

T
pay

Depth
(mbsf)

# xog
2100

.—.«305

Contact not recovered

19.0 —| Unit21 1913 mt022.00 m.

_‘]9.13 m
Unit 2.1

DIAMICTON

Compact, uncemented, massive, v. poorly sorted,
clast-rich to clast-poor, muddy, diamicton (olive
black, 5Y2/1).

Generally structureless with variation between silty
sand to sandy dianiicton to muddy diamicton, with
muddy diamicton dominant. Graded contacts
between texturally different intervals. Diamicton
varies between clast-rich and clast-poor. Rare sandy
—1 mudstone with dispersed clasts.

Particle sizes range from clay to boulder with mean
— silt tovery finesand. Clastsrange from granulesto
cobbles with mean as pebbles. Subangular to
subrounded. No apparent orientation. Clasts are

—1  dominantly granite and dolerite. 2 - 5% clastsat
19.13mto 19.57 m, 5-45%clasts at 19.57 mto 20.50
ni. 0-1% clasts at 20.50 m to 20.90 m, 1-25% clasts at
20.90 mto 22.00 m. Quartz-rich, volcaniclastic sand
from 19.13 m to 19.57 m. Other sediments contain
about equal proportions of quartz and feldspar with
some glass.

auo

"S" indicates position of fast track sample.

Contact not recovered

2200 |

22.00m — Unit2.2 22.00 mt029.49 m.
Unit 2.2

SAND

Compact, uncemented, structureless, locally
fossiliferous, moderately to poorly sorted, muddy
medium-grained sand (olive black, 5Y2/1).

om)

| | | I
L T Ll )] | 1
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B CRP 1 Sheet Number 3
& Scale 1:20
W Clay Silt Sand Gravel Structures
g 8 Depth v e of Clacts Description
# |®] (mbsf) l a_—.ﬂ é;gﬁ;moﬁon
. L]
23.0 ]
2 -
4 |
6 —
8 -
24.0_ _
2 7 | Contact not recovered
Unit2.2 22.00m t029.49 m

L]

t BR
|

SAND

Compact, uncemented, structureless, locally
fossiliferous, moderately to poorly sorted, muddy
medium-grained sand (olive black, 5¥2/1).

Sand mostly quartz and feldspar with varying
proportions of volcanic glass (up to 30% at 25.30 m).
Some feldspars between 24.55 m and 25.08 m are a
distinctive pink-red.

24.55 m to 25.08 m clast-poor to clast-rich muddy
diamicton, clast concentrationsgrade in and out of
sandy, muddy, pebbly, granule gravel in its middle
section. Bivalvefragment at 24.70 m. Clasts mainly
granite and dolerite. Largest clast 3 cm, no preferred
orientation, 2-35% clasts.

25.08 m to 26.43 m sandy mud. probably moderateto
severe core disturbance, esp. at 25.70 m to 25.90 m.
Structurelessexcept for "flow" structures and mud
clasts" that appear to be coring-induced.

26.50 mto 27.15 m, moderately fossiliferous with
shell fragments including bivalves, foraminifera and
barnacle plates. Gradational contact with overlying
sand. Another similar interval 27.95m t0 27.96 m.




1:20 Core Logs 145

ﬁ”‘?«‘ Sheet Number 4
- CRP-1 Scale 1:20
Clay Silt Sand Gravel Structures

' o ) .
5 % No. of Clasts Description
Bioturbati
T

T TTT
1 é‘:}l

270 |

Depttr
(mbsf)

# Xod
210D

Unit 2.2 22.00 m to 29.49 m (cont)

SAND

Compact, uncemented, structureless, localy
— fossiliferous, moderately to poorly sorted, muddy
medium-grained sand (olive black, 5Y2/1).

— Sand mostly quartz and feldspar with varying
proportions of volcanic glass (up to 30% at 25.30 n1).
Some feldspars between 24.55 m and 25.08 m are a
_| distinctive pink-red.

26.50m to 27.15 m, moderately fossiliferous with
shell fragmentsincluding bivalves, forams, and
barnacle plates. Gradational contact with overlying
sand. A similar interval 27.95 m to 27.96 m

2 —
4 — .
Contact not recovered
6 — | Unit2.3 29.49 m to 31.89 m.
g _ ‘ _| DIAMICTON

Compact, uncemented, massive, poorly tovery
29 m poorly sorted, clast-poor to elast-rich, muddy to
- sandy diamicton (olive black, 5¥2/1).

Diamicton grades into and out of pebbly sand and

= 2 — sandy mud to silty sand, and muddy granule gravel
@ No distinctive internal structures.
0]
4 —1 Clasts: granulesto medium pebbles (6 mm). average
29.49 granules to small pebbles, subangular to subrounded,

Unit 2.3 no preferred orientation. Mainly granitic and dolerite
— 1 but some weakly indurated sandstone (?not Beacon),

either volcaniclastic (29.63 m, 29.69 m) or quartz

litharenite (30.80 m), rare pink (?)granite granules.

Sand mostly quartz and feldspar with local high
concentrationsof rock fragments (granitic and
volcanic). Some feldspar is pink-red, volcanic glass
with bubble wall shards locally abundant (up to 25%
at 31.50 m). Quartz and feldspar subangular to
subrounded. Minor fossil fragments, coarseto very
— coarsesand size at 3032 m. 31.35m, 31.65 m.

29.49 m to 29.84 m, muddy sandy gravel to clast-rich
— sandy diamicton, 10-55% clasts.

29.84 in t0 30.54 m muddy sand with dispersed clasts
| toclast-poor sandy diamicton, 1-5% clasts.

30.54 m to 30.84 m clast-rich muddy diamicton to
sandy muddy granule gravel, 5-50% clasts.

30.84 m to 30.91 m, clast-poor muddy diamicton. 2%
clasts.

30.91 m to 31.70 m disturbed by drilling, volcanic
1 Lyl | sandy mud to clayey sand.
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& CRP-1

Sheet Number 5

Scale 1:20

# Xog

8100

Depth
(mbsf)

Clay Silt Sand Gravel

g .
D rNo. of Clasts
Bicturbxation
i

Structures

Description

nm

L]
] é‘31

i
E

31.89

Unit 3.1 T

ok o]
&

A

=

3.82
Jnit4.1

Unit 2.3 29.49 m to 31.89 m (cont).
DIAMICTON

Compact, uncemented, massive, poorly to very
poorly sorted, clast-poor to clast-rich, muddy to
sandy diamicton (olive black, 5Y2/1).

Diamicton grades into and out of pebbly sand and
sandy mud to silty sand, and muddy granule gravel.
No distinctive internal structures. Clasts: granules to
medium pebbles (6 mm). average granulesto small
pebbles, subangular to subrounded, no preferred
orientation. Mainly granitic and dolerite but some
weakly indurated sandstone (?not Beacon), either
volcaniclastic (29.63 m, 29.69 m) or quartz litharenite
(30.80 my, rare pink (?)granitegranules. Sand mostly
quartz and feldspar with loca high concentrations of
rock fragments (granitic and volcanic). Some feldspar
is pink-red, volcanic glass with bubble wall shards
locally abundant (up to 25% at 31.50 m). Quartz and
feldspar subangular to subrounded. Minor fossil
fragments, coarseto very coarse sand sizeat 30.32 m.
31.35m. 31.65 m.

31.09 mto 31.70 m. Volcaniclastic sandy mud to
clayey sand, disturbed by drilling.

31.70mto 31.82 m, clast-rich sandy diamicton,
massive. 15% clasts.

31.82mto 31.89 m, clast-rich sandy diamicton. very
fossiliferous. 15% clasts..

Sharp contact
Unit3.1 31.89 m t033.82 m.

MUDDY PACKSTONE

Compact, uncemented (?), weakly stratified highly
fossiliferous poorly sorted, muddy gravelly sand
green-grey to olive-grey 5GY6/1 to 5Y4)

Weakly thin to medium bedded with local low dips of
1 to 2 degrees. Contacts between beds vary from sharp
to gradational. Some gradation may be dueto minor
bioturbation. Two horizons 32.60 m and 32.65 m are
muddier (5Y4/1).

