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Foreword 

This volume is the third of several speciiil issues of Ter ra  A;~t ( i / . i i ca  to 
present the results of the Cape Roberts Pro,ject, in which (lie Antarctic 
programmes of Australia, Britain, Germany, Italy, New Zealand, and the 
United States of America arc collaborating to take a series of cores off the 
Antarctic coast. The coring is being carried out with a drilling rig set o n  the 
fast sea-ice to investigate climatic and tectonic history of the region (Barrett 
& Davey, 1992; International Steering Committee, 1994). The first season's 
drilling in 1997 was curtailed at a depth of 148 mbsf(mctres below sea floor) 
after an unusual storm-generated ice break-out, but the results obtained have 
wide implications for the regional geological history and arc reported in both 
the Initial Report on CRP- 1 (Cape Roberts Science Team, 1998) and a series 
of papers comprising the Scientific Report on CRP- 1 (Hambrey & Wise, 
editors, in press). 

Here we report on the successful drilling of CRP-212A to a depth of 
624 mbsf, continuing the sampling of strata beneath those cored in CRP-1 
last year. Sea-ice conditions were good and the refurbished sea riser functioned 
well, but drilling conditions were difficult in the boulder bed 5 nl thick just 
below the sea floor and in the loose sand beds at several levels down to 
550 mbsf. Nevertheless the problems were overcome with skill, experience 
and persistence of the drilling team. The Cape Roberts Science Team of 60 
scientific, technical and support staff also had its challenges in describing, 
sampling and reporting on 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 thecore in a timely way. We  also look forward in late 1999 to the next Cape 
Roberts special issue, the Scientific Report, with a more detailed analysis of 
results of the 1998 drilling. 

Peter Barsett 

Carlo Alberto Ricci 

November 1998 
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Studies from Cape Roberts Project 
Initial Report on CRP-2/2A, Ross Sea, Antarctica 

Cape Roberts Science Team* 

Abstract - The site for CRP-2, 14 km east of Cape Roberts (77.00O"S; 163.7 19'K), was selected to overlap the early 
Miocene strata cored in nearby CRP-1, and to sample deeper into the cast-dipping strata near the western margin of 
the Victoria Land Basin to investigate Palaeogene climatic and tectonic history. CRP-2 was cored from 5 to 57 mbsf 
(metres below the sea floor) (core recovery 91 %), with a deviation resulting i n  CRP-2A being cored at the same site. 
CRP-2Areacheddown to 624mbsf (recovery 95%), and to strata with an ageof'c. 33-35 Ma. Drilling took place from 
16 October to 25 November 1998. on 2.0-2.2 m of sea ice and through 178 111 of water. 

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 properties were run from 63 to 167 mbsf and 
subsequently from 200 to 623 mbsf, although density and velocity data could be obtained only to 440 mbsf because 
of hole collapse. Sonic velocity averages c. 2.0 km S '  for the upper part of the hole, but there is an sharp increase 
to c. 3.0 km S-', and also a slight angular unconformity, at 306 mbsf, corresponding most likely to the earlyllate 
Oligocene boundary (c. 28-30 Ma). Velocity then increases irregularly to around 3.6 km S" at the bottom of the hole, 
which is estimated to lie 120 m above the V4N5 boundary. The higher velocities below 306 mbsf probably reflect 
more extensive carbonate and common pyrite cementation, in patches, nodules, bedding-parallel masses and as vein 
infills. Dip of the strata also increases down-hole from 3' in the upper 300 in to over loo at the bottom. Temperature 
gradient is 21' km". Over 2 000 fractures were logged through the hole. Borehole televiewer imagery was obtained 
for the interval from 200 to 440 mbsf to orient the fractures for stress field analysis. 

Lithostratigraphical descriptions on a scale of 1:20 are presented for the full length of the core, along with core 
box images, as a 200 page supplement to this issue. The hole initially passed through a layer of muddy gravel to 
5.5 nibsf (Lithological Sub-Unit or LSU 1.1), and then into a Quaternary diatom-bearing clast-rich diamicton to 
21 mbsf (LSU 2. l), with an interval of alternating compact diamicton and loose sand, and containing a rich Pliocene 
foraminiferal fauna, to 27 mbsf (LSU 2.2). The unit beneath this (LSU 3.1) has similar physical properties (sonic 
velocity, porosity, magnetic susceptibility) and includes diamictites of similar character to those of LSU 2.1 and 2.2, 
but an early Miocene (c. 19 Ma) diatom assemblage at 28 mbsf (top of LSU 3.1) shows that this sub-unit is part of 
the older section. 

The strata beneath 27 mbsf, primary target for the project, extend from early Miocene to perhaps latest Eocene 
age, and are largely cyclic glacimarine nearshore to offshore sediments. They are described as 4 1 lithological sub-units 
and interpreted in terms of 12 recurrent lithofacies. These are 1) mudstone, 2) inter-stratified mudstone and sandstone, 
3) muddy very fine to coarse sandstone, 4) well-sorted stratified fine sandstone, 5) moderately to well-sorted, medium- 
grained sandstone, 6) stratified diamictite, 7) massive diamictite, 8) rhythmically inter-stratified sandstone and 
mudstone, 9) clast-supported conglomerate, 10) matrix-supported conglomerate, 11) mudstone breccia and 
12) volcaniclastic sediment. 

Sequence stratigraphical analysis has identified 22 unconformity-bounded depositional sequences in pre- 
Pliocene strata. They typically comprise a four-part architecture involving, in ascending order, 1) a sharp-based 
coarse-grained unit (Facies 6,7,9 or 10), 2) a fining-upward succession of sandstones (Facies 3 and 4), 3) a mudstone 
interval (Facies l), in some cases coarsening upward to muddy sandstones (Facies 3), and 4) a sharp-based sandstone- 
dominated succession (mainly Facies 4). The cyclicity recorded by the strata is interpreted in terms of a glacier ice 
margin retreating and advancing from land to the west, and of rises and falls in sea level. Analysis of sequence 
periodicity awaits afirmer chronology. However, apreliminary spectral analysis of magnetic susceptibility for adeep- 
water mudstone within one of the sequences (from 339 to 347 mbsf) reveals ratios between hierarchical levels that 
are similar to those of the three Milankovitch orbital forcing periodicities. 

The strata contain a wide range of fossils, the most abundant being marine diatoms. These commonly form up to 
5% of the sediment, though in places the core is barren (notably between 300 and 412 mbsf). Fifty samples out of 250 
reviewed were studied in detail. The assemblages define ten biostratigraphical zones, some of them based on local 
or as yet undescribed forms. The assemblages are neritic, and largely planktonic, suggesting that the sea floor was 
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mostly below the photic zone tlirougliout deposition of the corcd sequence. Calcai-cous nan~iofossils. representing 
incursions of ocean surface waters. arc much less common (72 out of 1 X3 samples examined) and restricted to 
mudstone intervals a few tens of metres thick. but arc important for dating. 1:oraininifera arc also sparse (73 out of 
135 samples) and represented only by calcareous bentliic species. Changing assemblages indicate ashift from inshore 
environments in the early Oligoccnc to outer shelf in the late Oligoccnc, returning to inshore in the early Miocene. 
Marine palynomorplis yielded large numbers of well-preserved forms from most ofthc 1 16 samples examined. The  
new in situasscmblagc found last year in CRP- 1 is extended down into the l;nc Oligoccneand afurther new assemblage 
is found in the early Oligoccnc. Many taxa are new. and cannot us yet contribute to an improved understanding of  
chronology or ecology. Marine invertebrate macrofossils. mostly niolluscs and serpulid tubes. are scattered 
throughout the core. Preservation is good in muclstones but poor in oilier lithologies. 

Climate on land is reflected in the content of terrestrial palynoinorphs. which are extremely scarce down to 
c. 300 mbsf. Some forms are rcworkecl, and others represent a low growing sparse tundra with at least one species of 
Notl~ofc~gns. Beneath this level. a significantly greater diversity and abiindancc suggcsts a milder climate and a low 
diversity woody vegetation in the early Oligocene. but still far short of the richness found in known Eocene strata of 
the region. Sedimentary facies in the oldest strata also suggest a milder climate in the oldest strata cored, with 
indications of substantial glacial melt-water discharges, but are typical of a coldcr climate in late Oligocene and early 
Miocene times. Clast analyses from diamictites reveal weak to random fabrics, suggesting either lack of ice-conlac1 
deposition or post-depositional modification, but periods when ice grounded at the drill site are inferred from thin 
zones of in-situ brccciated rock and soft-sediment folding. These are more common above c. 300 mbsf, perlxips 
reflecting more extensive glacial advances during deposition of those strata. 

Erosion of the adjacent Transantarctic Mountains tliro~~gli Jurassic basalt and dolerite-intruded Beacon strata into 
basement rocks beneath is recorded by petrographical studies of clast and sand grain assemblages. Core below 
3 10 mbsf contains a dominance of fine-grained Jurassic dolcritc and basalt fragments along with Beacon-derived coal 
debris and rounded quartz grains, whereas the strata above this level have a much higher proportion of basement- 
derived granitoids. implying that the large areas of the adjacent mountains had been eroded to basement by the end 
of the early Oligocene. 

There is little indication of rift-related volcanisn~ below 310 mbsf. Above this, however, basaltic and trachytic 
tephras are common, especially from 280 to 200 mbsf, from 150 to 46 mbsf, and in Pliocene LSU 2.2 from 21 to 
27 mbsf. The largest volcanic eruptions generated layers of coarse (up to 1 cm) trachytic pumice lapilli between 97 
and 114 mbsf. The thickest of these (1.2 m at 1 12 mbsf) may have produced an eruptive column extending tens of k m  
into the stratosphere. A source within a few tens of km of the drill site is considered most likely. 

Present age estimates for the pre-Pliocene sequence are based mainly on biostratigraphy (using mainly marine 
diatoms and to a lesser extent calcareous nannofossils), with the age of the tephra from 112 to 114 mbsf 
(21.44k0.05 Ma from 84 crystals by Ar-As) as a key reference point. Although there are varied and well-preserved 
microfossil assemblages through most of the sequence (notably of diatoms and marine palynomorphs), they comprise 
largely taxa either known only locally or as yet undescribed. In addition, sequence stratigraphical analysis and features 
in the core itself indicate numerous disconformities. The present estimate from diatom assemblages is that the interval 
from 27 to 130 mbsf is early Miocene in age (c. 19 to 23.5 Ma), consistent with the Ar-Ar age from 112 to 114 mbsf. 
Diatom assemblages also indicate that the late Oligocene epoch extends from c. 130 to 307 mbsf, which is supported 
by late Oligocene nannofossils from 130 to 185 mbsf. Strata from 307 to 412 mbsf have no age-diagnostic 
assemblages, but below this early Oligocene diatoms and nannofossils have been recovered. A nannoflora at the 
bottom of the hole is consistent with an earliest Oligocene or latest Eocene age. 

Magnetostratigraphical studies based on about 1 000 samples, 700 of which have so far undergone demagnetisation 
treatment, have provided a polarity stratigraphy of 12 pre-Pliocene magnetozones. Samples above 270 mbsf are of 
consistently high quality. Below this, magnetic behaviour is more variable. A preliminary age-depth plot using the 
Magnetic Polarity Time Scale (MPTS) and constrained by biostratigraphical data suggests that episodes of relatively 
rapid sedimentation took place at CRP-2 durinflligocene times (c. 100 m/My), but that more than half of the record 
was lost in a few major and many minor disconformities. Age estimates from Sr isotopes in shell debris and further 
tephra dating are expected to lead to a better comparison with the MPTS. 

CRP-212A has recorded a history of subsidence of the Victoria Land Basin margin that is similar to that found in 
CIROS-1 70 km to the south, reflecting stability in both basin and the adjacent mountains in late Cenozoic times, but 
with slow net accumulation in the middle Cenozoic. The climatic indicators from both drill holes show a similar 
correspondence, indicating polar conditions for the Quaternary but with sub-polar conditions in the early Miocene- 
late Oligocene and indications of warmer conditions still in the early Oligocene. Correlation between the CRP-2A core 
and seismic records shows that seismic units V3 and V4. both widespread in the Victoria Land Basin, represent a 
period of fluctuating ice margins and glacimarine sedimentation. The next drill hole, CRP-3, is expected to core deep 
into V5 and extend this record of climate and tectonics still further back in time. 



1 - Introduction 

BACKGROUND AND GEOLOGICAL SETTING 

BACKGROUND 

The aim of the Cape Roberts Project is to obtain 
continuous core through c. 1 200 m of strata on the western 
side ofMcMurdo Sound, Antarctica, in order to investigate 
the Cenoxoic climatic and tectonic history of the region. 
The pro.ject 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 pro.ject is designed to address two questions: 
- did ice sheets grow and decay on Antarctica, with 

attendant changes in global sea level, prior to 34 Ma 
ago, when it is widely believed the first extensive ice 
formed on the continent? 

- at what time did the continent begin to rift to form the 
Ross Sea and the Transantarctic Mountains? 
A further important goal of the project is to determine the 

age andenvironmental significance of seismic reflectors that 
have been traced basin-wide beneath the western Ross Sea. 

This volume records the first work carried out on the 
CRP-212A drill holes, completed on 30 November 1998 

('rzib. I. I). The first section outlines the geological setting 
oftlie drill holes and reports on the operating environment 
(climate and sea ice), the drilling activity, and the thin 
Quaternary/Pliocene sediments that mantle the older 
Cenoxoic sequence. It also outlines the core processing and 
management schemes at the CRP-2 drill site, Cape Roberts 
Laboratory and at the Craiy Science & Engineering Center 
at McMurdo Station. The remainder of the report presents the 
first results and a preliminary interpretation of the data from 
both the core and logging within the hole itself. 

GEOLOGICAL SETTING 

McMurdo Sound lies at the southwestern corner of the 
Ross Sea between the Ti-ansantarctic Mountains in southern 
Victoria Land and volcanic Ross Island (Fig. 1.2), and a t  
the southern end of the Victoria Land Basin (VLB), one of 
four major extensional basins forming the Ross continental 
shelf (Houtz & Davey, 1973; Cooper & Davey, 1985, 
1987). The VLB is a trough filled with sediment of 
Cenozoic and possibly older age, at least 400 km long and 
c. 150 km wide, immediately seaward of theTransantarctic 
Mountains. It is separated from the early Palaeozoic 

Fig. I. I -Map of the south west corner of the Ross Sea. showing the locations of CapeRoberts, CRP- 1, CRP-212Aand CIROS- 1 .  andMcMurdo Station1 
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-212A. 
-- ~~p 

Position: 
Latitude: 77.006OS L20ngitude: 163.719OE 
Water depth from msl: 177.94 m Sca-ice thickness: 2.0 m (1 Oct) to 2.2 m (23 Nov) 
First core: 07.30, 16 October 1,ast core: 14.20, 25 November 
Sea riser embedded to: 13.03 mbsf Lateral ice movt: 9.87 ni to east from 17 Oct to 23 Nov  
HQ core to: 199.31 mbsf 
NQ core to: 624.15 mbsf 
Recovery from: 
CRP-2 5.47 to 57.39 mbsf 47.26 m (91 %) 
CRP-2A 13.03 to 45.97 mbsf 1 l .29 in (34%) partially following CRP-2 
CRP-2A 45.97 to 624.15 mbsf 548.67 n~ (95%) new hole 

Deepest core-Iithology: hard sandy siltstone Deepest core-age: earliest Oligocene ( c. 33 Ma on diatoms, 

~ -~.~ . . 
nannofossils and dinoflagcllates) 

Note: two holes were drilled at the same location, CRP-2 from the initial embedding of the sea riser (the outer float-supported casing) :it 
5 mbsf, and CRP-2A, which was cored from 12.20 mbsf after CRP-2 had reached 57.39 mbsf. CRP-2A deviated slightly from CRP-2 a fnr  
the sea riser was successfully embedded to a depth of 13 mbsf. 

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). Above these lie 
the older sedimentary seismic sequences, V5 and V4. 
Through uplift and erosion along the basin margin they 
now dip at between 2 and 5 O  eastward, and lie just beneath 
the sea floor on Roberts ridge, a bathymetric high about 

Fig. 1.2 - Map of the Ross 
continental shelf (A) and cross- 
section through the edge of the 
West AntarcticRift System (B), 
showing the East Antarctic ice 
shee t ,  the Transan ta rc t i c  
Mountains and the Victoria 
Land Basin. 

12-20 km off Cape Roberts. The younger sequences ( V  I - 
V3) are 5 km thick in the middle of the basin bill thin lo 
c. 300 m on Roberts ridge. 

