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Foreword

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

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

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

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

Peter Barrett

Carlo Alberto Ricci

Al

November 1999
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Ken Woolfe

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

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

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

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

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

Cape Roberts Science Team*

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

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

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

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

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

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

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

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

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

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

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

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

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

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

BACKGROUND AND
GEOLOGICAL SETTING

BACKGROUND

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

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

- to date the history of rifting of the Antarctic continent

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

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

GEOLOGICAL SETTING

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

§ Position:

Water depth:

Initial Report

1176 km at 76° true from Cape

| Roberts

77.0106°S
285m

First core:

Sea riser embedded to:

HQ core to:

Recovery for hole:

345.85 mbst

Deepest Cenozoic

Deepest core lithology &

lithology & depth e

04.00 9 October 1999

W9.55 mbsf

773 mbs

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

on CRP-3

Longitude:

Fastice thickness:

_Lastcore:

Lateral ice movt from

| spudding:

i

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

_| Phase 3 logging to: _

Age of oldest Cenozoic
stratar
Age of bedrock:

2.04 km at 255° true from CRP-2

163.6404°L
2022m
22.30 19 November 1999

5.0 m 1o 82° true

93042 mbst
3d45mbsf
918 mbsf

Earliest Oligoeene or

maybe latest Eocene

Devonian (probably mid

_depth quartz sandstone to 939.42 mbsf

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

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

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

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

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

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

OVERVIEW OF CRP-3

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

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

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

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

FAST ICE BEHAVIOUR,
CURRENTS AND TIDES

INTRODUCTION

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

WINTER FAST ICE GROWTH

The growth, formation and breakout of fast ice in the
south western Ross Sea was tracked from April throughto



Initial Report on CRP-3

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

Parameter

Wind

Air temperature
Fast ice temp.
Fast ice lateral movt

Fast ice thickness

Position '

Top of rig mz;slw—‘lﬁ m hiéh
3w high

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

35 sites close to drill site

Snmp]ing I'rcqlicncy
30-min avr.

30-min avr.

30-min avr.

6-10 days

2 weeks

Sampling period

16 Oct-22 Nov

16 Oct-22 Nov

16 Oct-22 Nov

10 Sept-14 Nov
[4 Oct-8 Nov

Freeboard

Under drill rig

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

FAST ICE MONITORING

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

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

Daily 3 Oct-15 Nov

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

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

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

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

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

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

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

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




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

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

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

TIDE AND CURRENT MONITORING

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

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

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

During spring tides, currents move in an anti-
clockwise direction, through 360° over a 24-hr period
with the larger flood tide of the day moving towards the
northwestand continuing to swing around to the southeast
for the subsequent low water (Fig, 1.10). At a water
depth of 55 m during spring tides, current speeds reach
a maximum of 0.3 ms' around low water and may
remain above 0.2 ms™! for up to 6 hrs on the largest of
spring tides (Fig. 1.10). During neap tides, current
speeds are mostly below 0.2 ms™ throughout the water
column, and at the sea floor, current speeds are
<0.1 ms™!. On only one occasion in October, during a
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3 Neap ]
?naeé?f; 0-20 tides
0.10 J
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Current
direction 1
(deg) 2 ]
100 /\.,/\,Qt 5
MY
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Date in November 1998

Fig. 1.10 - Current speed and direction at a site 220 m west of CRP-3 within the meter sef at a depth of 50 m.
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Fig. 1.1 - Aerial of view the CRP-3 drill site to show the layout of the rig, with sloping covered ramp down to the mudroom, and with core processing
and physical properties laboratories in a cluster 30 m to the right.Photo: P.J. Barrett.

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

DRILLING OPERATIONS

INTRODUCTION

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

SEA RISER DEPLOYMENT PHASE

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

Fig. 1.12 - Drilling system set up at CRP-3 showing the sea riser setin
mudstone. Sketch: Pat Cooper.



14 Initial Report on CRP-3

Fab. 1.4 -Summary data on downhole progress and core recovery. The
24-hour day extends from 08.00 to the same time the following day.
Note that the bottom of the lowest core is at 939.42 mbs{ on account
of (.13 m “stickdown™ below the measured depth of the bottom of the
coring run.