Stratification due to variation in fossil content. Shell
hash mainly macrofossils including bivalves,
gastropods, bryozoans (dominant), sponge spicules,
echinoderm spines, serpulid worms, barnacles, but
also foraniinifera. Clasts range from granulesto
cobbles, average small to medium pebbles. Angular to
subrounded. concentrations vary from 0-75%, average
1-5%, no preferred orientation, lithologies include
fine-grained dolerite (dominant). granite (some pink),
green mudstone at 33.89 m and scattered volcanics.
31.89m t0 32.99in, biogenic calcareous sand. 3%
clasts, decrease down.

32.89 m t0 33.15 m, sandy muddy gravel; to clast-rich
sandy diamicton, poorly fossiliferous.

33.15mto 33.30 m, clast-rich sandy diamicton, very
fossiliferous, 10% clasts..

33.30 m to 33.82 m, calcareous sandy mud, highly
fossiliferous, with dispersed clasts up to 3%.

Unit 4.1 33.82 m to 43.55 m see over page.
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s CRP-1 Sheet Number 6
Scale 1:20

Depth Clay SiltvSand Gravel Structures N

(mbsf) | Eﬁ I } ﬁl% (Noéig{y%%sﬁgn Description

T TY
T

# xog
2100

Unit 41 33.82in t043.55 in (cont)

1 DIAMICTON

Compact, uncemented, structureless,

—1 unfossiliferous, very poorly sorted. clast-poor to
clast-rich muddy to sandy diamicton (olive-grey to
olive-black 5Y4/1 to 51211).

Generally bedded diamicton with gradati onal contacts
and somelocal gravel. Clasts range up to 6 cm but
averageis small pebble. Pebble concentrations range
up to 80% in gravel and 1-40% in diamicton average
3-5% no preferred orientation, angular to rounded
(average subangular to subrounded). Clasts above
35.06 ni arc polymict with volcaniclastic sandstone,
pink granite, grey granite, green mudstone and
dolerite. Below. clasts dominated by black
volcaniclastic sandstone, with coarse-grained igneous
and metamorphics, dolerite and pink granite. 36.60m
to 38.10 m clasts are mainly volcaniclastic sandstone
— and minor black sandstone, volcanics, pitik granite.
The clasts other than volcaniclastic sandstone are
generally finer (granule or small pebble). Mineralogy:
— quartz 35%, feldspar 15%, rock fragments (mainly
volcanic) 7%. volcanic glass (including shards) 3%,
clay 30%.

. | 33.82mt034.22 m sandy mud with dispersed clasts
(1%)..

34.22m to 34.80 m sandy muddy gravel (<§0%
clasts)..

] 34.80mt035.06m clast-rich muddy diamicton.

35.06 m to 36.01 m: clast-poor muddy diamicton (30%
~1 dasts).

37.47 m to 38.10 m clast-poor muddy diamicton
grading down to clast-rich muddy diamicton, grading
down to sandy muddy gravel.
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ST CRP 1 Sheet Number 7
antarctica -
Scale 1:20
v3] Clay Silt Sand Gravel Structures
%t: %) ?egt:) £ | B No.of Classs Description
R mbs 3 i
| ﬁ;ﬁ 1 IWB:(ftlurbcion
g Unit 41 33.82m to 4355 ni (cont)

39.0_]

2 |

- e

C e

L]

DIAMICTON

Compact, uncemented, structureless,
unfossiliferous, very poorly sorted, clast-poor to
clast-rich muddy to sandy diamicton (olive-grey to
olive-black 5Y4/1 to 51211).

Generally bedded diamicton with gradational contacts
and some local gravel. Clasts range up to 6 cm but
average is small pebble. Pebble concentrations range
up to 80% in gravel and 1-40% in diamicton average
3-5%. No preferred orientation, angular to rounded
(average subangular to subrounded). Clasts above
35.06 m are polymict with volcaniclastic sandstone,
pink granite, grey granite, green mudstone and
dolerite. Below, clasts dominated by black
volcaniclastic sandstone, with coarse-grained igneous
and metamorphics, dolerite and pink granite. 36.60 m
to 38.10 m clasts are mainly volcaniclastic sandstone
and minor black sandstone, volcanics, pink granitc.
The clasts other than volcanic sandstone are generally
finer (granule or small pebble).

39.10 mto 40.10 m texture varies throughout between
sandy mud, sandy mud with dispersed clasts,. clast-
poor muddy diamicton, clast-rich muddy diarnicton.
and sandy muddy gravel, al massive with graded
contacts. Granitic clasts at 39.42mand 39.72 m, 2cm
volcanic mudstone clast at 39.27 m. Clast
concentrations vary' from 1% to 80%.

40.10 in t0 41.95 in sandy mud with dispersed clasts.
clast-poor muddy diarnicton, clast-richmuddy
diamicton, sandy muddy gravel (40.90 m to 40.95 m)
Clast concentrations vary from 1% to 90%.

41.95 m to 42.72 m clast-poor muddy diamicton (2%
clasts).

42.72 m 10 43.05 m clast-rich muddy diamicton (20%
clasts).

Fossil fragmentsat 40.59m, 40.85 m 41.52 m, 42.64
m.

Note: 40.10 m to 41.95 m core very brecciated. Some
intervals 40.40 mt040.60 m, 41.05mto 41.25 m,
41.60 m to 41.80 m are most probably
intraformational breccias with angular to subroundcd
clasts up to medium pebble size with random
orientation. Clasts are compact but matrix of same
composition is soft. [ntraformational clasts arc shown
between 40.40 m and 40.60 m, these are not shown in
other intervals as they may be drilling breccia.
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2 CRP-1 Sheet Number 8

antarctica —

L2 Scale1:20
D | 0| Depth |ClaY S”’EVCSand Gravel Structures -
o % bsf & (— B “No.of Closts Description
* (mbsf) | {,f%ﬂ ’—ﬂ% Bigfurbation

%HHSL !3(%
43.0_J B

— Contact not recovered.

43.55

Unit 514355 m to53.70m

Unit5.1 =1 SANDSTONE

Lithified, uncemented, unstratified, fossil-bearing,
moderateto well sorted, fine-grained voleaniclastic
sandstone (black to olive black, N1 to5y2/1).

—1 Appearsto have been brecciated insitu with breccia
clasts 'fitted'. Degree of brecciation varies from 50%
to 100% and breccia clasts range from granule to

— small pebblesize up to 7 cm long and angutlar.

43.05m to 43.25 m pebbly fine-grained sand, 1%
clasts.

43.25 mto 43.28 m brecciated fine-grained sand.

43.28 m t0 43.41 m fine-grained volcanieastic
sandstone with fine sand clasts (5Y5/2).

43.41 m to 43.55 m drilling washed gravel.

45.55m to 48.14 m. Primary, structures reserved

rarely in breccia clasts, wispy lamination, rare weak

I — parallél lamination, rarc micro-loads, bioturbation
with some distinctive burrows several centimetres

%

I (=) -5 long, some horizonontal, others appear as mottling.
—1 Fossil molluscsat 46.08 mto 46.15m, a least 5
individuals. Granitic clast at 45.54 m.

%

43.55 m t0 45.28m. Fill in fractures is fiie-grained
sandstone (5YR2/1).

_ | Mineralogy: quartz 30%, feldspar 10%. volcanic rock
l fragments 25%, volcanic glass 15%, clay 15%, trace
quantities of diatoms, spicules and (?) foraminifera.

| ==) ~1 IFossil fragments and shell debrisat 44.63 m, 44.68 m,
44.79m, 44.84 m, 44.87 m, 45.16 m.
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A@ﬁ CRP 1 Sheet Number 9
ai B Scale 1:20

w Clay Silt Sand Gravel Structures
g c 8 No. of Clasts Description
ﬁ ’Tﬂ% IIIIII Bgt_’urbohon
AR AR RN
18 3
A Unit 5.1 43.55 m t0 53.70 m {cont)
(o) SANDSTONE

— Litliified, uncemented, unstratified, fossil-bearing,
moderate to well sorted, fine-grained voleaniclastic
sandstone (black to olive black, N1 to 5Y2/1).