Two main crustal thinning events have formed the 
basins of the Ross Sea, but they are not well constrained 
in time. The first, an essentially non-magmatic rifling 
event over most of the Ross Sea, is probably related to tlie 
break-up of Gondwana in this region (late Mcsozoic). 
The second event, which was associated with volcanic 
activity, was largely confined to the VLB, and an Eocene 

C. Roberts drill sites 

CIROS drill holes 

X Cape 
Roberts Y 



and yo~iiigcr age has been proposed (Cooper & Davey. 
1987). 

The inain structural trend ofthe V1,B is NNW. parallel 
to the axis of the Transantarctic Mountains. Northwcst- 
[rending, 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-trcnding 
faults have also been recognized in the mountains along 
the rift margin, and interpreted as having been 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 (Hamilton et al., 1998). 

Seismic sections have been interpreted as showing faults 
cutting through the sedimentary section and reaching the sea 
floor in one or two places (e.g. Fig. 5, Barrett et al., 1995), 
suggesting relatively recent tectonic activity. However, the 
age and fades of strata in the area of Roberts ridge indicate 
only minor vertical movement of this part of the rift floor 
in Neogene times. Water depths for the early Miocene 
strata in CRP- 1 are inferred to have been less than 100 m 
below sea level (~nbsl) for much of the period (Harwood 
et al., 1998; Taviani et al., 1998), suggesting that the ridge 
has sunk less than 200 m net in the last 20 million years. 

The great east-facing scarp of the Transantarctic 
Mountains, which forms the backdrop for the drilling off 
Cape Roberts has a youthful appearance, but it too may 
have changed little in Neogene times. The dominance of 
basement clasts in strata of Neogene age in CRP- 1 (Talarico 
& Sandroni, 1998) suggests that the adjacent mountains 
may have been deeply eroded and perhaps even 

appi'oiicliin~l~eir present elevation by the early Miocene. 
The continuation of this erosional rccord back into the 
earliest Oligocene is being investigatecl with results from 
CRP-212A. 

r h e  sea floor of f  Cape Roberts has been the focus of a 
numberofgcopliysical survcys, which have been reviewed 
by Barren ct al. ( 1995), the Cape Roberts Science Team 
(1998) and Hamilton et al. (1998). One of the more 
unusual features is the large positive magnetic anomaly 
surveyed by 13o~zoet al. ( 1  997) and modelledas fragments 
of a stratiform basic igneous body close to the sea floor 
several kilometres northwest of CRP-212A. The outline of 
the magnetic bodies at a depth of 1 km is shown in 
figure 1.3, along with simplified bathymetry of the sea 
floor off Cape Roberts, and the main track lines used in 
establishing the seismic stratigraphy of the area. 

The chronology of the seismic sequences of the VLB 
had been deduced through correlation of seismic reflectors 
(notably the reflector separating V3 and V4), eastward 
from Roberts ridge into the VLB and then south to the 
CIROS- 1 drill hole (Fig. 1.1). There, the reflector was 
traced to an unconformity thought to separate a deeper 
water early Oligocene sequence from a shallow water late 
Oligocene sequence (Barrett et al., 1995; Bartek et al., 
1996). However, in the first drill hole of this project, 
CRP- 1 (Fig. 1.4), the lowest strata of V3 were found to be 
early Miocene, ranging in age from c. 18 Ma from 43 
metres below the sea floor (mbsf) to between 20 Ma and 
22 Ma at 148 mbsf. These ages are well established from 
a range of techniques, including diatom biostratigraphy 
(Harwood et al., 1998), Ss isotope analysis (Lavelle, 
1998), and As-As analysis on volcanic debris (McIntosh, 

Lambert conic Projection I 

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 

-77' 00' 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. 
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Fig. 1.4 - Seismic section NBP9601-89 (a) .  with interpretation in terms of two way travel time (h) and of depth (c ) .  Major reflectors are identified 
by letter. and more fully described in table 2.1. Chronology is not yet well established but best estimates for the present are that reflector a is c. 20 Ma. 
alternative reflectors for the V31V4 boundary straddle the Oligocene/Miocene boundary (23.5 Ma). which lies at 130 mbsfin the drill hole: reflector i 
corresponds to the latelearly Oligocene boundary (c  30 Ma), and reflector o is c 33 Ma (close to the Oligocene/Eocene boundary) 



1998), will1 some refinement using intig~ietostrati~raphy 
(Rober15 ct al., 1998). It was plain, therefore. that the Cape 
Roberts scqiicncerepresented arecord from perhaps 15 Ma 
and older (allowing for the 200 m of younger strata east of 
CRP-1 :ni(l not cored) rather than the 30 Ma and older 
strata that had been expected. 

CRP-212A represents a second record of the period 
from c. 2 1 to c. 33 Ma from the area (the first being from 
CIROS- 1 70 km to the south). This provides an excellent 
opportunity for comparing the two records in order to 
distinguish local from regional depositional. climatic and 
tectonic events. Both sites (CRP-2/2A and CIROS- 1) are 
about the same distance seaward (10 km) of the main fault 
formins the present margin of the VLB, and both sites lie 
close to the mouths of outlet glaciers (Fei-sar and Mackay, 
Fig. 1.1) draining the East Antarctic Ice Sheet. In addition, 
the strata imaged seismically above V4 (sequences N to Q 
in the more detailed stratigraphical scheme of Bartek et al., 
1996) give a picture of locally channelled but extensive 
sheets of sediment persisting laterally for many tens of 
kilometres along the basin margin. 

The pages that follow present not only the first primary 
data from CRP-212A but also the first attempts at correlation 
by age and lithology with CIROS-1, the necessary first 
step in identifying regional events with global in~plications, 
such as ice-sheet. sea-level, and rift-margin history. They 
also report on serendipitous discoveries, such as the striking 
volcanic ash layers in early Miocene strata from 109 to 
1 14 mbsf, and the less obvious but nonetheless useful ash- 
rich layers as far down as 280 mbsf. 

Detailed core descriptions (on a scale of 1:20 or 4 m to 
the page), and images of each core box (4 boxes to a page) 
are published separately as a supplement to this issue. 

DRILL SITE OBSERVATIONS 
(SEA I C E ,  WEATHER, DRILLING OPERATIONS) 

liach winter a fringc of last sea-ice (abbreviated to 
His t  ice") forms aroiincl the southern and western margins 
of McMiirdo Sound, iinci extends north along the Victoria 
Land coast past Cape Roberts (Fig. l .  l). In most years it 
grows to a thickness of between 1.7 and 2.0 m, providing 
a sale platform for movement of heavy equipment and 
drilling operations (Pyne, 1986). In 1997, however, its 
thickness only just exceeded the minimum operational 
requirement of 1.5 111 by early October (Cape Roberts 
Science Team. 1998). 

I n  1998. satellite imagery showed that the fast ice was 
forming by the end of March, and that it remained stable 
through April with an ice edge extending for c. 23 km off 
Cape Roberts. The ice grew steadily through the winter, 
and the first set of ice thickness observations showed that 
it had already reached 1.8 nl in the proposed area for CRP-2 
by 7 September 1998. Figure 1 .S compares satelliteimages 
from April, June and September, showing how little the 
ice edge changed through the winter, in contrast to the 
previous year (Cape Roberts Science Team, 1998, p. 8). 
By 7 October, as the rig was being set up, the ice thickness 
was greater than 2.0 111 and continued to grow marginally 
into November, reaching a thickness about 2.2 In near the 
drill rig by 24 November, just before drilling ended 
(Tab. 1.2). On 20 November the ice surface at the drill site 
showed the initial signs of reaching isothermal condition 
but rapid decay of the ice surface in the immediate vicinity 
of the drill rig and mud huts only occurred during the 

Fig. 1.5 - Satellite images of 
McMurdo Sound. showing the 
extent ofthe fast iceon 28 April, 
15 June and 14 September, and 
the stability of the ice margin 
over this period. 
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period 30 November to 4 December when recovery of the 
drill site was completed. 

In the past, the weight of the drilling system (around 55 
tonnes with rig, supported casing and drill rods. and 
drilling fluid in tanks) has been supported almost entirely 
by the ice, resulting in progressive depression of the ice 
surface as drilling proceeded. This year, two air bags with 
a total lift of up to 10 tonnes (two 5 tonne bags) were placed 
under the ice immediately beneath the drill rig to 
compensate partially for tlie ice loading caused by the 17 
tonne drill rig. Table 1.3 shows the depression of the ice 
surface through time, measured by levelling with reference 
to an arbitrary datum about 300 m east of the rig. The 
results of these levelling surveys are influenced not only 
by the drill rig but other distributed static loads such as the 
mud hutslgenerator complex and mobile loads (short term 
static) such as the bulldozers and seariserldrill rod sledges. 
A measure of the local deflection under the drill rig is the 
amount of "freeboard" in the drilling ice hole, i.e. the 
height of the ice surface above sea level. Freeboard 
measurements were made daily by the drill crew. The 
initial freeboard before loading is taken as 10% of ice 
thickness. This year it was reduced by just 20 mm when 
drilling ended on 25 November, in contrast to a reduction 
of 170 mm when drilling ended on 24 October 1997, when 
no air bags were installed and the sea ice was significantly 
thinner and weaker (warmer). 

Lateral movement of the fast ice was recorded using 
GPS equipment with decimeter accuracy at the drill site 
and three other locations within a distance of 300 m. The 
total movement of the rig during the period from the sea 
riser spud-in to the end of coring (15 October to 25 

Tdh. 1.2 - Growth in ice thickness at the site 
o r  CRP-2. 

Date Thickness (in) 

Tab. 1.3 - Deflection resulting from the load of the di'illiiig 
system during the occupation of site CRP-2 using ack~tiiin on 
tlie sea-ice surface 300 m from the rig as a reference k'vi'l. 

Date Peg D (mm) Peg H (mm)  

30 September 0 0 
16 October -16 -36 
26 October - 7 -40 
24 November 
. . 

-13 
.. . 

-38 
Note: 30 September is given an initial value of zero bccaiisc 
i t  predates the loading of sea ice at the drill site. Pegs D awl 11 
were sites within 30 m of the rig and on either side. 

Tab. 1.4 -Cumulative movement of sea-ice platform at CRP-2 from 1'7 
Octobel 1998 

- 
Date 25 Oct 2 Not 10 Nov 18 Nov No\ 2.3 

Distance (Noith) -0 06 m -0 70 m 0 60 m 0 10 111 I 17 in 
Distance (East) 1 68 111 4 39 m 5 80 m 9 13 111 9 SO in 
Distance (Total) 1 68 m 4 45 m 5 83 m 9 13 m 9 87 in 

November) was about 10 m and was consistently of l ' s h o ~  
in an easterly direction (Tab. 1.4). This is well within the 
theoretical tolerances of operating stress for the sea riser 
deployed in water 178 m deep, although corrective 
measures were made after 18 November to restrain the 
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Fig. 1.6 - Temperature, wind and barometric pressure at Cape Roberts camp during the drilling period (15 October - 25 November 1998) 
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Fig. 1.7 -Tidal predictions for Cape Roberts from Septcmbcr to December 1998 

rotation of the riser at the drill rod entry point (top). This 
rotation was consistent in direction with that caused by an 
easterly offset of the sea ice platform. The other monitoring 
points within the drill site area also showed a consistent 
rate and direction of movement with that of the drilling rig 
over the same time period. 

WEATHER OBSERVATIONS 

During the drillingphase of the project from 15 October 
to 25 November, weather observations (temperature. wind 
speed. direction and barometric pressure) were recorded 
at the CapeRoberts Camp at fiveminute intervals (Fig. 1.6). 
The season was characterized by generally light winds and 
mostly clear skies. Snow fell on only a few days and was 
typically associated withlight northerly winds. No drilling 
days were lost to weather. and conditions were good 
enough for flying on all but two shift changes during the 
42 days of 24 hour per day operations that helicopters were 
scheduled. 

Average daily temperatures rose from c. -25OC at the 
start of drilling in early October to c. -5OC at the end of 
drilling in late November. Maximum temperatures occurred 
during calm conditions regardless of time of day. Observed 
temperatures ranged from -33OC to +4SÂ°C 

Winds were generally light and from southerly quarters. 
The maximum measured wind gust at Cape Roberts Camp 
was 32 knots. However, hourly, 10-minute-mean wind 

speeds only once exceeded 20 knots, and were below 10 
knots for more than of 60% of the drilling period. 

FACTORS AFFECTING DRILLING OPERATIONS 
(TIDES AND CURRENTS) 

The drilling operation is influenced not only by the 
thickness and lateral movement of the sea ice but also tides 
and currents in the water column. The tides have two 
effects on the drilling: movingthe sea ice through a 
vertical range varying from 0.3 during neap tides to 1.0 m 
during spring tides, and generating currents that drag the 
outer casing and flotation system (sea riser) in the water 
column. Tidal predictions (Fig. 1.7) were made on the 
basis of 12 months of records from the Cape Roberts tide 
gauge in 1996, and using a tidal prediction program from 
the University of Hawaii Sea Level centre. Observations 
through the drilling period showed that tides at Cape 
Roberts, and at CRP-2 14 km offshore, were synchronous, 
and generally similar in vertical range. 

Current velocity and direction were recorded at CRP-2 
using an S4 current meter in order to establish baseline data 
for deploying the sea riser, and to provide data for ensuring 
correct tension on the sea riser during peak current flows. 
The instrument was deployed through a hole in the sea ice, 
about 300 m south of the drill site from 24 September to 30 
September, and then later in the Video Hut hole within 8 m 
of the drill rig (Tab. 1.5), during various stages of the 

Tab. 1.5 -Summary of current meter deployments at theCRP-2 drill site. Full profile: 0 to 178 mbsl. 
Name Depth Sampling rate Period Date 

full profile 
64 m 
64 m 
full profile 
40 m 
20 m 
20 m 
full profile 
30 m 

continuous 
1 min averaged every 5 min 
1 min averaged every 5 min 
continuous 
1 min averaged every 5 min 
1 min averaged every 5 min 
1 min averaged every 5 min 
continuous 
1 min averaged every 5 min 

30 min 
4 days 
2 days 
30 min 
l day 
2 days 
no data held 
1 hr 
4 days 

24 Sep 
25 to 28 Sep 
29 Sep to 1 Oct 
30 Sep 
9 to 10 Oct 
11 to 13 0 c t  
14 0c t  
20 0c t  
22 to 26 Oct 
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Fig. 1.8 - Current direction and speed compared with tidal movement for the period from 25 to 30 September 1998 at the site of ('RP-2 
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Fig. 1.9 - Current speed through the water column for a neap tide and a 
spring tide at the site of CRP-2. 

Depth 
(m) 

spring-neap tidal cycle. Three of the deployments were to 

take vertical profiles through the entire water co lumn of 
178 m, and eight were static deployments at set depths for 
periods of time ranging from one to four days. 

Spring tides were of greatest concern because of {lie 
high tidal currents associated with them. Figure 1.8 shows 
a plot of current speed, direction and predicted tidal 
variation in sea level, over a neap to spring tide period. The 
highest current speeds (0.25 ms-' at c. 64 mbsl) occur 
during spring tides at the main low water of the day and on 
the smaller high water of the day. During spring tides the 
currents move in an anti-clockwise direction, swinging 
full circle during a24 hour period. Current direction varies 
continuously between northwest at high water, through 
west to southeast at low tide and then to east during the 
smaller rising tide. For neap tides, however, current 
velocities are typically less than 0.1 ms-l, and flow direction 
lies mostly within the southeasterly quarter. 

Current speeds in the water column are low (from 
c. 0.1 to 0.05 ms-l) during neap tides (Fig. 1.9). At spring 

200 
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300 - CRP-2 
A00 

500 
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Nov 25 ' 

Fig 1 10 - Plot of down-hole piogress in CRP-2/2A 

Down-hole 
logging 



tides (dur ing  the smaller high water of the day) current 
speeds rise sharply from almost zero at the base of the ice 
to between 0.16 and 0.20 ins-' at 10 inbsl. Speeds then 
change liltlc until the interval from 105 to 135 111, where 
they rise to c. 0.24 ins-', beforedeclining toe. 0.05 ins-'just 
above the sea floor. 

DRILLING; OPERATIONS 

Core recovery began on 16 October and finished on 25 
November at a depth of 624.15 mbsf. Down-hole progress 
is shown i n  figure 1.10, and details of times and recovery 
of each run in table 1.6. 