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

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

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

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

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

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

HQ DRILLING PHASE

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

NQ DRILLING PHASE

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

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

RECOVERY PHASE

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

8/10/99

9/10/99

10/9/99

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

14/10/99 - 24/10/99

24/10/99

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

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

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

19/11/99

19/11/99-21/11/99

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

begins.

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

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

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

Ran in HQ coring string.

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

Cored HQ from 24.74 to 345.85 mbsf.

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

Downhole logging interval 18.30-255.00 mbsf.

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

Downhole logging interval 271.50 to 345.50 mbst.

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

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

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

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

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

Downhole logging interval 345.50 to 774.00 mbsf.

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

Downhole logging interval 774.00 to 918.00 mbsf.

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

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

HYDROCARBON CONSIDERATIONS

We recognised that a deep hole in the sedimentary
strata off Cape Roberts could potentially contain
hydrocarbons, because small amounts of tar residue
(dead oil) had been reported from around 632 mbsf in
CIROS-1 (Barrett, 1989) and from below 500 mbsf in
CRP-2A (Cape Roberts Science Team, 1999). Although
the prospect of encountering hydrocarbons was
considered very low, inflammable gas and hydrogen-
sulphide Sieger series-2000 gas sensors were operated
during the drilling for safety reasons. The air space
above the mud-scavenge tank in the drill-rig cellar was
continuously sampled through a heat-traced tube
connected to a glycol trap (located on the rig floor). Gas



16

Initial Report on CRP-3

Date in Oct Date in Nov
8 15 22 29 5 12 19
1 Lok 1 L Lol i i Ll 1 1 L Lok I 1 Sl i ) L.k ) 1 Lo, i ] 1. Lok t i 1l 1 L Loed, {odod,
0 HQ coring phase -
Spudding
inand
cementing
200 A ;

sea riser « NQ coring phase -

= 1 Bit -7
change A
= 400-{ Down-hote Bit
= J logging  change
o) 4
5 4
o) | Bit
) 600 change
T
800 A %
Down-hole
W logging T
1000

Fig. 1.13 - Downhole progr

extracted in this way was then pumped through tubing to
the gas sensors in the generator hut workshop (passing
through a warmed walkway and mud huts). The response
time of the system was approximately 15 seconds. The
inflammable gas sensorappeared to be affected by diurnal
temperature changes and required periodic re-zeroing.

CORE MANAGEMENT AND SAMPLING
DRILL SITE AND CAPE ROBERTS CAMP

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

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

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

ess during the dritting of CRP-3.

TRANSPORTATION

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

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

SEQUENCE OF EVENTS IN THE CSEC CORE
LABORATORY

Core Laboratory, McMurdo. A core laboratory was
setupinroom 201 of the CSEC. The walls, the floor, the
benches, and all equipment in the room were thoroughly
cleaned prios to the core arrival at the laboratory and at
theend of each sampling session to minimize the potential
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for contamination of the core. The temperature of the
room was maintained at 18°C. The relative humidity of
room 201 was low (40%), despite the addition of two
humidifiers operating 24 hrs/day. The Jaboratory
contained 10 m of bench space covered with an casily
cleaned surface. Fluorescent lighting was augimented by
high-intensity halogen lighting to enhance the viewing
of the core.