Appearsto have been brecciated in sifu with breccia
&& clasts fitted. Degree of brecciation variesfrom 50%
to 100% and breccia clasts range from granule to
small pebble size, upto 7 cm long and angular.

45.55 m to 48.14 m. Primary, structures rarely
preserved in breccia clasts, wispy lamination, rarc
weak parallel lamination, rare micro-loads,

—1 bioturbation with some distinctive burrows several

v centimetres|ong, some horizonontal, others appear as
mottling. Fossil molluscs at 46.08mto 46.15 m, a
— least 5 individuas, graniticclast at 45.54 m.

48.14 m to 50.23 m poorly sorted sandy mudstone,
_1 grades down from the sandstone with similar colour
and composition. Burrowed and brecciated in a
similar way to the overlying sandstone.

aulu

| . | el
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CRP 1 Sheet Number 10
Scale 1:20
D o] Depth Clay St Sand Gravel Structures
g 0 ST T8 o of Clasts Description
m . H
# |®| (mbsf) L :}T]I | I‘ | irﬂ% Bioturtnetion
Iy "
1 31
Unit 5.1 43.55m t053.70 m (cont)
51.0] — SANDSTONE
Lithified, uncemented, unstratified, fossil-bearing
2 — moderate towell sorted, fine-grained volcaniclastic
sandstone(black to olive black, N1 to 5Y2/1).
o ]
%V e
| 51.33int052.00 m and 52.31 mto 52.64 m intervals of|
-] > drilling washed gravel of sand lithology as siltstone of
5 Py Unit 5.1 with rare extraformational clasts of granite and
D - e | ()voleaniclastic sandstone.
' 52.64 mto 53.11 m clayey siltstone (5Y3/1) slight to
moderate bioturbation.

53.30 m to 53.70 m moderately sorted siltstone (5Y4/1),
slight to moderate bioturbation.

Sharp contact
—1 Unit52 53.70m to61.51 m

INTERBEDDED SILTSTONE, DIAMICTITE,
)cm&__ BRECCIA

Lithified, uncemented, medium bedded, fossil-
bearing, poorly tovery poorly sorted, siltstone,
siltstone with dispersed clasts and muddy diamictite
(5Y2/1 t0 5G/21).

| =
53.70
Unit 5.2

1 Alternating beds of siltstone, mudstone with dispersed
@97 clasts, very fine sandstone with very rare dispersed

clasts, and interstratified diamictite mudstone and
— sandstone. Slight to moderate bioturbation. Mineralogy:
quartz 35%, feldspar 15%, rock fragments 5%, rare
amphiboles, pyroxenes and diatoms.

l 53.70 mto 55.00 m clayey siltstone, clayey siltstone
‘with dispersed clasts, clast poor muddy diamictite.

i [ |
i I L 1 [ . {
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L) Unit 5.2 53.70 m to 61.65 in (cont)
1
550_ —1 INTERBEDDED SILTSTONE, DIAMICTITE,
— BRECCIA
[©]
=

[

L]l

|

Lithified, uncemented, medium bedded, fossil-
bearing, poorly to very poorly sorted, siltsone,
siltstone with dispersed clasts and muddy
diamictite(5Y2/1 to 5G/21).

Alternating beds of siltstone, mudstone with dispersed
clasts, very fine sandstone with very rare dispersed
clasts, and interstartified diamictite, mudstonc and
sandstone. Slight to moderate bi oturbation.
Mineralogy: quartz 35%, feldspar 15%, rock
fragments 5%, rare amphiboles, pyroxenes and
diatoms,

55.21 mto 55.33 mlonestone, cobble size in thin
interbeds of massive muddy sandstone, sandy clast-
rich diamictite and thinly laminated very fine-grained
sandstone, siltstone, very coarse-grained sandstone
with granule lonestones. Contacts between beds arc
sharp. Small microfault through interbeds assocaited
with large cobble lonestone. Clasts 4% in gravelly
sand and diamictite.

55.33 m to 55.85 m thin interbeds (1 cm) muddy fine
sandstone with dispersed coarse to very coarse grains
with dispersed granules, small pebbles and lonestones
(? with deformed strata below) and clast-poor sandy
diamictite inclined at 1-2 degrees.

55.85 mto 56.06 m clayey siltstone breccia.
Below 56.06 m wispy lamination is rare to common.

56.10 m to 56.49 m clayey siltstone

56.51 m to 57.56 m silty claystone with mottling by
burrows common to moderate.

56.93mt0 56.98 m siity claystone conglomerate
(intraformational).

57.56 m to 58.56 m clayey siltstone

57.56 m to 57.83 m mm-scal e bioturbation, wispy
|amination.

57.59m, 57.83 m, 58.17 m, 58.40 m, fine to very fine
sandstone laminae.

57.83mto 59.58 m coarse siltstone with rare
mudstone clasts at 58.88 m, 59.25 m, 59.27 m. Weakly
bioturbated. Rare wispy laminae. (5Y2/1)
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|]|1|| 131{
Sub-unit 2.2 53.70 mto 61.46 m

9.0_
5 T ] NIERBECDED SILTSTONE, DIAMICTITE, BRECCIA
T Lithified, uncemented, medium bedded, fossii-bearing,pooriy to
2 om0 | very pooriy sorted, silfsone, siltstone with dispersed clasts and muddy
o -¢ ] diamictite (5Y2/1 to 56/21).

4 T T Alternating beds of siltstone, mudstone with dispersed ciasts, very
fine sandstone with very rare dispersed clasts, and interstartified

_ i diamictite, mudstone and sandstone. Slight to moderate

6 _ _| bioturbation. Mineralogy: quartz 35%, feldspar 15%, rock fragment

5% *?*, rare amphlboles, pyroxenes and diatoms.

8 L 57.83 m to 59.58 m Coarse siitstone with rare mudstone ciasts at
58.88 m, 59.25m, 59.27 m. Weakly bioturbated. Rare wispy laminae:.

DR I & (BY2/1)

e 59.78 m to 60.37 m very pooriy sorted silly fine sandstone with
Tors T medium to coarse sandstone grains (5Y2/1) with parallel laminated
2 ol - very fine sandstone ciasts at 60.00 m, 60.34m, 60.36 m.

aA[aM]

I 60.37 mto 60.47 m Soft sedimentdeformed, disrupted, brecciated,
T —} fine sandstone, with grey fine sandstone as matrix.

¢ 60.47 to 60.56 m sandstone breccia of fine sandstone (5Y4/1) clasts
—  with 40% medium sandstone matrix (5Y2/1).

59.94 m disecrete horizontal burrow,

— 60.56 m to 60.64 m poorly sorted fine sandstone with scatteredvery
coarse sand.

60.64 m to 60.76 m medium sandstonebreccia clasts in fine

—| sandstone matrix.

60.76 m to 60.80 m fine sandstone, poorly sorted.

60.80 m to 60.96 m medium sandstone.

— 60.96 m to 61.14 m fine sandstone, poorly sorted.

Contact not recovered

| 65157 SubUnit 3.1 61.46 m to 63.20m

Unit 5.3
f?{ G4 —| DIAMICTIE

= Lithified, uncemented, medium thick bedded, fossil-bearing, very
— poorly sorted, clast-rich to clast-poor sandy diamictite (olive-black,
5Y2/1).

— Interbeddedsiltstone with scattered granules, poorly sorted fine
% sandstone, muddy sandstone with dispersedciasts and muddy sanch
conglomerate.

61.46 mto 61.51 m siitstone with scattered granules to small pebbles
(pinkgranite, doierite) Fine sandstone lens (5Y5/2) with sharp contact;,
1 0.5cm thick, intraciast of sandstone just above iens in siitstone.