The drilling was carried out by a Longyear 44HD 
wirelinc diamond drilling system and Q series drill rod. 
The first coring drill string (HQ), with core barrel and 
diamond bit at the bottom, is rotated inside 5 inch OD 
casing, supported by rigid flotation collars and inflatable 
air bags in the upper part of the casing string (termed the 
sea riser, Fig. 1.1 1). The HQ drill string cuts a 96 mm 
diameter hole and 61 mm diameter core. The second 
coring string (NQ), is rotated within the HQ once the latter 
is cemented into the formation as casing. The NQ string cuts 
a hole 76 mm diameter and 45 mm diameter core (Fig. 1.12). 
In both drill strings the core "slides" passively into a non- 
rotating "inner tube", 3 (or 6) m long, which latches inside 
the core barrel as the drill bit penetrates into the formation. 
The inner tube itself is lined with two thin half-round steel 
sections ("splits"), which hold the core. After drilling for up 
to 3 (or 6) m, the inner tube is retrieved by a wire cable, 
termed the "wireline", and the core pumped out on a bench 
still inside the "splits". It is then transferred to the core- 
processing lab for description, measurement of physical 
properties and fractures, splitting and boxing. 

The core cuttings are cleared from the hole and the 
walls stabilized by the drilling fluid, to which a range of 
additives are mixed to ensure the correct balance of 
density, viscosity and chemistry for these tasks. The 
additives are either naturally occurring in sea water (KC1) 
or biodegradable (Tab. 1.7). This hole required more 
drilling fluid additives than expected because of the time 
required to seat the sea riser properly, and the mud loss as 
a consequence of encountering loose sand beds and 
fractured formation at several levels down to 190 m. Firm 
ground was encountered at this level and the hole cased 
with the HQ drill rod to seal off the fluid loss zones above. 
Drilling proceeded quickly below this until more loose 
sand at 290 m led to further mud loss. The interval was 
small, and further similar sands were encountered briefly 
down to a depth of 550 m. In all, a total of 41 tonnes of 
additives were used in the drilling at CRP-2. 

The various elements of the drilling system and camp 
were on site by 5 October and the rig assembled and in 
position by 7 October, when the ice hole for the drill rig 
was drilled. Two holes 1.1 m in diameter were then cut in 
the ice, one for the sea riser and the other for deploying the 
submarine video camera system (Fig. 1.11). Two 
cylindrical airbags (1.5 m diameter and 3 m long), each 
with 5 tonne lift capacity, were positioned by Crary 
Science & Engineering Center divers under the rig to 
reduce the effect of the 17 tonne drill rig depressing the 

WO 5 tonne cylindricai airbags 
under ice as drill rig support 

maximum of four 
5 tonne 'wrap around' 

parachute air bags 
Drawing- 

Alex Pyne & 
Sal// Rowe 

video 
guide wires 

rigid f(oaÂ / / 
submarine video 

camera and lights 

cuttings 1 cement 

5" sea riser casing 
cemented 13 mbsf 

Fig. 1.11 -The drilling system used for CRP-2/2A, showing the rig, mud 
hut. video hut and the sea riser. Sketch: Alex Pyne & Salli Rowe. 

Fig. 1.12 -Main features and sizes of HQ and NQ coring bits. The bit is 
lubricated and cleared of cuttings by drilling fluid that is pumped down 
inside the drill string and through holes to the bit face, returning to the 
surface via the annulus between the drill rod and the hole wall (or the 
casing, where it has been set). 



'It 

Run Day Time Start End Length Ciiiniil 
(mbsf) (mbsf) 111 %Â ( m )  (g) 

l Oct 0730 5.47 6.63 0.87 75 0.87 75 
2 16 1045 6.61 7.69 1.05 97 1.92 86 
3 1445 7.69 9.51 1.89 104 3.81 94 
4 1640 9.51 12.03 2.50 99 6.31 96 

Drilled 6.56 in I<ec'd 6.31 m (96%) 
5 Oct 1242 12.21 14.21 1.98 99 8.29 95 
6 21 1404 14.21 15.41 1.14 95 9.43 95 
7 1640 15.41 17.11 1.59 94 11.02 95 
8 1823 17.1 1 20.16 3.04 100 14.06 96 

Drilled 7 . 9 5 1 ~  Rec'd 7.75m (97%) 
9 2150 20.16 21.86 1.40 82 15.46 94 
10 Oct 0130 21.86 22.95 0.75 69 16.21 93 
l l 22 1100 22.95 23.41 0.00 0 16.21 90 
12 1400 23.41 25.59 2.07 95 18.28 91 
13 1607 25.59 25.94 0.29 83 18.57 91 
14 1700 25.94 27.18 0.80 65 19.37 89 

Drilled 7.02 in Rec'd 5.31 m (76%) 
15 2030 27.18 28.46 0.81 63 20.18 88 
16 2120 28.46 30.26 1.86 103 22.04 89 
17 2350 30.26 32.49 2.06 92 24.10 89 
18 Oct 0230 32.49 34.26 1.70 96 25.80 90 
19 23 0400 34.26 35.58 1.09 83 26.89 89 
20 0615 35.58 37.68 1.64 78 28.53 89 
2 1 0900 37.68 39.41 1.66 96 30.19 89 
22 1140 39.41 40.41 0.92 92 31.1 1 89 
23 1215 40.41 40.66 0.58 232 31.69 90 
24 1430 40.66 42.41 1.71 98 33.40 90 
25 1605 42.41 43.81 0.36 26 33.76 88 
26 1740 43.81 45.41 1.60 100 35.36 89 
27 1900 45.41 46.56 1.05 91 36.41 89 
28 2000 46.56 46.86 0.40 133 36.81 89 

Drilled 19.68 m Rec'd 17.44 m (89%) 
29 2130 46.86 47.81 0,89 94 37.70 89 
30 2310 47.81 49.31 1.50 100 39.20 89 
31 Oct 0100 49.31 50.73 1.42 100 40.62 90 
32 24 0245 50.73 52.37 1.64 100 42.26 90 
33 0430 52.37 54.17 1.84 102 44.10 91 
34 0630 54.17 55.56 1.30 94 45.40 91 
35 0800 55.51 57.43 1.86 97 47.26 91 

Drilled 10.57 m Rec'd 10.45m (99%) 

End of CRP-2 on 24 October 1998, at 57.43 nibsf; start of 
CRP-2A on 18 October 1998, at 12.20 mbsf.  

1 Oct 1710 12.20 13.46 
2 28 1837 13.46 14.75 
3 2000 14.75 15.59 

Drilled 3.39 m Rec'd 2.51 m 
4 2230 15.59 16.61 
5 Oct 0030 16.61 18.61 
6 29 0215 18.61 20.21 
7 0400 20.21 21.01 
8 0540 21.01 22.31 
9 0630 22.31 23.36 
10 0810 23.36 24.76 
11 1035 24.76 25.23 
12 1215 25.23 27.14 
13 1830 27.14 39.13 
14 2000 39.13 40.01 

Drilled 24.42 m Rec'd 6.95 m 
15 2145 40.01 41.06 
16 2315 41.06 42.81 
17 Oet 0415 42.81 47.17 
18 30 0550 47.17 48.16 
19 0900 48.16 48.93 
20 1045 48.93 50.97 
2 1 1215 50.97 52.46 

Drilled 40.26 m Rec'd 17.10 m 
22 1345 52.46 53.68 

Core Recovery 
R u n  Diiy Time Start End Length ('iiiinil 

(mbsf) (mbsf) 111 7r (m1 ( I - ;  ) 

24 1620 54.56 55.54 0.85 87 %.OS 100 
25 1830 55.54 57.01 1.25 85 .4.H (15 

26 1940 57.01 57.64 0.58 92 4.91 9'1 
Drilled 17.63 in Rec'd 12.61 in (72%) 

27 Ocf 0010 57.64 59.99 1.26 54 6.17 S.' 
28 .?l 0230 59.99 60.61 0.74 119 6.91 8.5 
29 0415 60.61 61.36 0.65 87 7.56 S3 
30 0550 61.36 62.21 0.85 100 8.4 I SO 
3 1 0720 62.21 62.71 0.50 100 S.01 S/ 
32 0945 62.71 63.08 0.37 100 9.28 S7 
3 3 1130 63.08 64.29 1.21 100 10.40 SO 
34 1425 64.29 66.13 1.86 101 \?..̂ cl 00 
35 1600 66.13 67.46 1.33 100 1.3.6S 01 
36 1730 67.46 68.53 1.05 98 1-1.7.3 0.' 
37 1930 68.53 69.72 1.06 89 15.79 91 

Drilled 12.08m Rec'd 10.88m (90%) 
38 2145 69.72 70.56 0.76 90 16.55 41 
39 Nov 0001 70.56 71.86 1.30 100 17.85 9) 
40 1 0300 71,86 73.31 0.76 52 lS.hl SO 
41 0410 73.31 74.98 1.65 99 20.20 00 
42 0550 74.98 77.46 2.41 97 22.07 91 
43 0650 77.46 78.66 1.18 98 23.85 01 
44 0930 78.66 80.26 1.52 95 25.37 91 
45 1135 80.26 82.42 1.98 92 27.35 91 
46 1310 82.42 83.42 1.19 119 28.54 0 2  
47 1600 83.42 85.99 2.57 100 3 1.1 1 l:>.< 

48 1830 85.99 88.57 2.51 97 33.62 03 
Drilled 18.85 m Rec'd 17.83 m (95%) 

49 2000 88.57 90.21 1.60 98 35.22 93 
50 2130 90.21 92.76 2.55 100 37.77 9.1 
5 1 2300 92.76 95.01 2.25 100 40.02 0.1 
52 A7011 0020 95.01 96.71 1.70 100 41.72 04 
53 2 0225 96.71 99.45 2.74 100 44.46 05 
54 0400 99.45 102.56 3.10 100 4756 05 
55 0600 102.56 105.66 3.03 98 50.59 05 
56 0920 105.66 108.69 3.06 101 53.65 05 
57 1100 108.69 11 1.69 3.00 100 56.65 00 
58 1310 111.69 114.69 3.00 100 59.65 96 
59 1450 114.69 117.11 2.40 99 62,05 00 
60 1650 117.11 120.11 2.97 99 65.02 96 
61 1740 120.11 120.66 0.51 93 65.53 96 
62 1930 120.66 121.16 0.52 104 66,05 06 

Drilled 32.59 m Rec'd 32.43 m '100%) 
63 2120 121.16 123.57 2.41 100 68,46 96 
64 Nov 0020 123.57 126.60 3.03 100 71.49 96 
65 3 0210 126.60 129.71 3.10 100 74,59 97 
66 0400 129.71 132.71 3.00 100 77.59 97 
67 0535 132.71 135.74 3.03 100 80.62 97 
68 0945 135.74 138.74 2.88 96 83.50 97 
69 1135 138.74 141.74 3.06 102 86.56 97 
70 1315 141.74 144.74 2.87 96 89.43 97 
7 1 1430 144.74 145.91 0.89 76 90.32 97 
72 1600 145.91 146.65 0.78 105 91.10 97 
73 1800 146.65 147.65 1.00 100 92.10 97 
74 1955 147.65 148.52 0.87 100 92.97 97 

Drilled 27.86 m Rec'd 27.44 m (98%) 
75 2305 148.52 150.36 1.41 77 94.38 96 
76 Nov 0030 150.36 151.30 0.85 90 95.23 96 
77 4 0200 151.30 151.90 0.61 102 95.84 96 
78 0310 151.90 152.71 0.71 88 96.55 96 
79 0805 152.71 153.01 0.26 87 96.81 96 
80 1030 153.01 154.46 1.28 88 98.09 96 
8 1 1330 154.46 155.14 0.60 88 98.69 96 
82 1800 155.14 157.73 2.47 95 101.16 96 
83 1915 157.73 157.91 0.14 78 101.30 96 

Drilled 13.17 m Rec'd 11.87 m (90%) 
84 2300 157.91 159.36 1.49 103 102.79 96 
85 Nov 0400 159.36 162.55 3.00 94 105.79 96 
86 5 0600 162.55 165.61 3.09 101 108.88 96 

23 1450 53.58 54.56 0.93 95 2.23 106 87 

Notes: 1) Coring took place between 16 October and 25 November 1998. 
2) Time given is when the inner tube reached the rig floor. 
3) Core run limits are in metres below sea floor. 
4) The summary of each day's coring is made for 20.00 hours to coincide with the 12 hourly shift change. Drilled: length of cored interval. 

Rec'd: length of core recovered. 
5) Cumul: cumulative core recovery. 



Iah l 6 ('ontiniicd 

88 1400 16861 17161 3 0 0  100 11171 90 
Dtillnl l 3  70 m Rei. 'd I 7  41 in 

Drilling miscd for downhole logging. 

89 Nov 1620 171.61 174.61 2.71 
90 6 1845 174.61 177.36 2.91 

Di~illctl 5.75 in R e c ' d 5 . 6 2  m (98'7,1 
9 1 2140 177.36 180.31 3.08 
92 2340 180.31 183.21 2.85 
93 NW 0140 183.21 186.1 1 2.80 
94 7 0230 186.1 1 186.86 0.61 
95 0415 186.86 188.05 1.19 
96 0530 188.05 189.17 1 .OO 
97 0730 189.17 189.74 0.57 
98 1200 189.74 192.67 2.30 
99 1345 192.67 192.97 0.16 
100 1700 192.97 195.97 2.89 
101 1930 195.97 198.79 2.87 
102 2100 198.79 199.39 0.52 

Drilled 22.03 m Rec'd 20.84 m (95%) 

End of IIQ hole; start of N Q  hole. 

103 h'oi~ 0510 199.39 201.02 1.46 90 142.63 96 
104 10 1754 201.02 207.02 6.07 101 148.70 96 

Dri//ed 7.63 m Rec'd 7.53 i i ~  (99%) 
105 2230 207.02 213.07 5.81 96 154.51 96 
106 ~Vov 0200 213.07 219.03 5.87 98 160.38 96 
107 I1 0630 219.03 225.05 5.97 99 166.35 96 
108 1050 225.05 231.00 6.10 103 172.45 97 
109 1415 231.00 237.09 5.99 98 178.44 97 
110 1830 237.09 243.09 6.03 101 184.47 97 

Drilled 36.07 m Rec'd 35.77 m (99%) 
I l l 2230 243.09 249.09 6.00 100 190.47 97 
112 ~Vov 0230 249.09 255.09 6.06 101 196.53 97 
113 12 0645 255.09 261.09 5.99 100 202.52 97 
114 1055 261.09 267.09 6.00 100 208.52 97 
115 1455 267.09 273.09 6.02 100 214.54 97 
116 1800 273.09 279.09 5.98 100 220.52 97 

Drilled 36.00 in Rec'd 36.05 171 '100%} 
117 2038 279.09 281.22 1.30 61 221.82 97 
118 2330 281.22 282.77 1.01 65 222.83 97 
119 Nov 0430 282.77 285.24 0.50 20 223.33 96 
120 13 1140 285.24 288.22 2.92 98 226.25 96 

Drilled 9.13 m Rec'd 5.73 in (63%) 
121 Nov 1100 288.22 290.58 2.18 92 228.43 96 
122 14 1330 290.58 293.58 2.98 99 231.41 96 
123 1510 293.58 296.62 3.09 102 234.50 96 
124 1642 296.62 299.62 3.00 100 237.50 96 
125 1815 299.62 302.62 2.95 98 240.45 96 

Drilled 14.40 in Rec'd 14.20 m (99%) 
126 2010 302.62 305.62 3.03 101 243.48 96 
127 2250 305.62 308.62 2.97 99 246.45 96 
128 Nov 0100 308.62 311.62 3.02 101 249.47 96 
129 15 0360 311.62 314.62 2.99 100 252.46 96 
130 0545 314.62 317.62 3.00 100 255.46 96 
131 0630 317.62 320.62 2.99 100 258.45 96 
132 0925 320.62 323.62 3.09 103 261.54 97 
133 1105 323.62 326.62 2.97 99 264.51 97 
134 1325 326.62 329.62 2.94 98 267.45 97 
135 1540 329.62 332.62 2.87 96 270.32 97 
136 1810 332.62 335.62 3.10 103 273.42 97 

Drilled 15.00 m Rec'd 14.97 m '100%) 
137 2030 335.62 338.62 3.01 100 276.43 97 
138 2330 338.62 341.62 2.99 100 279.42 97 
139 Nov 0150 341.62 344.62 3.02 101 282.44 97 
140 16 0400 344.62 347.62 3.00 100 285.44 97 
141 0659 347.62 350.62 2.98 99 288.42 97 
142 0900 350.62 353.62 3.02 101 291.44 97 
143 1030 353.62 356.64 2.94 97 294.38 97 
144 1215 356.64 359.64 2.90 97 297.28 97 
145 1315 359.64 360.88 1.23 99 298.51 97 
146 1520 360.88 363.54 2.64 99 301.15 97 
147 1825 363.54 366.54 2.76 92 303.91 97 