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

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

Core Logs Rechecked, Photography, and Viewing of

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

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

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

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

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

SAMPLING

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

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

CORE SHIPMENT

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

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

INTRODUCTION

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

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

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

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

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

FRACTURE ARRAYS
INTRODUCTION

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

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

FRACTURE STUDY PROCEDURES

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

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

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

FRACTURE DISTRIBUTION AND DENSITY

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

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

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

Fractures per metre
0 2 4 6 8

950 medm

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

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

Subhorizontal Tensile Fractures

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

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

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

NATURAL FRACTURES IN CRP-3 CORE
Microfaults

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

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

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

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



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

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

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

a
) Oligocene above 789.50 mbsf

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

VYeins

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

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

N=154 Circle = 45%

N=36

Circle = 14%

N=90 Circle = 12%

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

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

Clastic Intrusions

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

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

LARGE FAULTS IN CRP-3

Threc larger-scale fault zones were drilled at ¢. 260,
539, and 790 mbst. The upper two fault zones are typical
brittle faults. Only fallback material was obtained from
the fault at 260 mbsf, consisting of intensely veined
fragments and clay-size material. Dip-slip, normal-
displacement, slickensided microfaults and calcite veins
following microfaults increase in abundance downward
through the core toward this faultzone, but are uncommon
immediately below it. Most fault material at 539 mbsf
was also not recovered; however, the lowermost surface
is preserved in the core. A minimum displacementof 6cm
normal dip-slip separationis constrained by the extent of
breccia fragments derived from a distinctive bed near the
top of the core; however, total displacement is likely to
be significantly larger. The fault surface is lined by up to
2 cm of calcite, including large, open vugs filled by
sparry calcite. Both of these brittle fault zones were
associated with extensive loss of drilling fluid into the
borehole walls, indicating open fractures within the
zone. They also are marked by negative temperature
anomalies (see Downhole Logging section), documenting
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calculated from wet-bulk density (WBD) in the CRP-1
core. However, for CRP-2 we found that the effect of
grain size on porosity and velocity is subtie because
cementation is the primary control on velocity-porosity
relationships in the deeper part of the hole. This is caused
by particularly strong carbonate cementation (Niessen
et al., in press).

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

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

METHODS

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

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

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

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

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

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

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

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

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

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

Porosity was calculated from the WBD as follows:

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

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

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

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

P-wave Velocity and Core Diameter
Sensor orientation

Transducer

Transmitter pulse frequency
Transmitted pulse repetition rate:
Received pulse resolution

P-wave travel-time offset

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

100 Hy

50 ns

18.8 s (HQ), 19.8 pus (NOQ)

P-wave Transmission Seismograms
ADC board

Sampling frequency and resolution

T3012 (National Instruments)
30 Mhz, 12 bit

Source activity
Source energy
Counting time
Collimator diameter
Gamimna detector

Sampling interval 50 ns

Length of seismograms 200 ms ~
Wet Bulk Density

Sensor orientation vertical

Gamma ray source Cs-137

356 MBq

0.662 MeV

10s

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

Magnetic Susceptibility
Loop sensor type

Loop sensor diameter
Loop sensor coil diameter
Alternating field frequency
Sensitivity

Magnetic field intensity

MS-2B (Bartington Ltd.)
80 mm

88 mm

0.565 kHz

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

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

Sensor type infrared

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

GENERAL OBSERVATIONS

Magnetic susceptibilities range on a large scale from
near zero to up to 6259 (103 SI). Some sandstones even
vielded negative susceptibilities (0 to -1), which are not
shown in the graphs of this report because the data are
plotted onalogarithmic scale. The highest susceptibilities
are measured in dolerite clasts and intrusions. WBD
ranges from 1.63 to 3.16 Mg m™ with the lower values
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near the top of the core and maximum values in dolerite
clasts. The corresponding porosities calculated after
equation (iv) range from ¢. -0.27 to 0.64. Similar to
results from CRP-1 and CRP-2, the assumption of
constant grain density of 2.7 Mg m~ (equation iv) results
in negative porosities for clasts of higher grain density
(Niessen & Jarrard, 1998; Niessen et al., in press). Vp
ranges from c¢. 1 562 to 6 703 ms™' and, in general,
correlates remarkably well positively with density
(Fig. 2.14). Inthe upper 820 mbsf, dispersion in the core
physical property data is more common than in the
lowermost partof CRP-3. Dominant gradients of physical
properties are observed in the upper 140 m of the core
and below ¢. 780 mbsf. However, systematic down-core
trends in velocity, WBD, and porosity, which were
clearly evident in data from CRP-1 and CRP-2, are not
observed in CRP-3. This problem will be addressed in
more detail in the CRP-3 Science Report.
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Tab. 2.2 - Statistics on measured standards for CRP-3

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

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

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

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

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

|

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

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

at 20°C) = 1 493 ms''; CPS = counts per second.

Density (Mg m's)
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Fig. 2.12 - Measured densities of standards for different depth levels
of CRP-3 core logging. Material and density of standards in table 2.2.
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Fig. 2.13 - Measured velocities of standards for different depth levels
of CRP-3 core logging. Material and velocity of standards in table 2.2,
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Fig. 2.14 - Core physical properties of CRP-3 and core-physical property units (CPP).