61.51 m to 61.69 m sandy clast-rich diamictite. Clasts rounded to
1 subangularwith random orientation, pink granite, fine grained doierite,
?volcanics, and deformedsiltstone clasts,

useyIL

1 61.69 m to 61.82 m Poorly sorted fine sandstone with muddy matrix,
ToD 2 cm soft sedimentmudstone clasts

...next page.

L Ll 1
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66.30

63.0

Cc
| 2:1 | [Té | Bioturbation

. |
) 63.20

Unit 5.4

|

e M
s
)

*

Unit 5.3 61.46 m to 63.20 m (cont)
DIAMICTITE

Lithified, uncemented, medium thick bedded,
fossil-bearing, very poorly sorted, clast-rich to
clast-poor sandy diamictiteolive-black 5¥2/1

Interbedded siltstone with scattered granules, poorly
sorted fine sandstone, muddy sandstonewith dispersed
clasts and muddy sandy conglomerate.

61.82 mto 62.82 m interbedded muddy sandstone
with dispersed clasts, diamictite, and conglomerate.

62.82 m to 62.90 m fine sandstone.

62.90 m to 63.02 m fine sandstone with dispersed
granules, 4% clasts.

63.07 to 63.20 m clast-rich sandy diamictite 35%
clasts.

Clasts: granulesto medium pebbles with average
small pebble/granule. Angular to rounded with
average subrounded, no preferred orientation clast
concentrations range from 1-60% but mostly <5%.
Clastsinclude dolerite, fine-grained dolerite, grey
granite, pink granite, black mudstone, red volcanics,
black volcanics, green-grey mudstone, and ? black
organic fragments. Mineralogy at 61.77 m: quartz
35%, feldspar 18% (altered), volcanic rock fragments
15%, volcanic glass 10%, clay 20%. Bivalveshell
fragments at 61.51 m and 62.12 m.

Sharp contact,
Unit5.4 63.20 mto70.28 m
SANDSTONE

Lithified, uncemented, structurelessto stratified,
fossil-bearing, poorly sorted silty sandstone (olive-
black to olivegrey, 5Y2/1 - 5§Y4/1). The unit
coarsens upwards from siltstone.

Mineralogy: quartz 30%, feldspar 12%, rock
fragments 6%, volcanic glass 4%, clay 40%.

63.20 m to 63.50 m parallel and cross laminated
64.90 m to 65.40 m homogenised by drilling

65.50m to 66.30 m pardlel laminated and low angle
(to 4 degrees) cross bedding with intervals of soft
sediment deformation 65.85m to 65.90 m, 65.97 m to
66.02 m, 66.05 m to 66.10 m, 66.20 m to 66.25 m.
66.30 m to 66.90 m fining upwards units from muddy
fine sandstone to very fine muddy sand, bioturbated at
top.
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Unit54 63.20 m to 70.28 m (cont)

# Xog

m % B SANDSTONE
Lithified, uncemented, structureless to stratified,
fossil-bearing, poorly sorted silty sandstone (olive-
&& — black to olive grey, 5Y2/1 - 5Y4/1). The unit coarsens

up from siltstone.

—] 66.27 m t0 66.55 m massive very fineto fine sandstone.
66.55 in to 66.75 m moderately bioturbated (mottled)
fine sandstone.

66.75m to 67.27 in poorly sorted silty fine sandstone
reapcated intervals of soft sediment deformation.
67.27 mto 67.40 m silty fine sandstone, poorly sorted.
67.40mto 67.71 m silty claystone.

67.71mto 68.26 msilty fine sandstone, bioturbated
above 67.40 m, drilling homogenised below 68.05 m.
Between 67.71 m and 68.05 m, five repetitions of fine
—1 lamination with gradation down to deformed laminated
thin beds with sharp base.

68.26 m to 68.78 m silty sandstone, poorly sorted,

—  wesakly laminated, bioturbated, insitu breccia
68.92mt0 69.20 m silty sandstone small pebble
conglomerate, intraformational, rounded clasts low
(:) mm —{ matrix content.

69.20 m to 69.35 m silty sandstone, poorly sorted,
weakly laminated but bioturbated, breccia.

69.35m to 69.57 siity sandstone small pebble
conglomerate, intraformational, rounded clasts low
matrix content.

69.57 mto 69.94 msilty claystone.

69.94 mto 70.10 minterstratified very thin beds of
olive-black to olive-grey (5 mm - 20 mm thick) with
black very finelaminae (1-2 grainsthick). Lenticular to
—1 laterally continuous but soft sediment deformation
common. Microfault at 69.98 m. Contact loading;
contacts between laminae sharp or gradational over <1
—  mm. Dip of 20 degrees. One claystone lamina.

70.10 m to 70.28 m deformed siltstone with contorted
laminae and weak brecciation.

D3

| —
4—-—-‘%—-——>
|

—

68.35

Sharp deformed contact.

Unit5.5 70.28 mto78.85 m.
SANDSTONE and CLAY STONE
Lithified to soft, uncemented,

penecontemporaneously deformed, laminated,
poorly sorted fine-grained sandstone (olive-black,

—h NI 5Y2/1), grading down into silty claystone (greenish
(‘:Dp /20° grey 5GY4/1).
% n — Mineralogy: quartz 35% , feldspar 13%, rock fragments

70.28 6%, volcanic glass 3%, clay 10-55%. Clasts throughout
Unit 5.5 this sub-unit very angular to subrounded, maximum size
— issmal pebbles, but commonly granulesize. No
preferred orientation. dolerite, fine-grained dolerite,
volcanic glass (black at 76.10 m) and red and black
basalt (75.00 mto 75.26 m), green mudstone and quartz

4—\\»

70.28 mto 70.68 msilty fine sandstone, syn-
depositional to early post-depositional deformation,
contorted laminae.

70.68m to 70.90 m more intensely deformed. Partial
homogenisation by drilling (compact).

<—§>}—>

. t 1 !
L b ] ) bl L]l
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Unit55 70.28 m to 78.85 m (cont)
71.0_ — SANDSTONE and CLAYSTONE
Lithified to soft, uncemented,

2 —1 penecontemporanecously deformed, laminated,
poorly sorted fine-grained sandstone (olive-black,
5Y2/1) and claystone.

4 — —

6 —

8 — —

72.0 |
=h
&F 2 -
() 72.14m to 72.52m homogenised by drilling (soft).
oo
| 72.54mto 72.68m "massive’ may be drill deformed.
:) om
| 72.68mto 72.71 mvery weakly bedded sandstone
and siltstone.
] 72.68mto 72.87m "massive" may be drill deformed.
72.87mto 72.92m interlaminated black sandstone
—7 and siltstone, with sharp contacts.
2 — —

73.43m to 73.95 m homogenised by drilling

74.13 mto 74.51 msilty fine sandstone, with isolated
— dispersed clasts (pebble size). Original sandstone-
siltstone laminae now plastically deformed and
partially homogenised.

74.51sharp contact
74.51 mto 75.65 m silty sandstone with dispersed

clasts, pebble size. Bioturbated, gradation over
decimetres to clayey siltstone.

| Lyl
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L ’ Unit 5.5 70.28 m to 78.85 m (cont)
75'04. — SANDSTONE and CLAYSTONE

Lithified to soft, uncemented,
penecontemporaneously deformed, |laminated,
poorly sorted fine-grained sandstone (olive-black,
5Y2/1) and claystone.

74.51 m to 75.65 m silty sandstone with dispersed
clasts, pebble size. Bioturbated, gradation over
decimetres to clayey siltstone clasts <1%.

75.65mto 77.22m clayey siltstonewith local
concentrations of dispersed clasts (<1% average, up to
3%)..

77.22mto 78.70m silty claystone, greenish grey
(5GY4/1) with simple burrows (1 discrete at 77.64 m).

78.70mto 78.74 m silty very fine to fine sandstone,
dark green-grey. Drilling disturbed.

78.70m to 78.78 msilty claystone

78.78m to 78.85 m clayey fine to medium sandstone
with dispersed clasts (4% ) that decrease in number
upwards, as does the sand.