Drilled 30.92 m Rec'd 30.49 m (99%) 

Run Day Time 
(inhsf') (mbsl') m %- ( m )  (%) 

1/18 2 100 306.54 308.62 1.13 54 305.04 97 
149 2300 368.62 37 1.62 2.07 69 307.1 1 96 
150 N m  0 0 : Ã ‡  37 1.62 374.62 2.54 85 309.65 96 
151 17 0245 374.02 377.62 2.55 85 312.20 96 
152 0400 3'77.02 380.62 2.64 88 314.84 96 
151 051 1 380.62 383.62 2.82 94 317.66 96 
154 0645 383.62 386.62 2.87 96 320.53 96 
155 OX25 386.02 387.40 0.70 90 321.23 96 
156 1015 387.40 387.56 0.16 100 321.39 96 
157 1345 387.56 300.37 2.81 100 324.20 96 
158 1525 390.37 393.37 2.95 98 327.15 96 
159 1700 393.37 395.42 1.75 85 328.90 96 
160 1930 395.42 397.42 1.49 75 330.39 96 

Drilled 30.88 in Rec'il 26.48 in (86%) 
162 2100 397.42 398.94 1.33 88 33 1.72 96 
I63 2250 398.94 401.62 2.02 75 333.74 96 
164 Nov 0000 401.62 404.54 1.81 62 335.55 95 
165 18 0200 404.54 407.62 3.09 100 338.64 95 
166 0400 407.62 410.62 3.05 102 341.69 95 
167 0530 410.62 412.97 2.29 97 343.98 95 
168 1055 412.97 415.97 3.04 101 347.02 96 
169 1300 415.97 417.96 1.22 61 348.24 95 
170 1530 417.96 418.56 0.60 100 348.84 95 
171 1630 418.56 418.92 0.33 92 349.17 95 

Drilled 21.50 m I<e(:'d 18.78 m (87%) (bit changed) 
172 Nov 0315 418.92 419.62 0.69 99 349.86 95 
173 19 0500 419.62 422.62 1.24 41 351.10 95 
174 0615 422.62 425.17 1.84 72 352.94 95 
175 0830 425.17 426.75 1.17 74 354.11 95 
176 0925 426.75 428.14 0.93 67 355.04 95 
177 1 1  10 428.14 430.58 1.88 77 356.92 94 
178 1500 430.58 433.06 0.55 22 357.47 94 
179 1800 433.06 435.20 2.23 104 359.70 94 

Drilled 16.28 m Rec'd 10.53 m (65%) 
180 2210 435.20 437.56 2.26 96 361.96 94 
181 Nov 0000 437.56 440.62 3.08 101 365.04 94 
182 20 0200 440.62 443.62 2.99 100 368.03 94 
183 0415 443.62 446.62 3.02 101 371.05 94 
184 0630 446.62 449.62 3.01 100 374.06 94 
185 0835 449.62 452.64 3.03 100 377.09 94 
186 1005 452.64 455.64 2.97 99 380.06 94 
187 1155 455.64 458.64 3.01 100 383.07 94 
188 1345 458.64 461.64 2.98 99 386.05 94 
189 1530 461.64 464.64 3.00 100 389.05 94 
190 1725 464.64 467.64 3.00 100 392.05 94 

Drilled 32.44 m Rec'd 32.35 m '100%) 
191 2030 467.64 470.64 2.93 98 394.98 94 
192 2240 470.64 473.62 3.03 102 398.01 95 
193 Nov 0015 473.62 476.62 2.80 93 400.81 95 
194 21 0130 476.62 479.61 3.06 102 403.87 95 
195 0315 479.61 482.62 3.05 101 406.92 95 
196 0445 482.62 485.62 2.97 99 409.89 95 
197 0630 485.62 488.62 3.04 101 412.93 95 
198 0910 488.62 491.64 3.04 101 415.97 95 
199 1100 491.64 494.64 3.02 101 418.99 95 
200 1225 494.64 497.64 3.08 103 422.07 95 
20 1 1350 497.64 500.79 3.11 99 425.18 95 
202 1625 500.79 503.84 2.98 98 428.16 95 
203 1810 503.84 506.84 2.96 99 431.12 95 

Drilled 39.20 in Rec'd 39.07 m '100%) 
204 2245 506.84 509.65 2.86 102 433.98 95 
205 Nov 0120 509.65 512.59 2.45 83 436.43 95 
206 22 0310 512.59 515.62 3.11 103 439.54 95 
207 0530 515.62 518.62 2.96 99 442.50 95 
208 0930 518.62 521.64 3.05 101 445.55 95 
209 1205 521.64 524.64 3.04 101 448.59 95 
210 1400 524.64 527.64 3.00 100 451.59 95 
211 1555 527.64 530.64 2.79 93 454.38 95 
212 1735 530.64 533.64 2.62 87 457.00 95 
213 1935 533.64 536.64 1.79 60 458.79 95 

Drilled 35.85 m Rec'd 34.61 m (97%) 
214 2140 536.64 539.61 2.95 99 461.74 95 
215 Nov 0015 539.61 542.62 3.00 100 464.74 95 
216 23 0210 542.62 545.62 2.99 100 467.73 95 
217 0400 545.62 548.61 1.73 58 469.46 95 
218 0700 548.61 551.61 1.00 33 470.46 94 



'I'dli. 1.6 - Continued. 
... . . ... 

Core Runs 
Kiin Day Time Start End 

(mbsf) (mbsf) 
2 19 0900 551.61 553.93 
220 1155 553.93 554.63 
22 1 1258 554.63 557.31 
222 1515 557.31 560.34 
223 1725 560.34 563.34 
224 1930 563.34 566.34 

Drilled 29.70 m Rec'rl 25.91 in 

225 2140 566.34 568.04 
226 2330 568.04 570.02 
227 Nor 0107 570.02 573.04 
228 24 0300 573.09 576.04 
229 0440 576.02 579.06 
230 0640 579.06 582.09 
23 1 0920 582.09 585.09 
212 1130 585.09 588.09 
233 1410 588.09 591.1 1 

Core R e r o \ e ~  
Length Cuimil 
in '/i (in j (%) 

l SO 78 472 26 94 
0 31 44 472 57 94 
3 07 l l5 475 64 94 
3 03 100 478 67 94 
3 06 102 48 1 73 94 
2 97 99 484 70 94 

(87%) 
l 64 96 486 34 94 
9 9  101 4 8 8 3  94 
306 101 491 39 94 
2 95 100 494 34 94 
3 02 99 497 36 94 
3 02 100 500 38 95 
300 100 50338 95 
3 00 100 506 38 95 
3 02 100 509 40 95 

(mhsl-) dll1)~Sj m VC ( i l l )  ( l , ;  ) 

234 1555 5W.I I 594.12 3.01 100 5l';ll O S  
235 1735 594.12 597.12 3.00 100 5 15.,11 9' i  

236 1920 597. 12 600. 12 3.00 100 5 1 S..! 1 0:' 
Drilled 33.78 ill Rcr'il .M 71 ill '100%) 

237 2240 000.12 603.00 2.88 100 521.20 <l< 
238 01 15 603.00 606.0s 3.08 100 52.1.37 0') 
239 03 15 606.08 609.07 2.99 100 527Vi  05 
240 0510 609.07 612.04 2.97 100 5,Ã‡).,i. O 5  
24 1 0715 612.04 615.09 3.05 100 5.33.3s 05 
242 0925 615.09 618.07 2.98 100 5 Ã‡)..X 95 
243 1 140 61 8.07 621.10 3.03 100 5M.W "5 

244 1420 621.10 624.15 3.05 100 54.?.4.1 95 
Drilled 24.03 in Rer'il 24.03 m '100%) 

End of hole CRP-2A. 

ice. The sea riser was then lowered to the sea floor with 
the video camera guide wire carriage positioned below 
the rigid floats installed on 5.5 m lengths of casing. The 
inflatable float system was then strapped to the top of 
the riser. The sea riser finally penetrated the sea floor 
(was "spudded-in") at 1000 NZDT on 15 October 
(Fig. 1.1 1). 

The sea floor was covered with a layer about 0.8 m thick 
of sponge mat and sandy mud. Beneath this lay a stiff coarse 
gravelly mud. Theseariserwas initially advanced toresistance 
at 1.7 mbsf, and a hole drilled to around 5.5 mbsf. Coring in 
H size (6 1 mm) then proceeded to 12 mbsf, revealing that the 
gsavelly bed extended only to 5.5 mbsf, beneath which lay 
a firm sandy diamicton. The sea riser was then advanced 
further but could not be moved beyond 5.5 mbsf on 
account of a boulder (Fig. 1.13). Cementing followed over 
the next 3 days, but with little success on account of the 
low temperatures (-1.8OC) at the sea floor. Coring began 
again on 20 October, reaching 57 mbsf by 24 October, but 
continued mud loss to the sea floor required a further effort 
to embed the sea riser deeper into the sea floor. 

Further embedment of the sea riser involved "spike- 
loading" (lifting and dropping the casing several centimetres 
with the main winch) into the firm diamicton, and then 
deployment of an under-reamer for widening the hole 
ahead of the casing. The under-reamer was only partially 
successful in widening the hole for around 2 m beneath the 
bottom of the casing. In addition. it became loose and 
detached itself, possibly after catching on a large clast. 
Although it was subsequently recovered, it was considered 
too much of a risk to deploy again in this inhomogeneous 
formation. Progress continued by spike-loading the sea 
riserto adepth of 13 mbsf, when a boulderwas encountered. 
The sea riser was successfully cemented at this level. 

Coring in H then proceeded from 13 mbsf. However in 
the embedment process the base of the sea riser had moved 
out of CRP-2, resulting in a new hole being cored. This has 
been termed CRP-2A. At 18 mbsf the bit returned to 
CRP-2, but after either fully or partially following the old 
hole it veered off again at around 30 mbsf and continued 
down in entirely new ground. Some core was recovered 
from the interval from 18 to 30 mbsf, showingthe wall of 

Fig. 1.13 - Impression of the sea riser as it was initially embedded into 
the sea floor. Sketch: Pat Cooper. 

CRP-2. Progress continued at a rate of about 20 mlday, 
until further loose sand was encountered at around 
150 mbsf, and continuous full mud loss indicated that the 
hole would need to be cased as soon as sound formation 
was encountered. Because the hole seemed not to be 
caving much, it was decided to make time for logging 
in the open hole. This was done for the interval from 
62 mbsf (above which there was a higher likelihood of 



Tab. 1.7 iViklitives used i n  CRl'-2/2A for the CII-illing I'liiitl 
- 

S r A  RISI R INSTAI 1.A 1 ION 

Dale Depth iVIelres KC1 Mini 
25kp 

Vol Cement 
(ci1.m) (litres) (mbsr) Cored 

l ?/IO/W 
1 41 1 O/W 
1511 U/OS 
16/10/9S 
171 l O/OS 
1 S/ 10/W 

I O/OS 
201 l o/os 
25/IO/98 
2611 O/OS 

TO7 AI, (SfcA RISER) 
(additives in tonnes) 

HQ CORING 

15/10/98 5.47 
1611 0198 12.03 
20/10/08 12.21 
21/10/9S 22.95 
22/10/98 32.49 
23/10/98 49.31 
24/10/98 57.42 
2711 0198 13.46 
28/10/98 16.61 
29/10/08 42.81 
30/10/98 57.64 
31/10/98 70.56 

111 1/98 95.01 
211 1/98 123.57 
311 1/98 150.36 
411 1/98 159.36 
5/11/98 171.61 
611 1/98 183.22 
711 1/98 199.31 

TOTAL (HQ) 
(Additives in tonnes) 

(cu.mj (litres) 
25.2 

45 
82.8 
86.4 
14.4 

25.2 
39.6 
30.6 
33.3 
48.6 
43.2 
46.8 
55.8 
19.8 
36 
34.2 120 

378.9 

NQ CORING 

TOTAL (NQ) 
(Additives in tonnes) 

HOLE COMPLETION (3011 1/98) 

TOTAL FOR CRP-2/2A 31.68 

TOTAL FOR ALL ADDITIVES 

Notes on the additives: 
KC1 - Potassium chloride, constituent of sea-water and used for controlling density of drilling fluid: 
Guar - Guar gum. extract from guar seed. Used for increasing viscosity and conditioning the hole: 
XCD - XCD polymer. Also used for increasing viscosity and conditioning the hole: 
Pac-R - Used as a filtrate to reduce loss of drilling fluid; 
Mica - muscovite flakes. Used to reduce loss of drilling fluid in highly porous intervals: 
CaCI - Calcium chloride. Used as an accelerant for cementing. 
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Fig. 1.14 - Core recovery plotted against depth for CRP-2/2A 

the hole collapsing) to the bottom of the hole at 
162 mbsf. Drilling continued and firm ground was found 
below 180.00 mbsf. The hole was cased with the H rod at 
199.34 mbsf. 

Coring in N proceeded quickly, using the 6 m inner 
tube, to 290 mbsf, when further loose sand slowed coring 
and the 6 m core barrel was replaced with a 3 m barrel. 
From this point, coring progressed a little more slowly but 
consistently at c. 30 rnlday to 25 November. At this point 
we had passed a significant geological target, and met the 
coring requirements of the project for the season. We also 
wanted to ensure that the down-hole logging could be 
completed successfully in time to allow for the safe 
decommissioning the drilling system and camp. Coring 
ceased at 14.40 hours on 25 November and the hole was 
prepared for logging. Recovery for the hole averaged 
95%, with most of the loss coming from intervals of loose 
sand a few metres thick (Fig. 1.14). 

The logging process was successful for the first six 
runs, at which time it bridged off at 441 mbsf. Three 
further runs were successful to this depth. It was then 
decided to attempt to clear the bridge, but these were 
unsuccessful and caused further difficulties and loss of a 
Shelby coring tool. The HQ casing was then cut at 80 mbsf, 
and a little further logging carried out before the hole was 
cemented, and the sea riser severed about 1.5 m below the 
sea floor. All tubulars apart from that cemented into the 
sea floor were recovered. The drilling system and buildings 
were then moved by sledge back to Cape Roberts for 
winter storage on land. 

DRILL SITE A N D  CAPE ROBERTS CAMP 

Initial core curation began at the drill site. U p o n  <-ore 

recovery, down-hole depths were measured on the corc lo 

the nearest centimetre and expressed as metres below tin' 
sea floor (mhsf). 

The core was first cut into one-metre lengths a n d  (hen 
longitudinally into an Archive Half and a Working 11;11f 
using a rotary diamond saw. The Archive and Working 
halves were placed in separate core boxes (3 In per  box l'or 
HQ size core and 4 m per box for NQ size core). Yellow 
plastic separators, with the mbsf depth written o n  t h e m ,  
were placed at one-metre intervals within the core box. 
Any voids in the core box were filled with foam hlockini', 
to minimize movement of the core during transport. 

Sampling of the core began at the drill site. A 10 cm 
section of the Working Half was taken at approxima~ely 
20 m intervals. This "fast-track" sample was sent the same 
day by helicopter to the palaeontologists at McMurdo 
Station for age determination. In addition to the "fast- 
track" sample, fifteen 10- to 20-cm long whole-core 
sections were removed from the core for clast fabric mid 
shape studies. 

TRANSPORTATION 

Core Boxes From Cape Roberts DrillSife to McMnrdo 
Helicopter Pad. Insulated, vinyl-covered carrying cases, 
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 o n  
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 pad to 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 4OC and at a relative 
humidity of 60%. 

SEQUENCE OF EVENTS 
IN THE CSEC CORE LABORATORY 

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



contamiii~ition of the core. The temperature of the room 
was m;iiii~;iinecl at 18OC. The relative Iiu~iiidity of room 
201 w;is low (40%), despite the addition of two 
liurniclil'iers operating 24  hrs/clay. The Iahoriitory 
contained I0 111 of bench space covered with an easily 
cleaned surface. Fluorescent lighting was augmented 
by high-intensity halogen lighting to enhance the 
viewinp of  the core. 

The morning following the arrival of the core at 
McM~~rt lo  Station, the core boxes were repackaged into 
the insulated cases and carried by hand to the Core 
Laboratory i n  the CSEC. The core boxes were removed 
from the carrying cases and placed on the laboratory 
benches in depth sequence. 

Initial Core Appea~m~ce .  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 of 
the sediment. Occasionally, minor longitudinal shifting 
had occurred within the individual metre-long sections. 
The cores were misted with filtered water on a regular 
basis to counteract the dehydration effects of the low 
humidity in the room. 