STRATIGRAPHY OF CORE PHYSICAL PROPERTIES

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

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

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

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

in WBD and velocity.

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

Unit CPP-4 (620 to 790 mbsf) exhibits relatively
small-scale oscillations in all three parameters. At the
top of this unit, MS increases down-core by more than
one order of magnitude and then stays relatively stable
to the bottom of CPP-4. The character of core physical
properties of this unit is quite similar to Unit CPP-2. The
transition into the underlying Unit CPP-5 appears gradual.
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Fig. 2.16 - Log of all core physical-property data in the lower part of CRP-3. Horizontal lines represent boundaries of lithostratigraphical units.

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

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

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

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

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

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

COMPARISON OF PHYSICAL PROPERTIES WITH
LITHOLOGY AND SEQUENCES

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

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

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

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

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

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

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

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

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

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

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

basement).
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Fig. 2.19 - Comparison of core physical properties with lithological boundaries for a selected depth level of CRP-3 (contact of igneous intrusion

with Beacon sandstone).

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

TRANSMISSION SEISMOGRAMS

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

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

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

create distinct oscillations on the entire 150 ms lenght of

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

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

Conglomerate

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

DOWNHOLE LOGGING

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

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

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

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

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

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

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

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

LOG RELIABILITY AND EDITING

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

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

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

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

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

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

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

source-receiver combination. Consequently, most of

tted with different ranges.

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

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

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

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

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

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

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

LOGGING RESULTS

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

Temperature Logging

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

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

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

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

and SUSC are logarithmic.

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

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

Allexceptthe 537 mbsf temperature anomaly exhibit
high log-based porosities, and a high-porosity bed is
present near the 537 mbsf anomaly, at 529-532 mbsf,
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Fig. 2.22 - continued.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Clay Content

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

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

The large-scale downhole pattern of gamma-ray
variation within the Tertiary section consists of three
zones: uniformly high SGR in the interval 0-144 mbsf,
uniformly low SGR in the interval 462-823 mbsf, and an
intervening transition zone of alternation between these
twolevels. Detailed comparison of gamma-ray responses
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to provenance variations within CRP-3 is beyond the
scope of this report. Our preliminary hypothesis, however,
is that this broad pattern of downhole SGR variations
reflects the combination of decreasing mud component
and increasing Beacon source downhole. If so, the 144-
462 mbsf transition zone is a particularly promising
region for detailed provenance studies. The broad-scale
changes in magnetic susceptibility, like those of gamma
ray, appear to be more closely related to provenance
changes than to variations in grain size.

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

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

Porosity Variations

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

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

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

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

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

VERTICAL SEISMIC PROFILES

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

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

Analysis of VSP data provides:

- down-going travel-time data that can be used to



44 Initial Report on CRP-3

Tab. 2.4 - VSP experiments at CRP-3.

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

Tab. 2.5 - Trace header nomenclature.

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

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

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

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

-77°00°’ 0™

VELOCITY VS DEPTH

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

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

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

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

’J; 1 1 i 1
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£ - xRk -
O (A
O 21 .
6 T T g T T T T T T
> 0 100 200 300 400 500 600 700 800 900 1000
Depth (m)
0.8 : L I . ¢ ; . ¢ :
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............ Neaoroffset V5P daia -
T Inine offset VSP dota /,...:;///’_ i
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2 1 2
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Fig. 2.25 —a) Velocity measurements on core samples smoothed with
a 10-m median filter (shown in the solid line) and interval velocities
derived from the near-offset VSP first arrival times (dashed).
b) Traveltime depth curves from VSP experiments and core sample
velocity measurements.
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Tab. 2.6 - Correlation between seismic reflectors, reflectivity and velocity values from measurements on the core, and lithostratigraphical

units in CRP-3.

p—————

| Seismic Reflector . Lithostratigraphical correlation

Comments and inferences

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

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

but observed in VSP data.

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

CORRELATION OF SEISMIC REFLECTORS WITH
CRP-3

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

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

89 and lithostratigraphical units in CRP-3.