Sharp contact
Unit 5.6 78.85 m t081.16 m.
SANDSTONE DIAMICTITE, and SILTSTONE

Lithified, uncemented, medium bedded,
unfossiliferous, moderately to very poorly sorted,
clast-rich sandy diamictite, fine to very fine
sandstone and siltstone (olive-black, 5Y2/1).

Mineralogy: quartz 36%, feldspar 11%, rock
fragments 12%, volcanic glass 2%, clay 29%.

78.85mt0 79.25m clast-rich sandy diamictite,
(5Y2/1), very poorly sorted grades up by losing matrix
to asmall pebble to granule conglomerate below
upper contact. Diffuse sandstone laminae at 79.10 m
t0 79.20m. Concentration of granules and coarse sand
a 78.85m. Clasts include, granites (large clasts), fine
grained dolerites, pink granite, coarsesand grains and
quartz.
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T TTY
1 f‘)—31

81.16

WUnit 5.7

Unit 56 78.85 mt0o81.16 m (cont)
SANDSTONE, DIAMICTITE, and SILTSTONE

Lithified, uncemented, medium bedded,
unfossiliferous, moderately to very poorly sorted,
clast-rich sandy diamictite, fine to very fine
sandstone and siltstone (olive-black, 5Y2/1).

78.85int0 79.25 m clast-rich (10%) sandy diamictite,
(5Y2/1), very poorly sorted grades up by losing matrix
to asmall pebbleto granule conglomerate below
upper contact. Diffuse sandstone laminae at 79.10 m
to 79.20 m. Concentration of granules and coarse sand
a 78.85 m. Clasts include, granites (large clasts), fine
grained dolerites, pink granite, coarse sand grains and
quartz.

79.25 mto 79.54 m. silty very fine sandstone with
dispersed clasts (<1%, < 3 mm) and faint lamine.
79.25 m to 79.43 m soft sediment deformed |aminae.
79.43 m to 79.48 m massive medium sandstone.
79.48 mto 79.54 m silty very fine sandstone with
dispersed clasts (<1%) and faint laminae.

79.54mto 79.75 m intraformational conglomerate of
silty fine sandstone clasts average 7-10 mm, rounded
with 70% clasts.

79.95 m to 80.00 m silty fine sandstone with wispy
laminae, possibly brecciated.

80.00 m to 80.35 m silty fine sandstone, bioturbated.
80.33 m to 80.57 m very fine sandstoneolive grey,
brecciated, but with black clasts of mudstone.

80.57 m to 81.16 m dolertie boulder.

Sharp contact.
Unit 57 81.16 mt092.19 m.
SILTSTONE and SANDSTONE

Lithified, uncemented, medium bedded,
unfossiliferous, poorly sorted, siltstone and silty
very fine sandstone (olive-black to grey -green,
5Y4/1 - 5Y2/1).

Mineralogy: quartz 38%, feldspar 13%, rock
fragments 11%, volcanic glass 2 %, clay 22%.

81.16 mto 81.48 m brecciated siltstone

81.48 m to 81.53 m Intraformational conglomerate of
siltstone clasts, clasts rounded up to 5-7 mm.

81.53 m to 81.83 m siltstone breccia with
intraformational conglomerate (7).

81.83 m to 81.95 m massive siltstone.

81.95m to 82.12 m brecciated siltstone.

82.12m to 82.25 m massive siltstone.

82.25m to 82.37 m intraformational conglomerate, of
silty very fine sandstone clasts, rounded to angular to
3cm.

82.37 m to 82.55 m brecciated silty very fine
sandstone.

82.55 m to 82.64 m intraformational conglomerate of
silty very fine sandstone.
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Unit 57 81.16 m t092.19 m (cont).
83 0 SILTSTONE and SANDSTONE
Lithified, uncemented, medium bedded,
unfossiliferous, poorly sorted, siltstone and silty

— very fine sandstone (olive-black to grey -green,
5Y4/1 - 5Y2/1).

usayybia

83.12m t0 83.70 m silty very fine sandstone, varying
in degrees through interval, clasts of very fine grained
dolerite. Grades down to clayey siltstone (5Y4/1) -
5Y2/1), (83.70in to 84.06 m brecciated).

84.06in to 84.55 m massive, dightly fractured
84.55 m to 84.70 m brecciated, angular claststo 4 cm.
l —i 8470 mto84.97 m brecciated

85.08 m to 85.85 m structureless with very fine
—1  bioturbation. Clasts at 85.28 m (mudstone) and 85.49
m (dolerite).

— 85.85mto85.90 m medium sandstone (olive-black)
massive with some soft sediment deformation in
bioturbated contact with sandstone below which is
5Y4/1.

85.90 m to 87.29 m silty fine sandstone (olive-grey)
with sharp lower contact and finely bioturbated.
Dispersed clasts (<1%) at 86.20 m (dolerite), 86.22m
(dolerite), 86.54 m (granite), 86.57 m (dolerite).

—1 Bivalve shell at 85.93 m, 87.24m, 87.30 m.

ugajoulu

P
=
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1 31 Unit5.7 81.16 mt092.19 m (cont)
87.0_| N SILTSTONE and SANDSTONE
‘e Lithified, uncemented, medium bedded,
unfossiliferous, poorly sorted, siltstone and silty
2 — very finesandstone (olive-black to grey -green,
| 5Y4/1 - 5Y2/1).

4 — —

Bivalveshells at 85.93m, 87.24 m, 87.30 m.

6 _| 1&‘7 | 87.29 mto 87.31 m, medium sandstone, black,
moderately sorted, massive (5Y2/1), grading down to
very finelight olive grey sandstone (ash?).

8 — 1 87.78 mto 87.92 mand 88.54 mto 88.42 m soft fine
sandstone homogenised by drilling.

880— —1 88.54 mto 89.82 m moderately sorted sandstone
grading gradually down from fine to coarse sandstone,

9 structureless, olive black (5Y2/1).

T 90.19m to 90.20 m coarse sandstone, taken as bottom
of aboveinterval.

4 —
90.20m to 90.89 m fining upwards sandstone, from
medium fine grained with scattered granules at base,

6 | moderate sorting, structureless (but may be drilling
- disturbance). Clasts dolerite and quartz.

z | 8 _ -

3 |

= | 89.0 _

<

2 —

4 —

6 — —

8 - |

90.0 .
= I
CED —mmtoem  —]
=
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<
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3
()

i

| 1 |
[




1:20 Core Logs 161

CRP-1 Sheet Number 20
Scale 1:20
éu 0| Depth Clay SiItVCSand Gre;vel A Structure Deserintion
% 0] (mbsf) i @fﬁ !]—[ﬁ 8 [Muchimaron - P
e Unit 5.7 81.16 m t0 92,19 m (conf)
| SILTSTONE and SANDSTONE

Lithified, uncemented, medium bedded,
unfossiliferous, poorly sorted, siltstoneand silty
— very finesandstone (olive-black togrey -green,
5Y4/1-5Y2

— 90.89mt091.13m, 91.13mt091.21 m, 91.21 mto
91.37m, 91.37 mt0 91.43 m, 91.43 mto 91.4;5 m,
91.45mt091.52mand 91.52 mto 91.59 m, repeated
fining upward cycles coarseto fine sandstone,
moderate to well sorted, 5Y2/1, coarsegrains are
quartz-rich, finer grains are dark (lithics?).

91.94 m to 92.01 m fine sandstone with lenses of very

fine sandstone.
1 92.01 mto 92.05mfining upward coarseto fine
L sandstone.
92.19 92.95m to 92.19 m fining upwards very coase to very
Onit 5.8 —t fine sandstonewith small pebbles at base (4%)
I Sharp contact

Unit 5.8 92.19m t0103.41 m

_ | MUDSTONE

I Lithified, uncemented, massive, fossil-bearirig,
poorly sorted siltstone and mudstone with scalter ed
pebbles, (olive-black, 5Y2/1).

Mineralogy: quartz 20%, feldspar 10%, rock
—1 fragments 3%, volcanic glass 6%, clay 2%.