Core Logs Rechecked, Photography and Viewing 
of the Core. Each day 18 to 24 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 to 24 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 Committee 
(Fielding, Smellie, Villa, Wilson). 

Data Enfiy. The curators entered the sample interval 
data into arelational database (4th Dimension). These data 
included: the investigator, hole number (CRP-2 or 
CRP-2A), box number (1 - 155), top interval of sample 
(mbsf), bottom interval of sample (mbsf), volume of the 
sample (cubic centimetres), date, and comments. The 
comments section recorded the type of sample taken 
(e.g. sediment, fossil, or clast) and the discipline and type 
of analysis tobe performedoneach sample (e.g. petrology- 
thin section or palaeontology-diatoms). This sample 
information and other coring information can be 
accessed through the W W W  sites of the curatorial 
facilities at the Antarctic Marine Geology Research 
Facility, at the Florida State University in Tallahassee, 
Florida (www.art.fsu.edu) and the Alfred-Wegener- 
Institute for Polar and Marine Research in Bremerhaven, 
Germany (www.pangaea.de). 

SAMPLING 

General Sdii1/1Ii11~. The core curators carried out the 
routine daily sampling, with over 5 A 0 0  samples taken for 
on-icc investigation. Comnion laboratory spatulas, small 
scoops, and forceps were used to remove samples from 
unlithified core. A diiiniond s;iw was used cut the more 
lithi Siccl material. as well as the large clasts. All of these 
tools were cleaned prior to the beginning of the sampling 
session and between thesa~iiplingofdifferent intervals. At 
no time was any tool used more than once before it was 
cleaned. The sampling 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 left in 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. 

Palaeomagnetic Sampli~lg. The Palaeomagnetists 
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 
palaeomagnetic 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 replace din 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 core boxes 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 (4OCI 
40Â°F) The wooden boxes were shipped in a refrigerated 
container via the cargo ship Greenwave to Lyttleton, New 
Zealand. The Working Halves of the core were off-loaded 
for ocean transport to Germany. The Archive Halves 
continued aboard the Green-wave to California where they 
were off-loaded and transported overland via refrigerated 
truck to Florida. 

PLIOCENE-QUATERNARY STRATA IN CRP-2 

INTRODUCTION 

In CRP-2, a c. 27 m succession of Pliocene-Quaternary 
(mainly) glacial sediments overlies the late Paleogene- 
early Neogene succession on the Ross Sea Unconformity. 
The sequence is mainly described from CRP-2, because in 



( 'RP-2A recovery was less. At nearby CRP- l .  43 111 of 
(.)uaternary sedin~elits overlie theunconfor~~iity :11ici ill .si/i/ 

PI i ocene sediments were not enco~~iitered. Tlie Plioceiie- 
(.)uaternary sediments are ~~nconsolidated and cmliot be 
distinguisl~ed easily from u11derl)~ing rock on litliological 
01. sediine~~tological grounds. Precise dating oS the 
i>o~lndaries has not been achieved, but palaeo~itologic~~lly 
tlley can be established with seasonable precision. Tliere 
:IIC three Lithostratigraphical Sub-Units (LSU l .  l .  2. l 
2.2) in the sequence, of which the first one 11~1s riot been 
~x~covered; LSU 2. l and 2.2 are divided in a n~i~iiber of 
s~iialler units wit11 gradational boundaries. 

111 the following discussion, the two lithostratigrapliical 
units will be described and their characteristics s~ l~n t~~ar i sed  
on the basis of the 1:20 scale logs, given in section l in the 
s~ipplen~ent to this issue. This is followed by a brief> 
preliminary intel-pretation. Although the sandy beds co~ild 
possibly be in te~~re ted  in anon-glacial context> the intricate 
:~rcl~itecture of the sands and diainictons suggest tliat they 
a1 l I-elate to the same glacial events. However, because of 
the time involved intermediate erosion may have removed 
large parts of the sequence befol-e emplacement of the next 
ciiainicton. 

PHYSICAL PROPERTIES 

In LSU 2.1 ( Q ~ ~ a t e r n a r y )  and 2.2 (Pliocene) 
core-physical propesty data were obtained for magnetic 
s~tsceptibility and wet-bulk density(WBD)lporosity below 
12.25 ~nbsf.  The uppesinost part of the core (above 
12.25 mbsf) was not available for whole-core 
measurements because of drilling operational problems. 
Core P-wave velocities were not measured above 
14.03 mbsf because theunconsolidated andpa~tially broken 
character of the core did not permit sufficient so~lnd 
transmission. 

The Quaternary (LSU 2.1) is characterized by a 
susceptibility of about 200 (10-5 SI). Magnetic s~isceptibility 
must be corrected for loop sensor and core diameter. Wet- 
b~11k density and the calculated fract~onal porosity vary 
between S .9 and 2. l g and0.3 to 0.5, respectively. The 

velocity dataare sparseaiici vary Sroni l .8. to2.0  1,111 S l ,  ~ \ t  
l5 mbsftliereis a~~iajospeak 10 low susceptibility ; t11( i  l i i ~ ! l i  

WBD (low porosity) ca~~secl by :I l:~rgcclast. 111 1J n i l  2.  l 1 1 1 ~  

relative high degree of disj~ersioll is probably c;~ttsc(l fly 
diamicto~i litl1olog~~. Dispersion is cotninon it1 I I I C  co1.e 
property data of CRP-l di:~niicto~i ~niits (Cape l<olx~is 
ScienceTeam, 1998). In CRP-2, Unit 2. l,  s~isccpii l~il i~y is 
siii~ilar to that in the upper Q~later~iary ~~t i i t s  of C7l<I) l (?.  l 
and 2.2) but significai~tly lliglier tl~an ill tlic, I O \ V C I -  
Q~~ate~nal-y  ~lnits (2.3 - 4. l )  of CRP- I . Tlie Srxt ional 
porosity of the CRP-2 Q~iatern:~ry sediinents is Ioiv~:r lql 
about 0.2 than in the upper past of CRP-l. I I o w i ~ v ~ ~ ~ ~ ,  
velocities in Q~iaternary sediiiie~its i l l  CRP-l ~ I K I  ( ' l < l )  1 
are similar (cf. Cape Roberts Science Team> S 908).  

Core-physical property data at the uppel- : I I I ( I  I ~ \ v L Y -  
boundary of the Pliocene al-e lacking. Howevel-. 1,SCJ 2 , 2  
(Fig. 1.15) of Pliocene age$ has slightly higl~cr  (1i;nsity 
(lower porosity) and significantly lower susccptil>ili~y 
compared to the overlying Q~laternary ~lnits. C C I I I ~ ~ : I I . C ~  io 
the underlying Miocene, differences are i~~ inor  01- in(Iisti~ic:~. 
The low susceptibility \lalues in the Pliocene unit g~~:t(lu:~lly 
increase into the upper part of the Miocene ( I  Gg. l . l S ). 
Densitylporosity and velocity sllow sin~ilar values to tllosc 
of the uppermost part of the Miocene LSU 3. l (1:ig. l .  l S). 

In concl~ision~ tliecore-physical property characteristics 
of Quaternary and Pliocene are not distinctly (IiSIkre~it 
from Mioceiie units. Tl~erefore, possible unco~iSor~iiitics 
at the MiocenelPliocene and P l i o c e n e l Q ~ ~ : ~ ~ c r ~ i : ~ r ~ ~  
boundaries are not obvious in the records. Tlic lower 
porosity at the top of CRP-2 inay suggest strot1gc1- 
consolidation compared to the top unit of CRP- l .TIicre arc 
no obvious co~~elations between the Quater~lary oi'(~R1~- l 
and CRP-2 based on core-physical properties alone. 

Down-hole logging of Q~iaternary and l'lioccne 
sediments took place on 29 November 1998. Above 
12.5 inbsf, density and spectsal gamma-ray logs wcrc run 
within the sea riser. Between 12.5 and 23128 inbsf (tool 
dependent) all tools measured formation properties in the 
open borehole. Below this depth: the data PI-escntecl it1 

figure l .  16 and section 4 in the supplement to this ~ S S L I C  

were collected within HQ casing. The spectral gam~iia-ray 

Fig, 1.15 - Core physical prope1-ties in the top 50 111bsf of CRP-2 



phi 100, 

l";:{. l ,  16 .. ('o~iil)osilc 1)Iol of 
~l~ l \ \ ' i l - l lo lc  l1lcils1ircillcllls.'rilc 
c~o l~ i~ i i i i s  S S O I ~  icrt 10 riglit arc 
s l i o \ v i i i g  t l ic f ' o I l o \ \ ~ i ~ ~ g  
~ ~ : ~ s i ~ ~ i i c t c s s :  iiic1iii:itioii o f  the 
(lril l 1101~ (ii ic) ( l - Y ) ;  I(iggii1g 
[ic-ptli (11il1st'j: g:~i i i i l i i~-r;~y GR 
(0- l SO l\I1l): ~iolassi~it l i  (K) 
(0-S(L): t l ~ o r i u ~ l ~  ('1.11) (0 -  
12 ppiii). ~ ~ s i ~ t i i u i ~ ~  (0-6 pptn): 
(lciisit)~ (clct~) ( l .S-3 gctii '): 
i i c ~ ~ t r o i i  porosily ( p l ~ i )  (0- 
l OOfX 1: s ~ ~ s c c ~ ~ ~ i l ~ t l i t ~ ~  (sus) (0- 
100 X l 0  ' SI):  cicctric:il 
i - c s i s t i v i t ) ~  ( R l o i l g )  ( 0 -  
I 0  O i ~ i ~ i i ~ i )  :i11(1 (Rsllost) (0.. 
10 C ) l i ~ ~ i i ~ i ) :  t l i ~ ~ c l  s c s i s t ~ ~ i i y  
( i l l l i< l  R )  ( 0 - 2 0  o i l i l l i l l ) :  
tcl1ij)ct-:ltttrc (ic111p) ( l-3Â°C) 

and density v a l ~ ~ e s  are corrected for the atten~~atioii effects 
c a ~ ~ s e d  by HQ casing, b ~ ~ t  not for the sea riser. 

There are no ~najor changes in well-log based pl~ysical 
properties at the lower boundar>~ between the interpreted 
Pliocene and Miocene boundary at 27 ~nbsf.  The change 
from Q~~aternary to Pliocene sedin~ents at 21 mbsf is 
acco~npanied by a decrease in density (2. l to l .7 gIcm3) 
and by an increase in s~~sceptibility ( ~ O X ~ O - ~  to 4 0 ~ 1 0 - ~  
SI). However% the changes in spectral gam~na-ray values 
across this boundary are negligible. The low values in 
density may be related to wash-o~~ts in the drill hole. 
Caliper measurements, which detect wash-outs, were 
avoidedin t l~isintervald~~e to diffic~~lt  drill l~oleconditions. 
A large clast at 16 mbsf is detected by high potassium and 
density val~tes; and low-susceptibility val~ies. There is a 
stsong correlation between down-hole logging data and 
core-based physical properties for the Q~~aternary-Pliocene 
sediments. 

LITHOSTRATIGRAPHY AND SEDIMENTOLOGY 

Facies Analysis 

TMTO interbedded facies can be recognized, altl~ough 
niost transitions are gradational. The first facies is a 
diamicton, which is compact to ~nassive, locally stratified 
or laminated with ill-defined boundaries, and which is 
very pool-ly sorted; there are several zones of in . ~ i r ~ i  
brecciation, some of which show a fine fabric. It is 
interpreted as aprobable basal till, produced during glacial 
overriding of the CRP-2 drill site. The second facies is a ? 
stratified, moderate to well-sorted fine to coarse sand> 
which occurs interbedded with the diamicton. Although 
these sands Inay be completely ~~nrelated (the lower 
boundaries have invariably not been recovered), they may 
also be interpreted as clast-free to clast-poor parts of the 
diamict. 

Lit/~o,~frcitigr~i~~l~i~~~/lS//b-U~~itl. 1 (O.OO?-5.5411?b,f), ? 
The only n~aterial recovered fl-o~n this interval was a single 
7 cm dolerite clast, indicated as drilling wash. 

Litl~o~~trcifig~~ci~~l~iccil Szlb- Unit 2. l (5.54-21.16 111b.f)~ 
~ / i c / ~ i ~ i c t ( ~ ~ ~ .  Recovery of CRP-2 starts at 5.54 inbsf and 
down to 2 l .  16 ~nbsf the strata are believed to be Q~laternasy 
on mici-opalaeo~itological g r o ~ ~ n d s  (Fig. l .  17). 

Quaternary strata of IJnit 2.1 are described as 
unconsolidated> ~nassive, locally weakly stratified, very 
poorly sorted? clast-rich sandy diamicton. Clasts al-e up to 
b o ~ ~ l d e r  size (40 cm+), and are mainly ang~llar to 
subro~~nded. There is no preferred clast orientation. The 
clasts are composed of granitoids, dolerite, quartz, feldspar 
ancl volcanic rocks, locally diamictite and possibly also 
Tertiary sedimentary rocks> including sandstone. There 
are traces of volcanic glass, sponge spicules and calcareous 
micl-ofossils. The upper part of the diamicton is weakly 
lan~inated to thinly bedded at intervals, while between 
5.54 and c. l  l lnbsf, it possesses a brecciated fabric, 
mainly consisting of small, subrounded aggsegates 
(Fig. l .  l Sa). Below 12.2 mbsf there are local variations in 
clast content on a scale of l0 to 30 cm, with text~~ral  
grading between. Both normal and reversed grading occur 
throughout the unit. Most boundaries are gsadational. As 
in CRP-l> in sifu brecciation has been observed in the 
lower, more compact parts of the dianlicton, especially in 
the interval between l3 and 16 mbsf, whei-e the enclaves 
ai-e larger than in the upper bsecciated zone (Fig. l .  lab). 

The diamict probably represents glacial ovesriding of 
the CRP-2 drill site, because its characteristics are 
compatible with those of basal tills: multimodal in grain 
size, vague lamination, zones that differ in clast content 
and in situ brecciation. This interpretation is s~~ppor ted  by 
the clast characteristics. But, because none of these 
characteristics are diagnostic, the sequence could also 
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, . . . .  - 1  1.. .A........ sand (stone) iq, Soft-sediment 
1.. .:. *.-.+l deformation 
., . . 

a Brecciation * Lonestones 
(extraformational) 

Fig. 1.17 - Core log of CRP-2, Quaternary and Pliocene interval (see 
section 4 in the s~~ppleinent to this issue for symbols). 

represent proximal glacimarine sediinents, with debris 
input from floating ice. Only the in sifu brecciation is more 
difficult to seconcile with this interpretation. 

Lit/~ost~atig~ap/zical  Sz~b- U11it2.2 (21.16-26.75 i?zbsf), 
cliainictoiz sand. Strata bearing Pliocene foraminifera 
account for about 5.5 m of the core and consist of diamicton 
and sand, LSU 2.2. The unit is a compact, massive, clast- 
rich sandy diamicton, very poorl>~ sorted and un- 
consolidated, ?stratified, n~oderate to well-sorted fine to 
coarse sand. The diamict in LSU 2.2 differs in colour 
(lOYR514) fl-om the dialnict in LSU 2. l (5Y312). Clasts in 
the diamict are small and angular to well sounded. These 
is no prefel-red orientation of the clasts. Clast lithologies 
are granitoids, dolerite, q~xartz and feldspar, diamictites 
and volcanic rocks. Volcanic glass occurs in considerable 
percentages at some levels, e.g. 22.32 mbsf. There are also 
traces of sponge spicules in LSU 2.2. The sands are mainly 
unconsolidated and pxtly distusbed by drilling. A nassow 
zone of matrix-supported brecciation occurs in the 
sandstone at the base of the unit. 

Most of the contacts between described subunits have 
not been recovered.The lowermost contact of LSU 2.2 is 
sharp. 

Fig. 1.18 - 0 )  Boundary between diainicton composed of i-o~~i~(led 
agregates ill a iiiatrix> and a Inore conlpact brecciated diaiiiic[oii ill [lie 
louter part of the sectioii (col-e dianetel- is 65 mm. b o ~ ~ n d a y  is at c. l l .3 inOsl'. 
l11 In situ b1-ecciated diaiiiictoi~ at c. 13.8 mbsf. The centrc ~I;II-( OS 11ie 
image is dist~trbed by drilling. but the other fl-actures al-e inCcrrcd to be 
a geological property of the sediment (core diameter is 65 iiini). 

The diamicton with interdigitating sand most probably 
represents glacial overriding of the CRP-2 drill site. The 
overall structure of the tinit is compatible with a subglacial 
environment, but as before is equally compatible with a 
glacimarine environment. 