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

We have used VSP seismograms, core measurement
impedance data (Fig. 2.26), and changes in physical
properties that extend over about 20 m to refine our
correlations. For example, the highest reflection
coefficients are encountered in dolerite dominated
conglomerates, which have the highest velocities.
Continuous layers of this lithology will yield bright and
laterally continuous reflectors.
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Appendix 2.1

1:500 SCALE DOWNHOLE LOGS

47

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

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

INTRODUCTION

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

DESCRIPTION OF SEQUENCE

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

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

Each lithostratigraphical subdivision is described
here. Preliminary interpretations of these rocks are given
in the Facies Analysis section, where the
lithostratigraphical subdivisions, the sedimentary facies,
and their interpreted depositional environments are
discussed in detail. Diagenetic features in the core are
listed here in a general form; for example, the term
“pyrite cement” is used to denote a variety of occurrences
of diagenetic pyrite, including disseminated pyrite, pyrite
micronodules, and true pyrite cement. The diagenetic
features and their origin are discussed in more detail in
the Diagenesis section.
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Fig. 3.1 - Graphical log of the sedimentary sequence recovered in CRP-3, showing lithostratigraphical subdivisions. Age for the Cenozoic strata
are taken from the section on Chronology of CRP-3.
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LITHOSTRATIGRAPHICAL SUB-UNIT 1.1(2.50-16.72 mbsf),
CLAST-POOR DIAMICTITE TO MUDDY SANDSTONE

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

LSU 7.2 comprises sandy mudstones with dispersed
clasts, stratified sandstones, and conglomerates,
interbedded at scales ranging from tens of cm to
approximately 6 m. The sandy mudstone with dispersed
clasts is dark grey, and exhibits vague stratification in
some intervals. The sandstones range from very fine-
grained to medium-grained, and are generally well-
sorted and well-stratified, with parallel lamination, ripple
cross-lamination, and cross-bedding. In some intervals,
the stratification and primary structures are modified or
entirely destroyed by soft-sediment deformation, which
includes recumbent folds, load structures, and possible
dish structures. Conglomerates range from granule- to
cobble-conglomerates; pebble conglomerates are most
common. The conglomerates are moderately to poorly
sorted, contain angular to well-rounded clasts, have clast
contents from 10% to 80%, and generally show weak to
no stratification. The interval 243.78-252.00 mbsf
contains three sharp-based beds, each less than 1 m
thick, that fine upwards from conglomerate to sandstone
or pebbly sandstone,



Lithostratigraphy and Scedimentology 63

Clasts in LSU 7.2 are predominantly dolerite, with
Jesser abundances of other infrusives, quartz and
granitoids, and sedimentary lithologies. Diregularly-
shaped weathered clasts are present at 212.08-
212.32 mbst. Coal fragments are present to abundant in
specificintervals within this unit, generally in the coarse-
sand to granule-size fractions. Fossils are scarce, and
only occur above 226.00 mbsf. Most of this unit has a
dark-grey colour, due to the presence of a cement or a
dark surface stain on the sand grains. Carbonate cement
isdistributedirregularly through this unit; pyrite cement,
nodular carbonate cement, and secondary porosity are
present locally. Sedimentary dykes, open and healed
fractures, and small faults are also present (o abundant in
some intervals; one example is a single fracture at
217.47-220.47 mbst, which changes from open (o
mineralised with carbonate along its length. The interval
from 256.98 to 263.02 msbf is composed of heavily
brecciated mudstone and sandstone, with extensive
mineralised fractures; this may be a zone of faulting.

The base of LSU 7.2 is sharp and irregular.

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

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

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

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

and generally show weak to no stratification.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

LSU 12.2 is composed of very fine- to fine-grained
sandstone, sandy mudstone and mudstone, interstratified
in beds that range from less than 1 cm to 1.2 m thick. The



Lithostratigraphy and Sedimentlogy 65

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

similar characteristics become more common below
935.10 mbsf.

FACIES ANALYSIS

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

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

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

FACIES 1 - MUDSTONLE

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

2

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The delicate laminations preserved in this facies are
indicative of dilute tractional currents with quiescent
periods represented by mudstone. Their association with
other marine facies, the low-angle discordances, and the
presence of possible HCS infers a marine setting within
or about storm wave base.
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