Bioturbated on a mm-scale with mottling.

92.56 m to 92.57 m diffuse layer of granulesto coarse
sand with very gradational contacts, black grailS

93.90 m claystone layer, fragmented into clasts, light
olive-grey.

133.05 m to 93.50 m grading down to clayey siltstone.
65.12m fossil fragment (?bivalve).

65.85m to 95.97 m three fine sandstone laminae,
sharp contact, deformed and loaded.

Clasts: Angular to subrounded, most granule to small
pebble, but some larger ones. Commonly appear as
— diffuse sub-horizontal layers.

r 92.34 m pink granite
—1 92.61 mfinegrained dolerite.
94.05 mwell rounded granite.
94.53 m subrounded pink granite.
94.61 mfine grained sandstone (?).
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Unit58 92.19 m to 103.41 m (cont)
MUDSTONE

Lithified, uncemented, massive, fossil-bearing,
poorly sorted siltstone and mudstone with scattered
pebbles, (olive-black, 5Y2/1).

Bioturbated on a nim-scale with mottling
95.12 m Fossil fragment (?bivalve)

95.85 mto 95.97 m threefine sandstone laminac,
sharp contact, deformed and loaded.

Clasts: Angular to subrounded, most granule to small
pebble, but some larger, commonly appear as diffuse
subhorizonta layer, <1%.

95.39 m pink granite

96.02m granite | cm

96.34m granite angular | cm
96.68 m dolerite subrounded 1 cm
96.71 m dolerite subrounded 5 cm

96.99 m 2 cm subangular volcanic (red-black) 97.15 m
t0 19.17 m graded sandstone, very coarse at base.

97.33 m deformed very fine sandstone |laminae, sharp
contact, black.

97.39 m deformed very fine sandstone laminae, sharp
contact, black.

97.46 m to 97.49 m graded fining upward, fine to very
fine sandstone, very finely laminated.

97.97 m dispersed small pebble to granule layer (1%).

98.02m to 99.02 m faint horizontal colour
stratification on acm-scale. Some weak layers of
dispersed grains.

Fossil fragments at97.27 m and 97.75 m

Clasts:

97.02m 2 mm granite,

97.20 m 7 mm subrounded dolerite,

97.97 m subangular granite and dolerite,

98.02mt0 99.02 m granule to small pebble, angular to
subrounded, dolertie.
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Unit5.8 92.19 m t0103.41 m (contd
990_ . — MUDSTONE

Lithified, uncemented, massive, fossil-bearing,
— poorly sorted siltstone and mudstone with scattered
pebbles, (olive-black, 5Y2/1).

% Fossils: 99.48 m to 99.49 m, mm-size bivalves , larger
bivalve fragment. Note: fossils may be the sourcefor a
minor vein filling up t099.30 m. 100.73 m shell
fragment with mineralisation in cracks.

981y} Auamy’

99.92 m to 99.98 m massive fine sandstone.

99.98 m to 100.02 m graded sandstone, medium
] sandstoneto siltstone.

Clasts all <3 mm:

- 98.34 m pink granite.

99.53 m black volcanic, quartz.
99.75mvolcanic?

100.02 m to 101.05 m bioturbated clayey siltstone
(5Y2/1) with granule to small pebble size, dispersed
clasts. Mostly dolerite, some volcanics (7).

100.02 mto 100.70 minterval of fine sandstone layers
with scattered granules. Diffuse top and bottom
contacts.

=7 101.72 mto 101.82 m stightly sandier with poor cm-

scal e stratification with sand content variation,

102.42 m bioturbated contact.

2 . — 102.42 m to 101.82 m more sandy than above,
T 102.82 m graded contact.

A4 - . - | 102.82mto 102.99 m sandstone, weakly bedded to
e T well laminated. Dip 10 degrees, decreases down core

to become horizontal. Strata granular, fine to medium

sandstone to coarse sandstone with diffuse contacts.

inoj Ajuamy

102.91 mto 102.99 m massivefineto medium
sandstone with dispersed coarse sand grains, Very
coarse sandstone to granule conglomerate at 102.91 m.

102.99 mto 103.10 m fining upward sandstone, coarse
to fine.
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i

M

Unit6.1 m 103.41 m t0 108.76 m
DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
clast-poor sandy diamictite (olive-black, 5Y2/1).

Locally clast concentrations make diamictite clast-
rich. locally clasts show some preferred
orientation,105.60 mto 106.00 m with dips of 10
degrees.

103.44 m to very coarse sandstone, with granule
lamina 2 mm thick, with sharp contacts.

105.43 m to 105.44 m silty fine sandstone, sharp
contacts and deformed.

105.98 m very fine sandstoneto siltstone lamina with
sharp contacts, 3 mm thick.

Clasts: granule to 7 cm, average small pebbles,
angular to rounded, most angular to subangular. grey
granite pink granite, dolerite, fine-grained dolerite,
black volcanics, mudstone intraclasts (105.20 m to
105.29 m). Average clast concentrations: 103.41 m to
105.43 m 10%, 105.44 mto 105.98 m 5%, 105.98 m
t0 108.76 m 2%.

Distinctive featuresof clasts 103.41 m to 106.89 m.
|') Coated rims of some clasts (no preferred lithology)
| mm to 2 mm thick of silt (quartz and feldspar) and

clays.

2) Angular, fractured or salt-weathered (?) clasts at
103.61 m and 105.65 m both, granite.

3) Diamictiteintraclast at 107.47 m, rounded, 2 cm
across.
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Unit 6.1 m103.41 m to 108.76 m (conf)
DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
clast-poor sandy diamictite (olive-black, 5Y2/1).

106.13 m to 108.76 m diamictite similar to above but
clasts without rims, none are fractured and more are
subangular to subrounded. No preferred orientatioti.
Sharp contact

Unit 6.2 108.76 m t0119.28 m

SANDSTONE

Lithified, unsemented, medium bedded, weak to

moderately bioturbated, poorly to moderately
sorted, fine-coarse sandstone (olive-black, 5Y2/1).

Mineralogy: quartz 43%, feldspar 10%, rock
fragments 6%, volcanic glass 6%, clay 20%.

108.76 m basal contact of diamictite issharp on very
fine sandstone. A small elongate sandstone clast 2 mm
abovethe contact that may have been derived from
unit 6.2.

108.76 m to 109.13 m stratified sandstoneincludes
two fining upward units from very coarse
sandstone/granule conglomerate to fine sandstone,
with bioturbation in the fine sandstone, and fine and
very fine sandstone laminae with sharp top and bottom
contacts, generally massive, commonly disrupted and
deformed while soft. One lonestone, lies within a detit
on the top of the lower fining upward unit,

109.13 mto 109.23 m laminated fine sandstone and
very fine sandstone to siltstone cut by fault and with
faulted bottom contact,

109.23 mto 109.78 m cycles of fining upward
sandstone with faults. Bases are very poorly sorted
granule, small pebble, coarse sandstone (to clast-rich
sandy diamictite) fining up to silty fine sandstone.

109.78 mto 110.11 m laminated fineto very fine
sandstoneon | to 3 mm-scalewith sharp top and
bottom contacts and scattered very coarse sand grains.

110.11 mto 110.16 m weakly, finely laminated, 1-2
grains thick laminae of silt, with scattered granules
and coarse sand. Some laminae of coarse sand and
granules.

110.16 m to 110.28 m massive silty sandstone

110.28 m to 110.38 m intraformational conglomerate
of clayey siltstone with small pebble-sizeclasts. Clast
concentration increases upward.

110.38 mto 111.30 m bioturbated clayey siltstone,
olive-black,
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Unit 6.2 108.76 m t0 119.28 m (cont)
SANDSTONE

Lithified, uncemented, medium bedded, weak to
moderately bioturbated, poorly to moderately
sorted, fine-coarse sandstone (olive-black, 5Y2/1).

110.38 mto 111.30 m bioturbated clayey siltstonc,
olive-black.

111.30m to 111.89 mssilty very fine sandstone,
bioturbated, 5Y2/1.