PETROLOGY 

Basement Clasts and Clast Variability 

Clasts (granule to boulder grain-size classes) in the 
Pliocene-Quaternary strata of CRP-2 were classified 
lithologically and individually counted (686 clasts), and a 
selection of pebble to cobble-size clasts was chosen for 
petsographical examination. Thin sections of the selected 
samples were mounted in epoxy resin, unstained and 
examined uncovered. 

Clasts al-e common in LSU 2. l ,  and average c. 50-1 00 
clasts per metre-length of core, diminishing in abundance 
near the base of the unit (Fig. 3. l). The principal lithologies 
include: granitoids (mainly grey and pink biotite+l- 



lior111~lvnde nionzogranite~ dolerites. basalts ancl 
sedinic~i t :~~-y rocks (mainly dialnictite, c1~1~1rtzosc 
smdsto~ic~, siltstone). The proportioti of granitoicl cl:~sts 
slic~m~s two peaks at c. l I and l 5 mbsf and there is :I slight 
dec rem : ~ l ? c ~ ~ c .  Dolerite clasts sl~ow a siniilas a b ~ ~ ~ i d a ~ i c c  
patter11 l ~ t t  17ecotne niore abundant than granitoicls betwccti 
17 ancl 2 0  nibsf. By contrast, sedi~nentary clasts, the I I K ~ ~  

abuncla~it litliologies aftel- granitoids; siiow ~iiarkccl 
f l i~c t~~a t io~ i s  i l l  abundance and a significant i~pward 
increase. 13:~salt clasts are rare and restsicted to the c. 9- 
l0  mbsl' i iitc~val. 

LSU 2.2 is very similar to LSU 2.1 b ~ ~ t  cotitains a 
higherco~itent of granitoids and basalt clasts. The latter are 
restrictccl 10 c. 24-25 nibsf. Five volcanic pebbles 0.8-3 cm 
in dianictcr were examined petrograpliically. They are 
probably hasakic to trdchytic in composition, are vesicillar 
and s ~ i l ~ - : l ~ ~ l ~ y r i c ~  and most contain plagioclase micro- 
phenocr~lsts. The basaltic clasts consist lasgely of 
scoriaccoi~s tacliylite. The close petrographical similarity 
between granitoid clasts in CRP-l and CRP-2 ( c -  Cape 
Roberts Science Teani, 1998; Talasico & Sandroni, 19981, 
in partic~~lar the abundance and petsographical features of 
tlie mo~izogranites, suggest that the Cambro-Ordoviciat~ 
Granite Harl~oi~r Intrusive Complex is the most likely and 
most importa~it source unit for the Quatel-nary and Pliocene 
sections OS CRP-2. However, there was also a significant 
contribi~tioti of clasts from the Jurassic Fersal- Group and 
from sedin~entary sequences of probable Tertiary age. 
Tel-tiary sedi~nents are psesently not exposed in the 
Transa~itarctic Mountains, although they are common as 
erratics on the Ross Ice Shelf (Wilson> 1967). The basaltic 
and tracliytic ~~olcanic clasts were probably derived from 
outcrops of the Cenozoic McMurdo Volcanic Group. 
They are much larger than volcanic clasts of similar 
appearance observed in CRP-l (Cape Roberts Science 
Team, 1998). 

X-Ray Mineralogy 

The bulk mineralogy of one fast-track sample from the 
Pliocene-Quater~~ary section of CRP-212A was examined 
using a RigakuMiniflex+ X-ray diffsaction (XRD) system 
at the Crary Science and Engineesing Center. The interval 
sampled was 11.93-12.03 mbsf, and the san~ple was 
analysed using procedures described in the Initial Repost 
volu~ne for CRP-l (Cape Roberts Science Team, 1998: 
p. 84-85). Quartz and plagioclase feldspar are the dominant 
phases in this sample, with lesser amounts of K-feldspar. 
Other minerals appear to be present in low abundances, 
including illitelmuscovite, clinopyroxene, and diopside. 
The relative abundances of total feldspar, K-feldspar, and 
quartz were estimated from the intensity ratios of 
mineral-specific XRD peaks, and indicate that this sample 
has high abundances of total feldspar and K-feldspas 
relative to quartz. This composition is consistent with the 
relative abundance ratios in the immediately underlying 
pre-Pliocene section of CRP-212A, and suggests that the 
input of 1-ecycled$ fine-grained, quartzose Beacon 
S~~pergsoup material was relatively small compared to the 
input from more feldspar-rich source rocks (such as the 
McMurdo Volcanic Group). 

Sa~ici grains were cx:l~iii~iccl 1~ctt.ogr:11)Iiic~111~~ in l3 
sniear slic1cs. ancl 'e~iipirical cie~rital ti~oclcs' (as clefinecl 
1ate1-. scc Sand Grains scctioti in Petrology chapter) were 
clctcrt~ii~ic(l 011 two sa~llples fro111 each litliostratigrapl~ical 
111iit. Tlicrc arc no  nines sal or rock fragt~icnts ~lniqiie to the 
Qi~atcr~iary strata. The different grai~i types atid theii- 
likely pro\~enance are described tnore fully in the section 
on sand grains (Petrology chapter), and the grain 
proportio~is are incli~ded in table4.3. All oftlie sat~~ples are 
c1~1:lrtzo-feldspatl~ic, with tiieati vali~es for qi~artz plus 
Sclcls~~ar of about 85-90% (~ lnge :  c. 49-9856). K-feldspar 
ancl albitic plagioclase are most COIII I I I~I I  among the 
felcispars. but calcic plagioclase (1absacIorite-bytownite) 
is also generally present. Most of tlie reniainder of each 
satiiple consists of colourless to transli~ce~~t green clino- 
pyroxene (12-15%) and a variable proportion (4-15%) of 
opaqi~egrains (cot~iprising opaque oxide, oxidised volcanic 
glass and pl-obable clinop>~roxene, and a variety of fine- 
grained sub-opaque litl~ic fragnie~~ts of ~~ncertain origin). 
Minor anipliibole (mainly green hol-nblende> rarely brown) 
is ubiquitous (1-2%), as are trace aIiloiints of biotite 
(brown; rarely green). There are few noticeable differences 
between LSU 2. l and 2.2. However, accessory garnet and 
zircon are characteristic of LSU 2.1 (absent in 2.2) and 
volcanic glass occurs mainly in trace amounts (<l%; 
range 0-4%), whereas in LSU 2.2 glass typically forms 8- 
10% (range l-17%). Most of the glass is brown? but 
colourless glass is also present in many of the samples 
examined. The glass is poorly to non-vesic~~lar, completely 
~lnaltered and unabraded. 

Apart from a more restricted range of accessory 
minerals, the new results show no s i g ~ ~ i f i c a ~ ~ t  differences 
compat-ed with those described in previoils studies of sand 
grains in Quatel-na1-y sediments cored in McMurdo Sound 
(MSSTS-l and CRP-l; Bassett et al., 1986; Smellie, 
1998). A source area predo~ninantly composed of 
granitoids, dolerite and contemposaneous mafic and 
evolved volcanic rocks is indicated. The relatively high 
abundance of fresh volcanic glass inLSU 2.2 suggests that 
volcanism was more active during the depositional period 
of that unit compared to LSU 2. l .  The presence of brown 
(mafic) and colourless (evolved) glass and trace amounts 
of strongly coloured ferromagnesian minerals, such as 
aenigmatite, suggest that thevolcanic activity had abimodal 
alkaline composition similar to that of the Cenozoic 
McMurdo Volcanic Group. 

Organic Geochemistry 

Pliocene-Quaternary samples froni CRP-2 contain little 
organic or inorganic carbon (Tab. l .S): TOC values range 
from 0.05 l to O.l9%, whereas inorganic carbon values 
range from 0.07 to 0.22%. Much of the inorganic carbon 
apparently occurs as sidesite or another refractory carbon 
phase. Ratios of T0C:TN decrease down-hole from values 
of 13 at 6.00-6.02 mbsf to l .3 at 26.55-26.57 mbsf. These 
values are consistent with an interpretation that the aquatic 
contribution to the preserved organic matterlias decreased 
since the Pliocene. 



Tcl11. 1.8 - Mea~ured organic carbon iii  P ~ ~ o c ~ I ~ ~ - Q L I ~ ~ c I - I ~ : I ~ ) J  L I I I ~ I S  

Clast Shape and Fabric 

The Plio-Quaternary interval of the CRP-212A drill 
core consists of several clast-rich units. Five fall-back 
(collapse into open well) samples and two 20-cln lorig 
wliole-round core sectio~is wese collected from this interval 
for shape and fabric analysis. The original stratigrapliical 
position of clasts in the fall-back samples is poorly 
constrained but the whole round core sections are fro111 
19.30-19.50 mbsf and 25.68-25.88 mbsf in LSU 2.1 a ~ i d  
2.2 respectively' Lithology of each clast was determined 
m d  soundness estin~ated using the Kru~nbein v i s ~ ~ a l  
roundness c h a t  which divides the clasts into nineround~~ess 

c:~tcgories. Clasts were also exa~~iinccl for ot11c1. tisal IIICS 

S L I C I I  21s facets, ancl for s~~r face  feat~11.c~ s~lcli a s  s~i.i:~t i o ~ ~ s .  
111 additioti, t l isee-di~l~e~~sio~ial  fabric atialysis wxs ~na(le 
on the whole-SOLIII~ core sectiolls by SySt<x~lliiIi~si~lly 
clisaggregatit~g the core and ~ i ~ e : ~ s ~ ~ r i t ~ g  the { I Y I K I  L I I I ~  

p1~11igc of the a-axis (1011g axis). None of tliesc S : I I I I I ~ ( * S  
was oriented with respect to ~~or t l i .  

Sl~clpe.  All the san~ples show broad I - O ~ I I I ( ~ I I C \ S  

distributio~is with a niean K r ~ ~ n ~ b e i t ~  s o ~ ~ ~ i d n e s s  I . ~ I I I ~ ~ I I ~  

betweet1 0.35 and 0.41 (subro~inded) aiid wit11 s l : ~ i ~ l ; ~ i ~ d  
deviation ranging between 0.09 a11d 0.14. 

All samples contain betwee11 19% a11d 5 1% OS f~:~ccIlcd 
clasts. Striatedclasts arepresent iii several s a ~ ~ ~ p l c s  ~ I I ~ I I ~ I I > : I I  
they typically comprise less than 10% ofthe total I I U ~ I I I I W  
of clasts ill the san~ple. The deve lop~ne~~t  of these S ~ ~ I I I I X ~ S  
depends largely on clast lithology but; if prcscilt. Ihry 
pi-ovide good evidence of basal glacial transpo~-t . I )o l c s i~~~ ,  
granitoid and sedin~entary clasts are do111i11ai1~ i n  tl~cse 
samples with volcanic and ~neta~norphic clasts 111akiilg I I ~  

theremainder. Striations occur only on fine-grai~iccl (Ioli:l.i~e 
(7 sets :Ire and sedi~llentary clasts. Up to three cross-cuttill= , 

preserved on a single facet and one pastic~~I:~rly clc:~r 
example from l l .64 ~nbsf in CRP-2 displays thrcc sets of 

Tab. 1.9 -Diaton~s and ebl-idians in  inc consolidated sand. 21.60-23.5 ~nbsf. 

Ebridians 

Non-marine diatom 

Pliocene-Recent (3.1 to 0.0 Ma**) 
Middlc Miocene-Recent (16,2 to .66 l ~ l a ' ~ ' ~ )  
Pliocene 
Late Miocene? 
Not diz~gnostic 
Not d?dg~~ostic 
Lowel- to Middle Miocene (-l 7 to 14.4 Ma*) 
Middle Miocei~e-Rece~it 
Pliocerie?-Recent 
Not diaz~~ostic 
Not dia~nostic 
Not diagnostic 
Not diagnostic 
Not cliagnostic 
Late Pliocene-eai-ly Pleistoce~ie 
Early Pliocene (4.3 to 3.3-3.1 Ma*) 
Late Pliocene-eat-ly Pleistocei~e (2.3 to .70 Ma**) 
Pl ioce~~e (4.9 to 1.9 IM~**) 
Pliocene-Recent (4.2 to 0.0 -Ma*'%) 
Pliocene-Recent (5.6 to 0.0 h4a**) 
Miocene - Recent 
Late Miocene-early Pliocene 
Late Pliocei~e-early Pleistoce~ic 
Plioce~ie-Recent (4.2 to 0.0 Ma*:*) 
Pliocene (3.2 to 2.3 Ma**) 

L~iticola spp. Pliocene?-Recent 
Melosiru c11ui-cotii Pliocene?-Recent 
Nu~bic~ila perc114straIis Pliocene?-Recent 
Nuvic111u q ~ ( c ~ t e ~ ~ i ~ c ~ ~ ~ i a  131iocene?-Recent 
Nc~i?culu sp. B (CRP- l ) ? 
Nitz.rc/~ic~ it,estii Plioce~~e?-Recent 
Staz[roi~ei.s a11re11~ PIiocene?-Recent 

-p. 

Note: * = Berggren et al. ( l  985) time scale: *:% = Berggren et al. (1995) time scale. 



striae wit h the dominant set p:iriillel to the long axis ol' t he 
clast. 

Fabric. Trend and pliinge of the a-axis of' clasts from 
the whole-round core sections were plotted o n  Schmidt 
equal arc;). lower hemisphere sterconet pro,jections. The 
data disph~y a broad scatter with n o  obvious preferred 
orientation. Normalized eigenvalues (Sl .  S: and S-;) 
s u m m a r i ~  fabric strength or degree of clustering about 
the mean orientation axes or eigenvectors (Dowdeswcll et 
al., 1985). The sample from 19.30- 19.50 ~i~bsfyields an S ,  
value of 0.445 and S3 value of 0.232 and the sample from 
25.68-25.88 mbsf yields values of 0.462 and 0.254 
respectively. The eigenvalue analysis of these samples 
indicates a random orientation. Although this is 
characteristic of ice-rafted diamictoiis according to Domack 
& Lawsoti ( 1  985), it should be realized that clast fabric is 
not diagnostic. 

Summary. The clasts from fall-back and whole-round 
core samples from the Pliocene-Quaternary interval of 
CRP-212A show a broad roundness range with the average 
being subro~~nded. A significant percentage of clasts are 
facetted and several samples display striated clasts. This is 
characteristic of clasts which have experienced subglacial 
transport. Three dimensional fabric analysis of clasts in 
whole-round sections of core indicates no preferred 
orientation. 

PALAEONTOLOGY 

Diatoms 

Twenty eight samples from the Pliocene to Quaternary 
section of CRP-2. including samples ranging from the 
uppermost sample at 6.25 mbsf down to 26.79 mbsf, were 
examined for diatoms. All samples were examined as 

sti~:wn sliilcs. using stiind;u'd methods. Additionally, 
selected samples were sicved at 10 p ~ n .  and some were 
floated in sodium pal y tiiiigssate to recover material with 
specific griivily less tIi:in 2.2. 

Most samples are harreii or contain trace quantities of 
gencr;tlly iinidciitil'iahlcdiatoiii fragments. Samples within 
an u~iconsolidated and poorly recovered sand unit, 21.6- 
23.5 mbsf (the upper part of LSU 2.2), contain a diatom 
assemblage of mixed ages, including diatoms representing 
initial deposition during the late Mioccne, early Pliocene 
and latest Pliocene-earliest Pleistocene (Tab. 1.9). We 
suggest that all of the diatoms in the sand may be 
allochthono~~s. 

A maximum a"; for the subunit is indicated by the 
occurrence of Tlwlussiosiru ellipliporci, which has a well- 
establislicd stratigraphical range of 2.4 - 0.70 Ma. This is 
one of the key diatom markertaxapresent in theQuaternary 
carbonate unit of CRP-1 (LSU 3.1). The occurrence of 
T. ellipti/~ora fragments, among other late Pliocenel 
Pleistocene diatoms (Fig. 1.19), and in the absence of 
T/~alossiosira an/citr/ica. indicates that the sand unit was 
deposited in the latest Pliocene to earliest Pleistocene, 
above in situ Pliocene sediments, as indicated by 
foraminifera. 

This sand unit in CRP-2 also contains common extant 
non-marine diatoms, all of which are known to range back 
at least to the late Pliocene, based on their occurrence in 
CIROS-2. There is no evidence of contamination by 
modern McMurdo Sound diatoms. The Pliocene-lower 
Miocene unconformity is recognized by a marked change 
from poorly-fossiliferous sediments in the Pliocene LSU 
2.2 to sediments rich in lower Miocene diatoms in the 
underlying unit. Samples directly above the unconformity 
at 26.8 mbsf contain common lower Miocene diatoms 
interpreted as reworked from below. 

Fig. 1.19 - Diatoms in sand unit, 
21.60 - 23.5 mbsf. 
a )  Thalassiosira elliptipora. 
b)  Thalassiosira vulnifica, 
c )  Thalassiosira torokina (late 

form), hvo levels of focus, 
d )  Thal~zssiosira complicata. 
Scale bar = 10 mm. 
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Calcareous Nannofossils 

Smear slides of eleven samples were examined for 
calcareous nannofossils within the Quaternary (0.00- 
21 . l 8  mbsf) in CPR-2. Only a few fragments of 
'/'lioracosphaera spp. have been identified in samples 
from 20.82 and 21.00 mbsf. These specimens occur only 
iis fr a g ments. 

In the Antarctic envisonient, thoracosphcierids have 
been reported previously in the Quaternary only from the 
CRP-1 drill hole. in LSU 3.1. which is a carbonate-rich 
and fossiliferous sequence. In  CRP-2. this sequence was 
not recovered.  Nevertheless,  the presence of 
thoracosphaerids at 20.83 and 211nbsf suggests a 
correspondence of this interval with CRP- 1 LSU 3.1. 

Two samples from 23.90 and 25.23 mbsfin the Pliocene 
(?) sequence were studied, but no nannofossils were 
found. 

Twelve samples, spanning the interval 6.25-26.68 mbsf 
were processed for foraminifera. Nine contained 
foraminifera and other fossil material. e.g. ostracods. 
sponge spicules, echinoderm spines, shell debris, bryozoans 
and large diatoms (Tab. 1.10). Test and species numbers 
are generally low throughout this diamicton-dominated 

succession and assemblages arc regarded as nc:ir in .siii.i 
tapllococnoscs. 

Qi~ilc'riiiiry. LSU 2.1 is assigned to the Qiiateriiiiry. 
Eighteen species oS(brt i~~ii~~iSeraweredoc~~mentcd i n  I'oiir 
of five samples from the sub-unit, with a highest S D I . V ~ ~ S  

number of I 1 documented at 19.84 mbsf. near t h e  hiisc of 
LSU 2.1 (Tab. 1.10). Dominant taxa at 19.84 in include 
Cassidiilii~okli's porrc2ctiis, Ehrei ihqina gl<ihr(i and 
Trifaiinci earlaiuli. This sample and an underly ing our ;it 
2 1.03 mbsf contain the only occurrences of the phink tonic 
Neogloboc/iiiicIi~i~~i pucliycIe~~i~zc/. Sample 19.84 inlist illso 
contains the widest array of fragmented mticrolossil 
material (Tab. 1.10) among the Quaternary sampk~s. 
Assembkig~s in CRP-2lLSU 2.1 most closely resemble 
those of CRP- 1 diamict LSU 2.1. 2.2, and 2.3 (Wehh & 
Strong, 1998a). The CRP-l/LSU 3.1 carbonate hiof'acirs, 
which contained foraininiferal assemblages o f  up to 60 
species, was not encountered in the CRP-2 Quaternary 
sedimentary succession. A single specimen of the  PIiocene 
Ai71moelphidiella antarctica in CRP-2 at 16.30 mbsf' is 
considered to be reworked. The Quaternary asse~nhlt ips 
documented here are identical to modem populations 
from the western Ross Sea above the c;irbontile 
compensation depth (CCD; c. 500-600 m). 

Pliocene. LSU 2.2 is assigned to the Pliocene. The 
Pliocene bentliic index Aiizi~~oelphidiella untcir(,ticii 
(Ishman & Rieck, 1992; Gazdzicki & Webb, 1996; Wehh, 

Tab. 1.10 - Marine palynomorplis from the Pliocene-Quaternary interval. 
- 

Quaternary 
Unit 2.1 
T O P  6.25 
Base 6.61 
Species NF 
Ammoeiphidie/la antarctica 
Astrononion ai~tarcticiiiii 
Cassidiilinoides parkerianiis 
Cassidiilii~oide.~ porrectiis 
Cibicides lobatiiliis 
Cibicides refidgi~.s 
Cibicides spp. 
Cribroelphidiiim iiicertiii71 
Ehrenbergii70 glabra 
Ehrenbergim glabra vnr. "obesa" 
Fissiirina inargincifa 
Fissiirina sp. 
Globocassdiilinn crassa 
Globocassiclnlii~a siibglobosa 
Heronaillenia kernpi 
Lagena costafa 
Lcigeiiu gracilis 
Lenticiilina gibba 
Lentieiilina sp. 
Miliolidae indet. 
Areogloboquadrina pacl~ydenna 
Ooliiia hexagons 
Oolina sq11ci~~7osiilcata 
Oolina sp. 
P.seiidobuliii~i~~~i chapmani 
Qtiinqiielocitlina sp. 
Rosalina globiilaris 
Rosalind globiilaris inflated var. 
Sigi?ioilina iimboiiafn 
Trifarim earlaiicli 
Sponge spicules 
Bryozoa 
Echinoderm spines 
Shell fragments 
Ostracods 
Diatoms 

Pliocene 



1974; Wrhh & Strong, 1998a, b) is present in  all I'ive 
samples I'rom the sub-unit. Twenty-two species o f  
foraminifbra were documented in five of seven samples 
from LSt J 2.2 taken from the interval 2 1.19-25.80 mbsf 
(Tab. 1.10). A sample from 25.42 mbsf, near the base of 
Unit 2.2, contains the most diverse assemblage at 12 
species. Two  samples from the 26.37- 26.68 mbslinterval, 
near the base of LSU 2.2, were barren. This unit is 
col-rela[ci.l with the PliocenePecten Gravels (Wright Valley) 
and Pliocene of DVDP-l0 (Taylor Valley). A number of 
taxa documented in CRP-2lLSU 2.1 and 2.2 are known to 
range through both the Pliocene and Quaternary. In  the 
case ofCRP-2, the Pliocene and Quaternary fauna1 elements 
may be separated on the basis of poorer preservation. 
larger size and a yellow-orange staining. Further work 
may indicate the need to propose two new varieties or 
species of Pliocene foraminifera. The first is a small, 
inflated and less spinose variant of El~re~ibergina glabra, 
referred to here as an obese variety of Elirenbergi~io 
glabrcr. the second is a large inflated variety of Rosalina 
globu1o.w. In sifu Pliocene sediments were not documented 
in the CRP- 1 succession and Pliocene foraminifera in 
CRP-l/Unit 2.1-3.1 (Quaternary) wereconsideredto have 
been transported to Roberts ridge from a far distant source, 
presumably by ice-rafting (Webb & Strong, 1998a, b). 
The recovery of a -5 m in sifu Pliocene succession at 
CRP-2 indicates that a local source for recycled Pliocene 
microfossils might need to be considered. Similar Pliocene 
assemblages have been reported from a variety of coastal 
and fjorcial settings with bathymetric ranges from littoral 
down to no more than 200 m. 

Terrestrial Palynology 

The Pliocene-Quaternary interval is barren or 
effectively barren of terrestrial palynomorphs. Three 
samples of nine contain single specimens each of the 
pollen Nothofagidites lachlaniae (in a clast at 15.75- 
15.76 mbsf). Tricolpites sp.a (21.18-21.19 mbsf) and 
Podocarpidifes sp.b (22.33-22.34 mbsf). These are 
probably reworked from older strata, although it is noted 
that all three species are characteristic of the Sirius Group 
e . g .  Askin & Markgraf, 1986; Wilson et al., 1998). and 
the possibility that the Podocurpidites sp.b specimen is 
contemporaneous with deposition of the upper Pliocene 
unit cannot be discounted. 

Marine Palynology 

Only rare marine palynomorphs were recorded 
(Tab. 1.1 O), dominantly phycoma of prasinophyte algae 
assignable to Cymafiosphaera and the acritarch 
Leiosphaeridae. Dinoflagellate cysts are rare, the majority 
occurring in a single clast sample (15.75-15.76 mbsf). 

Macrofossils 

Macrofossils are sparse and poorly preserved in the 
Quaternary part of CRP-2 between 9.13 and 20.5 1 mbsf. 
They consist mostly of small fragments of unidentified 
marine bivalves, rare bryozoans, serpulid worm tubes and 

22.05-22.06 mbsf: bivalve (peclinid '.'l I'ragmciiKs) 
22. 12-22. 13 inbsl pcclinid ('.' Cliliiin\:\ so.) l'i'agmenlis) 
23.90-23.19 inhsf: bivalve (pectinid?) l'riigiiict~l(s) 
24.49-24.5 1 mbs l  pectinid ? Sra~mcnl(s) 

echinoid spines (Tab. 1.11). No age assessment can b e  
directly derived from such macrofauna. The fauna i s  
obviously normal marine but offers no clues regarding 
palaeobathymetry. 

The core interval between 22.05 and 24.51 mbsl' 
contains a few bivalve fragments, mostly of pectinids. 
Although Pliocene pectinids (Chlainys) are known to b e  
different from Quaternary pectinids (Aclamussiiim) in  
Antarctica, the fragmentary state of the fossils encountered 
and the abrasion of diagnostic shell features (such as ribs) 
make it difficult to establish for certain whether or not the 
pectinid fragment found at 22.12 mbsf belongs to Clil~rmys 
sp. Reworking of such calcitic fossils cannot be ruled out. 
However, the occurrence of calcareous fossils throughout 
this part of CRP-2 core is encouraging for making a better 
assessment using Ss-dating. 

MAGNETOSTRATIGRAPHY 

The goal of the palaeomagnetic investigations was to 
develop a magnetic polarity zonation for CRP-2. The 
Pliocene-Quaternary interval comprises diamictons, sands 
and sandy diamictons. Coarse-grained sediments are 
usually not suitable for palaeomagnetic analysis. However, 
in previous palaeomagnetic studies of sedimentary units 
from the Victoria Land Basin, strong and stable 
magnetizations have been recorded and even coarse- 
grained units have proved suitable for palaeomagnetic 
analysis (Wilson et al., 1998; Roberts et al., 1998). We 
attribute the stability of the magnetizations to the presence 
offine magnetite particles within the fine-grained sediment 
matrix in these otherwise coarse-grained units (c/. Sagnotti 
et al., 1998a, b; Wilson et al., 1998; Roberts et al., 1998). 

The unconsolidated Pliocene-Quaternary sediments 
were sampled with plastic cubes (6.25 cm3) and were 
analysed in the palaeomagnetic laboratory at theuniversity 
of California, Davis. The samples were measured on an 
automated, pass-through cryogenic magnetometer and 
were subjected to in-line stepwise alternating field (AF) 
demagnetization up to peak fields of 60 mT. 

Almost all of the samples from the Pliocene- 
Quaternary  in terval  a re  stably magnetised and 
characteristic remanence components are clearly defined 
from vector component diagrams (Fig. 1.20). All 22 
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1-'icy. 1.20 - Vector component diagrams (with normalized intensity decay plots) for samples from the normal polarity Quaternary (CRP-2 I I .OO inlist. 
i t )  and reversed polarity Pliocene (CRP-2 24.21 mbsf. b) magnetozones. Open (closed) symbols represent projections onto the vertical (hori~onlal) 
plane. The dashed lines represent linear regression fits which indicate the characteristic remanence component. The core is not azimuthally or ic~i~rc l .  
therefore declination values are not meaningful. 

samples from the Quaternary interval (LSU 2.1) display 
normal polarity (between 7.32 and 21.12 mbsf). These 
samples are variably influenced by anear-vertical, drilling- 
induced magnetic overprint that is removed by AF 
demagnetization at 5-20 mT (Fig. 1.20a). Drilling-induced 
overprints are common in palaeomagnetic studies 
associated with drilling projects and were routinely 
observed in the CIROS-1 and CRP-l cores (Wilson et al., 
1998; Roberts et al., 1998). Such overprints can be 
extremely useful when they are easily removed by step- 
wise demagnetization because they provide evidence that 
the cores or the samples have not been inadvertently 
flipped during handling and sampling. 

Owing to poor core recovery and lack of suitable 
material, it was possible to collect only three samples from 
the Pliocene interval (within LSU 2.2), of which two were 
stably magnetized (between 23.64 and 26.30 mbsf). The 
two stably magnetized Pliocene samples have reversed 
polarity directions (Fig. 1.20b). The normal (Quaternary) 
and reversedpolarity (Pliocene) samples have inclinations 
that are close to those expected at the latitude of the site 
(77OS; I = 83.4O), which confirms that any secondary 
magnetizations have been successfully removed by 
stepwise demagnetization (Fig. 1.21). 

It is relatively straightforward to define a magnetic 
polarity zonation for the Pliocene-Quaternary interval 
(Fig. 1.2 1 ). The Quaternary normal polarity magnetozone 
most likely represents the Brunhes Chron (Cln). It is not 
possible to determine. on the basis of polarity, which part 
of the last 780 ky is represented by this unit (all age 
estimates for polarity boundaries are based on the timescale 
of Cande & Kent (1995). 

The Pliocene reversed polarity magnetozone is less 
easy to correlate with the magnetic-polarity timescale. 
There are two long periods of dominantly reversed polarity 
in the Pliocene, including the late Gilbert Chron (C2Ar; 
4.18-3.58 Ma) and the early Matuyama Chron (C2r; 2.58- 
1.95), as well as several short reversed polarity subchrons 
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Fig. 1.21 - Plot of palaeomagnetic inclination (determined by linear 
regression fitting of data from several demagnetization levels) with 
respect to depth for the Pliocene-Quaternary interval of the CRP-2 core. 
Dashed lines are plotted to indicate the expected inclinations (Â±83.4Â for 
reversed and normal polarity at the site latitude (77.O0S). Black (white) 
indicates normal (reversed) polarity on the polarity log. 

in the middle Gilbert Chron and in the Gauss Chron. The 
Pliocene age of lithostratigraphical Unit 2.2 is based on its 
foraminiferal content (see Palaeontology section, this 
chapter), which does not constrain precise correlation of 
the reversed polarity magnetozone with the magnetic 
polarity timescale. The break between Pliocene and 
Quaternary sediments lies beneath the boundary between 
LSU 2.1 and 2.2 (see Palaeontology section, this chapter). 
Lack of suitable material for palaeomagnetic sampling 
prevented precise identification of the position of the 
polarity boundary with respect to the break between the 
Pliocene and Quaternary sediments. 



2 - Core Properties and Down-Hole Geophysics 

FRACTURE ARRAYS 

INTRODUCTION 

Systematic logging of fractures in thecore and the drill 
hole walls of CRP-212A is being undertaken to document 
the brittle deformation patterns and crustal stress regimes 
associated with sifting along the Transantarctic Mountains 
Front at Cape Roberts. Because the Cape Roberts Project 
drill sites are located along the Transantarctic Mountains 
- Victoria Land rift basin structural boundary, abundant 
fracturing of the sedimentary strata was expected. The 
objectives of the fracture analysis are to acquire an age- 
controlled structural record of the kinematic and dynamic 
history along the Transantarctic Mountains Front and to 
obtain the first information on the contemporary in situ 
stress field within Antarctica. 

Fracture logging of core was completed for CRP-2 and 
CRP-2A cores. A large population of fractures was present 
and a total of 2 017 core fractures were logged. In the more 
indurated portion of the cored sequence, fracture surface 
features were well developed, yielding kinematic and 
dynamic data. A range of both natural fractures and induced 
fractures were identified based on these surface fracto- 
graphic features and on morphological characteristics of 
the core fractures. Preliminary descriptions of the core 
fractures are provided below. Down-hole logging using 
bore hole televiewer and dipmeter tools was completed for 
portions of the drill hole (see section on Down-Hole 
Logging) and will be used to map fractures in the drill hole 
walls, to search for any drill hole break-outs, and to 
provide orientation for portions of the CRP-212A core. 

FRACTURE STUDY PROCEDURES 

Fracture logging was carried out on the whole core at 
the Drill Site science laboratory. Core fractures were 
numbered sequentially downward from core top and depths 
to the top and base of each fracture were recorded. Dip 
angle and direction were measured with respect to an 
arbitrarily placed red line scribed along the length of the 
core. Where sequential core runs could be fitted together 
directly, the red scribe line was matched between runs. For 
HQ core, c. 10% of the core runs could be fitted together, 
whereas 56% of the NQ core runs could be matched. The 
number of consecutive core runs that could be fitted 
together increased down core, culminating in a 42 m 
interval between 576 and 618 mbsf that was fitted and 
scribed continuously. Core fracture logging included 
observation and photography of fracture morphology, 
fracture surface features, fracture fill material, fracture 
terminations, and cross-cutting and abutting relations 
between fractures. Procedures for logging fractures in 

cores and criteria used tor distinguishing natural and 
induced fractures generally followed Kulanderetal. (1990). 