111.89 mto 112.16 m clayey siltstone, bioturbated,
5Y2/1.

112.16 mto 112.58 m clayey siltstone grades down to
silty claystone, massive, 5Y2/1, minor soft sediment
deformation.

112.20 mto 112.21 m siltstonelens with soft sediment
deformation.

112.32 mto 112.58 m silty claystone, interfingers with
lenses of black silty very fine sandstone.

112.38 mto 112.41 m dlightly brecciated.
112.48 mto 112.51 m dlightly brecciated.

112.58 mto 114.10 very poorly sorted massive silty
fine sandstone with scattered medium to coarse sand
grains, some mottling.

113.45mto 113.54 m 1-2 mm thickvery fine
sandstonelaminae, black, sharp contacts, 1-5 ¢cm
apart, discontinuous.

113.68 m 1-2 mm thick very fine sandstone lamina,
black, sharp contacts.

113.72 mto 113.98 m diffuse colour layering c. 5 mm
thick darker layers spaced 2-3 cm apart, gradational
contacts.

113.97 m 5 mm mudstone clast.
114.08 m dolerite clast (5 mm).

114.10mto 114.50 m massivesilty medium to coarse
sandstone, with dispersed clasts, quartz, granite
dolerite (up to 10 mm, subrounded.

114.50 m to 114.68 m fining upward coarseto fine
sandstone with scattered very coarse sand,

114.68 m to 114.70 m massive poorly sorted fineto
medium sandstone.

114.70 m to 115.12 m fining upward sandstone, from
poorly sorted very coarse to fine sandstone. Upper
medium to fine sandstone interval cemented and has
dolerite clast (angular | cm) with siltstone rim.
Granite clast at base, has its bottom parallel with
diamictite contact but has coarse to very coarse sand
between clast and underlying diamictite.
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Unit 6.2 108.76 m to 119.28 m (cont)
SANDSTONE

Lithified, uncemented, medium bedded, weak to
moderately bioturbated, poorly to moderately
sorted, fine-coarse sandstone (olive-black, 5Y2/1).

114.70 m to 115.12 mfining upward sandstone, from
poorly sorted very coarse to fine sandstone. Upper
medium to fine sandstone interval cemented and has
dolerite clast (angular 1 cm) with siltstonerim.
Granite clast at base, hasits bottom parallel with
diamictite contact but has coarse to very coarse sand
between clast and underlying diamictite.

115.12m to 115.82 m clast-rich to clast-poor sandy
diamictite with thin beds of sandstone with dispersed
clasts. Clastsinclude pink and grey granite, fine and
coarsegrained dolerite, red and black volcanics,
angular to subrounded. Clast concentrations from 1%
to 50%, average 7%.

115.82 m to 116.48 m sandy siltstone with silty very
fine sandstone, highly soft sediment deformed but
with remnants of mm-thick laminae of 5GY3/2 silty
sandstone.

116.48 m to 117.40 m olive-black, moderately sorted,
medium sandstone, massive, deformed?

117.40m to 117.50 m olive-black moderately sorted
sandstone interstratified with olive-tan well sorted
very fine sandstone. Dip at 10 degrees.

117.69mto 118.00 m silty sandstone, olive-black,
rarewispy laminae and dispersed clasts up to small
pebble size.

118.00 m sharp inclined contact at 25 degrees.

118.00m to 118.60 m silty very fine sandstonewith
no scattered clasts, moderately sorted, soft-sediment
deformed with both brittle and plastic deformation.

118.60 m to 118.87 m same as above but an
intraformational brecciawith clasts up to 2 cm.

118.87 m to 119.28 m sandy siltstonewith no
scattered clasts, moderately sorted, soft-sediment
deformed with both brittle and plastic deformation.
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119.0 =om A
A A | Sharpirregular contact
2 /mm l 1
i, 4 Unit 6.3 119.28 m to 141.60 m
4 Unit6.3 —{ DIAMICTITE
6 _| Lithified, uncemented, massive, very poorly sorted,
clast-poor, muddy diamictite (olive-black, 5Y2/1).
8 | Clasts: Granule to cobbles with average small pebble,
' clast concentrations range from 0% to 11%, with
T el average ¢. 3-4%, angular to well rounded with most
120.0 | y A - angular to subrounded, no preferred orientation  Main
B P —7 lithologies, pink and grey granite, fine and coarse-
grained dolerite, black volcanics (?), soft sediment
clasts (very fine sandstone and siltstone), one
2 —  pyritized.
Mineralogy: quartz 26%, feldspars 15%, rock
A4 —1  fragments 3%, volcanic glass 2%, clay 30%.
6 _ | 119.28mt0119.60 m sandy mudstone with dispersed
: clasts grading down to diamictite.
8 | 119.88 mwispy siltstone partings, deformed,
' ) subhorizontal.
! 121 0 _' - . _' - . 119.96 m medium to coarse sandstone, soft sediment
Y ) 1 deformed lenses.
120.83 m to 120.87 m siltstone bed, sharp top contact,
2 — bottom contact sharp and deformed.
I, 120.87 m to 122.20 m diamictite interval quite"gritty"
R — with dispersed very coarse sand and granules (3-5%).
122.20 mto 122.30 m diamictite locally finer with less
6 _ lgrit".
122.97 mfossil fragment
8 - —
122.0 _ Fo
-t
=)
=3 . —
2 2
o
=)
@ A —
.6 —
8 —
123.0— >
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Unit 6.3 119.28 m t0141.60 m {cont)
— DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
— clast-poor, muddy diamictite (olive-black, §Y2/1).

auo Auiy

123.08 m dolerite clast.
123.77 m intraformational mudstone clast.

123.92 m soft sediment deformed lens of light olive-
grey very fine sandstone.

123.94 mto 124.20 m olive black siltstone with
71 contorted lenses of fine sandstone in sharp, soft
sediment deformed contact with underlying

124.17 . . e
— diamictite.

124.20 mto 125.17 m massive clast-rich (10%)
muddy diamictite.

125.17 mto 125.77m massive clast-poor (2%)
muddy diamictite.

125.77 m to 126.17 m massive clast-rich (20%)
muddy diamictite.

126.17 mto 127.09 m massive clast-poor (5%),
muddy diamictite.

1 124.17 mto 127.09 m diamictite clasts similar to
abovein lithology (one green sandstone). No preferred
orientation, angular to subangular, some rounded,

— average sizesmall pebble, up to 6 cm.

omy Apny)

||||!.‘
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Sub-Unit 6.3 119.28m to 141.60 m

DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
clast-poor, muddy diamictite (olive-black, 5'Y2/1).
127.09 m to 128.09 m massive sandy mudstone with

dispersed clasts(1%), clasts similar to above.

128.09 mto 129.09 m massive, clast-poor (3%6)
muddy diamictite.

128.10 m to 128.11 m claystone, deformed sharp
contacts.

128.20 m very fine sandstone lamina, deformed sharp
contacts.

128.81 m diamict clast
128.80m to 128.83 m possible bioturbation.

129.13 mto 129.15 m black massive gritty medium
sandstone with sharp deformed contacts, lensiod.

129.22 m fossil fragment (bivalve?).

129.09 m to 130.09 sandy mudstone with dispersed
clasts (<1%) with clast concentrations locally making
it aclast-poor muddy diamictite (6%)..

130.09 mto 131.09 m clast-poor (3%) muddy
diamictite.

130.48ni to 130.51in clayey siltstone with
gradational contacts, no clasts.
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Unit 6.3 119.28 m to 141.60 m

o 13100— PR ] DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
— clast-poor, muddy diamictite (olive-black, 5Y2/1).

131.09 m to 132.09 m clast-rich (26%) and clast-poor
(4%), muddy diamictite, massive. Fewer angular clasts
than above, now commonly subangular to subrounded.
Clast composition similar to above, red voleanic clast
at 132.23 m.

noy Aury

132.27 m to 132.28 m claystone lamina with sharp
very deformed contacts, subhorizontal,

1 132.09 mto 134.09 m clast-poor muddy diamictite
(3%), with minor intervals of clast-rich (20%) muddy
diamictite and sandy mudstone with dispersed clasts
— (<1%).

133.09 m fewer clast below this level, with a weakly
—1 developed subhorizontal A-axis frabric.

133.57 mto 133.77 m clastic dyke cutting diagonally
across core, with sandstone fill.

133.98 m to 133.99 m black siltstone, massive, highly
soft sediment-deforimed, sharp top and bottom
contacts.

134.04 m to 134.06 m massive olive-black fihe
sandstone with graded top and bottom contacts,
moderately sorted.

— 13428 mto 134.29 m black siltstone, massive, highly
soft-sediment deformed, with detached lens.

3— JE—
S 7 N
5
E":
) :.: %/(Q\ |
' 5
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Unit 6.3 119.28 m t0 141.60 m
DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
clast-poor, muddy diamictite (olive-black, SY2/1).

135.60 m to 135.74 m clayey siltstone with dispersed
clasts and mixed with diamictic matrix. Lower
contact irregular and diffuse.

136.24 m to 139.22 m clast-rich (10%) to clast-poor
(2%) muddy diamictite, very poorly sorted, olive-
black. Clasts mainly dolerite and granite which vary
from dolerite 70%, granite 30% at 136.24 m to
137.124 m, to smali clasts of dolerite and large clasts
of granite at 137.24 m to 138.24 m, and 138.84 m to
139.22 m dominated by granite. Relative to higher in
the unit clast numbers have decreased and their size
has also decreased to granule on average. Also morc
subrounded and rounded clasts. but still some angular.

138.84 m carbonate clast with vugs and fossils

138.98 m to 139.00 m black siltstone lens, very
diffuse.
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Unit 7.1

Unit 6.3 119.28 mt0141.60 m (cont)
DIAMICTITE

Lithified, uncemented, massive, very poorly sorted,
clast-poor, muddy diamictite (olive-black, 5Y2/1).

138.98 m to 139.00 m black siltstone lens, very
diffuse,

139.22 ni to 141.10in clast-rich (8%) to clast-poor
(4%) diamictite, clasts still dominated by dolerite and
granite. Number of larger clasts increased with respect
to diamictite interval above.

141.10m to 141.33in coarseningup from clayey
siltstone to medium to coarse sandstone with scattered
very coarse sandstone, olive-black, weakly laminated.

141.34 ni to 141.34 in, black very fine sandstone
lamina.

141.34m to 141.40 m poorly sorted sandy mudstone
with rare granules and coarse sand grains.

141.40 m to 141.51 m clayey siltstone, faintly
laminated, some laminae 1-2 grains thick of silt size.

141.51 m to 141.60in laminated, poorly sorted,
commonly muddy sandstone, varying in size from
muddy fine sandstone with scattered coarse sand
grainsto coarse to very coarse sandstone, sharp to
graded contacts.

Sharp contact
Unit 7.1 141.60 m to 147.69 m
CLAYSTONE

Lithified, uncemented, finely laminated,
moderately bioturbated, poorly sorted, silty
claystone (olive-grey, 5Y4/1).

Very uniform silty claystonewith very rare lonestones
and scattered medium to coarse sand grains. Finely
laminated with light olive grey siltstone, but laminae
often destroyed with mottling due to moderate
bioturbation.

Mineralogy: quartz 35%, feldspar 10%, rock
fragments 1%, vol canicglass 1%. clay 45%.

141.60 ni to 141.70in clast-poor muddy diamictite
grading down to next unit.

141.70 m to 142.35 m clayey siltstone with rare
scattered coarse to very coarse sand grains decreasing
in abundance downwards. Bioturbated with vague
remnant lamination. Grades gradually down to a silty
claystone.

142.20 mto 142.35 m mineral filled vertica fractures.
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143.00 — Unit7.1 141.60 m to 147.69 m (cont)
Lithified, uncemented, finely laminated,
2 -t moderately bioturbated, poorly sorted, silty

claystone (olive-grey, 5Y4/1).

& Very uniform silty claystone with very rare lonestones
and scattered medium to coarse sand grains. Finely
& __1 laminated with light olive grey siltstone, but laminac
I often destroyed with mottling due to moderate
& bioturbation.
(=) mim | Some laminae preserved through bioturbation, fine

siltstone, light olive grey at 143.93 m. 144.36 m,
N 144.38 m and 144.68 m, and black at 144.31 m.

144.80 m and 144.83 m quite regularly laminated with
thin laminae of light olive-grey siltstone with sharp
— contacts, very minor soft sediment deformation.

ybta Ay

(==) & 145.48 m wedge-shaped lens of siltstone. internally
mM & __| laminated with bottom contact |oaded.

145.60 m to 145.80 m grades down to claystonc.

145.85 m to 145.86m very fine siltstone lamina, sharp
(== é& contacts.

i | 145.86 mto 145.90 m claystone, massive and
bioturbated.

—1 145.90m to 145.96 msilty claystone with very coarse
and coarse sand grains.

— 145.96 mto 146.00 m massive claystone with

bioturbation.
—1 146.00 m to 146.46 msilty claystone, massive,
(=) bioturbated with scattered medium to very coarse sand
&) grains.

146.45 contact gradational, deformed by bioturbation

146.45 m to 146.50 m claystone massive.

146.50 m to 146.54 m thinly laminated very fine
siltstone.

& 146.54 m to 147.19 m clayey siltstone, moderately to

highly bioturbated with mixed fine sand and scattered
— very coarse sand grains, large bioturbation structure at
147.10 m,

—
3

Ll
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147.00] Unit 7.1 141.60 11 t0 147.69 in (cont)
= & CLAYSTONE
-E‘ i 2 — 3 Lithified, uneemented, finely laminated, moderately
= o bioturbated, poorly sorted, silty claystone {olive-
5 e 7 grey, 5Y4/1),
(¢)] A4 —] i /(Q\ &
- - - Vey uniform silty claystone with very rare lonestones
6 1 LT o and scattered medium to coarse sand grains. Finely
147.69 T laminated with light olive grey siltstone, but laminae
EOH often destroyed with mottling due to moderate
8 - laioturbation.
147.19 m to 147.32 m silty fine sandstone, deformed,

bioturbataed but signs of mm-scale lamination.

147.32 m to 147.39 m intraformational small pebble
breccia of sandstone and siltstone. One angular fine-
grained dolerite.

147.39 in to 147.47 m intraformational medium pebble
breccia of fine sandstone with somessiltstone clasts.

147.47mto 147.58 msilty very fine sandstone,
massive, with small pebble, bioturbated.
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Appendix 3

CoreBox Images

Thefollowing images of theworking half of the core, prior to transport and sampling, were acquired
a the Drill Site usingaDMT line scan camera. Four scans were required to fully image each box.
The 24-bit RGB images were converted to greyscal e (8-bit) and spliced without resampling to preserve
the original image resolution.

Each core box, as reproduced in this appendix, consists of asingle 1200 dpi bitmap image (c. 5000
x 1 200 pixels). Individual image filesoccupy approximately 6Mb, and between 6 Mb and 8 Mbwhenin
memory. Theimagesareavailableon CD. Sliced col ourimages(24-bit RGB) arealso avail ableat thesame
resolution, these files occupy approximately 20 Mb of disk space and 30 Mb when in memory.

Theimage collection system was supplied by DM T-Geotec, Essen, Germany, and subsequent image
processing was completed using CorelDraw 7.
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Core Boxes 1to 4
CRP 1 00.00 m to 35.06 m

31.82 m to 35.06 m
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14 m

10 m
95 m
46 m

06 mto 39
95 mto 45

Core Boxes 5to 8
35.06 mto 48

10 m to 41

Core Box Images
BOX 8 4546 mto48.14 m

BOX5 35
BOX6 39
BOX 7 41
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P Core Boxes 9to 12
CRP 1 48.14 mto 61.82 m

BOX 12 58.56 m to 61.82 m.
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Core Boxes 33 to 36
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Core Boxes 37 to 39
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