After fracture logging was completed, the whole core 
was scanned using CoreScan@ equipment leased from 
DMT, Germany. The Corescan@ obtains digital images of 
the entire core circumference by rotating the whole core on 
rollers. line-scanning, and digitally joining these into 
unrolled' core images up to a maximum of 100 cm in 
length. Due to the poor induration of core material, it was 
only possible to carry out wliole-core scanning of c. 2% of 
the CRP-212A sequence down to 83 mbsf. There were 
sufficiently coherent sections of the core between 83 and 
200 mbsf to allow c. 60% of the whole core to be scanned. 
Between 200 and 624.15 mbsf, 82% of the whole core was 
scanned. The slabbed face of the entire working half of the 
core was also scanned after the core was split and placed 
in the core boxes. For Box 30 only, the archive half of the 
split core was scanned instead of the working half. 

In CRP-2A, down-hole logging with dipmeter was 
conlpleted from 65 to 170,200 to 255, and 280 to 624 mbsf 
and with bore-hole televiewer from 64.7 to 163.7 
(unosiented) and from 200 to 441 mbsf (oriented). All the 
dipmeter logs were oriented. Analysis of these down-hole 
logs will beused to map fractures in the drill hole walls and 
will also be used to orient the CRP-2A core by matching 
drill hole wall and core fractures (cf. Nelson et al., 1987). 
In particular, we will match the bore hole televiewer 
images of the drill hole walls with the whole-core scan 
images to provide core orientation (e.g. Schmitz et al., 
1989; Weber, 1994). A single attempt to orient the core 
directly using a core orienting tool was unsuccessful. We 
will use core intervals oriented by matching with bore hole 
televiewer imagery to test whether orientation of core 
based on palaeomagnetic vectors is reliable for CRP-212A 
core and, if so, the palaeomagnetic data will be used to 
orient additional core intervals, as was done for CRP-l 
(Paulsen & Wilson, 1998). Here we provide an example of 
orienting core based on comparison of bore hole televiewer 
and Corescan@ imagery. Until further analyses can be 
carried out, however, the fracture data obtained from the 
core is only oriented with respect to an "arbitrary north" 
defined by the red scribe line, which differs between 
unmatched core runs. 

FRACTURE DISTRIBUTION AND DENSITY 

Fractures are present in all portions of the core. Fracture 
density, plotted as fractureslm, is shown in figure 2.1. Note 
that breaks in the histogram with no fractures reflect 
intervals where no core was recovered. Fracture densities 
in the Quaternary/Pliocene section average 2.29 fractureslm 
and range from 1 to 4 fractureslm. In the Miocene section, 
fracture densities range from 1 to 9 fractureslm and average 



Fig. 2.1 -Fracture density plot showing the number of fractures per 5 m 
intervals ofcore withrelation lodepthandlilhological and ageboundaries 
within the CRP-2A core. P-wave velocity boundary modified from 
figure 2.25. 

about 3.55 fractureslm. In the upper Oligocene section, 
fracture densities range from 1 to 10 fractureslm and 
average about 2.93 fractureslm. In the lower Oligocene 
section, fracture densities range from 0 to 10 fractureslm 
and average about 3.21 fractureslm. 

The marked increase in fracture density across the 
contact between Pliocene and Miocene strata is only 
partly attributable to increased induration, as much of the 
upper Miocene section is also poorly indurated. Fractures 
commonly occurred in well-indurated diamictites, 
sandstones, and siltstones, and less commonly in 
conglomerate units and unlithified sand intervals. Fracture 
density commonly increases across P-wave velocity 
boundaries that have been correlated with seismic 
reflectors, suggesting that fracturing was influenced by 
mechanical differences between rock types andlor related 
to degree of induration. Further analysis of fracture density 
vs lithology and grain size will reveal any consistent 
relations within the core. Pronounced peaks in fracture 
density occur at 520 and 540 mbsf and mark intervals 
containing abundant normal faults and veins. 

FRACTURE TYPES IN CRP-2/2A CORE 

To interpret the mode of origin and significance of 
CRP-2/2A core fractures, it is essential to differentiate 

natural fractures from induced fractures. Natural I ' n n ' ~ u n ~  
are those that existed in the crust prior to drilling iiinl were 
intersected by coring. Natural fractures in the  ('HP ? A  
core include microfanits. vcins,clastic dykes, anil possible 
sub-vertical joints. Other types of natural def.oi~i~iiition, 
incl~~ding soft-sediment folding, brecciation, aild plin'iiit 
shearing, arc treated elsewhere in this volume (see section 
on Deformation). Induced fractures form in respoiisc to 
drilling- or coring-related perturbations of the S( rcss firlil. 
or due to subsequent handling of the core. In sonic ciisrs 
such induced fractures are indicative of the con~cmpoi~iii~y 
maximum and minimum horizontal stress directions in  tlic 
crust. CRP-212A core contains abundant drilling--. coring , 
and handling-induced fractures. 

Natural Fractures 

Microfaiilts. Several varieties of n~icrofaults occur in 
the CRP-2A core. Only discrete fault planes inferred to lie 
of brittle origin are described here. Open, brittle microf;ui Its 
with approximately down-dip slickenlines and in some 
cases having polished slickenside surfaces, occur 
sporadically through the core between 51 and 549 inbsf 
(Fig. 2.2). Dips of these faults typically range between 55 
and 7S0 and, where offset can be observed, they have, 
normal-sensedisplacement. Withgreater depth, fault planes 
are typically sealed by mm-scale bands of material, sonic 
of which is as yet unidentified. Sealed microfaults appear 
at c. 300 mbsf and are abundant in intervals from c. 3 10 to 
325 mbsf and c. 5 l0 mbsf to the base of the cored interval. 
In the vast majority of cases where offset of either bedding 
or veins was observed, the faults have normal-sense 
displacement (Fig. 2.3). Some rare reverse-sense faults 
are also present. Although not restricted to any particular 
lithology, closed microfaults are abundantin strata showing 

Fig. 2.2 - Brittle microfault with down-dip slickenlines. Fault dip 68O. 
depth = 480.36-480.47 mbsf. core diameter = 45 mm. 



Fig. 2.3 -Closed microfaults with normal-sense offset of bedding. Fault 
dips=55and58o,depth=315.9Oto316.0Ombsf.corediameter=45mm. 

evidence of substantial soft-sediment disruption, 
suggesting a possible genetic relationship. The closed 
microfaults typically have dips ranging from c. 60 to 80Â° 
although a few lower-angle faults are present. In many 
portions of the core, the fault planes have a conjugate 
geometry, with approximately equal and opposite dips 
(Fig. 2.4). In several cases, clear cross-cutting relations 

Fig. 2.4 -Veins on 'unrolled' Corescan@ image of whole core. Negative 
image shows hairline white calcite veins as thin black lines (outlined by 
thin white dash lines). Note conjugate geometry (equivalent strike and 
opposite dips) and normal-sense offset of one vein by a second. This 
vein-filled normal fault also displaces bedding. Vein dips are 65 and 72O. 
The vertical lines on the core image are the scribedreferencelines. Depth 
= 542.88 - 543.18 mbsf. unrolled core circumference = c. 142 mm. 

bctween members ofthe con.jugate sets indicate they are 
coeval (Fig. 2.4). 

Based on macroscopic observation, (lie material filling 
the Sault planes appears to be of several different types. 
Dark bands along surfaces that truncate and offset bedding 
i r e  common in core helow about 350 nibsf. One such 
surface parted, revealing well-developed surface polish 
and slickenlines within the dark fault zone material, 
indicating a brittle-shear origin. The dark bands thus may 
consist of cataclastically crushed material formed due to  
fault surface shearing. It is also possible that someof these 
bands lack shear movement and instead represent injected 
fine-grained sedimentary material. A second type of fault 
fill material is pale grey in colour with a granular 
appearance. and appears to be sedimentary material lining 
the fault surfaces. Carbonate cementation along normal 
fault planes occurs in sandstone intervals and in places 
appears similar to the grey sedimentary fill material. The 
cement either forms continuous sub-planar zones of grey 
cement or forms patches or spheres of cement aligned 
along the fault planes (Fig. 2.5). Vein material, consisting 
of thin calcite veins or layered calcite and pyrite, is also 
common along normal fault planes (Fig. 2.4). Future thin- 
section examination of the materials along fault planes 
will be used to clarify their type and origin and to identify 
any textures of kinematic significance. 

Veins. Mineralized veins were first identified at  
c. 332 mbsf and become abundant deeper in the sequence. 
beginning at c. 440 mbsf. The veins commonly contain 
calcite and many also contain pyrite. Swarms of very thin, 
hairline calcite veins occur at several levels below 
c. 520 mbsf. Although vein dips range from sub-horizontal 
to sub-vertical, the vast majority of the veins have dips 
between 60 and 80' (e.g. Fig. 2.4). As discussed above, 
some calcite veins follow normal fault planes with 
conjugate geometry and show mutual offsets (Fig. 2.4). In 
other cases, veins with similar steep dips are compound, 

Fig. 2.5 - Cemented normal fault on 'unrolled' CorescanCC image of 
whole core. Note carbonate cement along normal fault planes that 
displace bedding and distributed spherules of the same cement. Niormal 
faultdips 70Â° depth = 5 1 1.49 - 5 11.62mbsf. unrolledcorecircumference 
=c .  142 mm. 
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consisting of multiple, thin strands. and have en echelon 
segments that overlap or coalesce. This type of geomet ry 
is characteristic of opening-mode tension veins. At present 
i t  is not possible systeniatically to differentiate veins 
following shear planes from tensile veins, but mineral 
textures determined from thin-section examination may 
help to clarify this key issue. 

Clastic Intrusions. Several planar clastic dykes with 
thicknesses of 1-2 cm O C C L I ~  in the core between c. 337 and 
600 mbsf (see also section on Deformation). These dykes 
typically have pale rims of carbonate cement and some 
associated pyrite mineralization (Fig. 2.6). Clastic dykes 
range in dip angle from 75 to 86'. Additional mm-scale 
sedimentary intrusions also occur and, as noted above. 

locally follow normal fault planes. These pli~iiiir 10 

anastarnosing, thin sedimentary veins are p:ii.ticuli~ily 
common between c. 3 15 and 365 mbsf. 

Induced Fractures 

PetalandPetal-Centreline Fractures. Petal :iiiO pi.-tiil- 
centreline fractures form below the drill bit in response 10 

stress induced when the weight on the bit temporarily 
increases (Lorenz et al., 1990; Li & Schmitt, 1997). 'l'lw.se 
induced fractures have curving shapes that f'ollow [lie 
stress trajectories radiating below the bit and this (list i iic~ive 
curviplanar geometry allows them to be conl'idently 
identified in core (Kulander et al.. 1990). Over 100 
curviplanar fractures interpreted as petal and  pclal- 
centreline fractures are present in the CRP-212A core ancl 
occur at all depths between c. 19 and 587 mbsf. Altlioiii:li 
not restricted to a particular lithology, the petal-centre1 ine 
fractures most commonly occur in fine-grained strata. In 
cemented strata the petal-centreline fracture siirl'i~ccs 
displayed distinctive fractographic features including 
hackle plumes and arrest lines that indicate down-core 
fracture propagation directions. A sub-population of this 
fracture set formed shallow, scoop- or spoon-shaped flakes 
along the core margins and had sub-vertical dips (Fig. 2.7). 
Such fractures are common at the top of core runs, 
suggesting they formed as the drill string 'tagged' the 
bottom at the start of a new core run. consistent with 
models for the genesis of petal-centreline fractures 
(Kulander et al., 1990; Lorenz et al., 1990; Li & S c h n i i ~ ~ ,  
1997). Significantly, preliminary examination of tlie bore 
hole televiewer imagery reveals sub-vertical fractures in 
the drill hole walls over the same depth intervals as some 
of the petal-centreline fractures logged in the core. This 
will allow us to obtain orientation for the petal-centreline 
fractures and map themaximum horizontal stress direction 
in the crust, which has been shown to parallel the strike of 
petal-centreline fractures (Plumb & Cox, 1987; Kulander 
et al., 1990). 

Disc Frnct~wes. Disc fractures form normal to the core 
axis when unloading produces axial tension within the 
core. Sub-horizontal to low-angle (<30Â dip) fractures are 

Fig. 2.6 - Clastic dyke on 'unrolled' Corescan@ image of whole core. abundant in CRP-2/2A core. In many cases these fractures 
Note ,.in, of cen,ent, ~~k~ dips 750. depth = 337.68 . nucleated on fossils or lonestones that served as stress 
337.87 mbsf, unrolled core circumference = c. 142 mm. concentrators (Fig. 2.8). Some of these fractures have 

Fig. 2.7- Petal-centreline fracture at depth 258.17 - 258.45 mbsf. Note sub-vertical dip and curviplanar. 'spoon' shape of fracture. Second petal fracture 
curves to merge with the main petal-centreline fracture. 



b. 2.8 - D isc  fracture nucleated on macrofossil. Note origin point at 
fossil mar~in and hackle plume radiating across fracture face (dash line). 
These fealurcs demonstrate an induced. tensile origin for lhis horizontal 
fracture. Dcptli = 448.26 mbsf. core is 45 mm diameter. 

distinctive curviplanar 'saddle' shapes typical of disc 
fractures formed in areas where the horizontal stresses are 
anisotropic (Bankwitz & Bankwitz, 1995; Bell, 1996). 
Below c. 200 mbsf, these core fractures, where developed 
in fine-grained lithologies. commonly showed surface 
fractographic features including origin points, hackle 
plumes and twist hackle along core margins (Fig. 2.8), 
proving an induced, tensile fracture origin. Measuren~ents 
of plume axis trends were taken and, in some core intervals, 
the plumes showed consistent trends. This suggests that 
the plume axes on the disc fractures may have formed 
parallel to the trend of the maximum horizontal compressive 
stress direction, as demonstrated elsewhere (K~ilander et 
al., 1990). 

Other Induced Fractures. Planar to irregular induced 
fractures in the core formed due to a variety of other 
factors. Sub-horizontal tensile fractures formed due to the 
upward pull on the drill string exerted when the hydraulic 
system elevated the chuck during a coring run, when the 
core lifter mechanism latched on to the base of the core, 
and when the drillers broke the core from the bedrock at 
the end of a run. These types of fractures commonly had 
well-developed hackle plume structures characteristic of 
tensile fracture propagation. Another type of fracture 
formed at or close to the bit during drilling when the core 
was broken off along a subhorizontal plane and then spun 
when the drill bit re-engaged, producing finely etched 
circular lines and gsooves on interlocking surfaces, 
resembling bowls shaped on a potter's wheel. Torsion 
fractures, consisting of irregular or helical breaks where 
the core was twisted, occurred sporadically in the core. 
They were most common near the base of core runs in 
clay-rich lithologies, where the core resisted sliding and 
the slow entry into the core barrel subjected the core to 
torque from the rotating drill bit. In some cases, up to 
30 cm of core at the base of the run would be pervasively 
broken by wavy gaping tension fractures arranged in en 
echelon patterns consistent with the clockwise torque 
exerted by the rotating drill bit. Handling-induced fractures 
of many varieties developed during core processing and 
transport. Some such fractures mimic the geometry of 

fixct lire types previously described and may have nucleated 
on incipient tlrilling o r c o r i n ~ - i ~ ~ d i ~ c e d  fractures that had 
not propagated completely through the core. 

Fractures present i n  the drill hole walls must either be 
prc-existing natural fracturesordrilling-inducedfractures, 
such as petal-centrelinc types that propagate into the rock 
proximal to the drill bit. Coring- and handling-induced 
fractures will not be present. Thus comparison of fractures 
logged in core with those visible in the televiewer imagery 
canconstrain interpretations of fractureoi-igiin. The oriented 
televiewer images allow fracture attitudes tobedetermined, 
with dip calculated from the amplitude of the sine wave 
and dip direction given by the orientation of the wave 
trough. In addition, where fractures can be matched between 
core and televiewer images. segments of the core can be  
oriented and true geographic coordinates can be assigned 
to measurements made with respect to the arbitrary core 
reference lines. Much of the fracture mapping and core 
orientation based on the bore hole televiewer imagery will 
be carried out when high-resolution digital images are 
obtained from the original analogue televiewer data. As an 
example, however, figure 2.9 shows televiewer data from 
the drill hole between c. 327 to 33 1 mbsf, consisting of a 
sequence of merged Polaroid photos taken at 1 m intervals 
for on-site interpretations. The same depth interval of core 
reconstructed in digitally 'stitched' scan images of the 
unrolled circun~ference of the core. resized and reoriented 
to match the drill hole image, is also shown in figure 2.9. 
A set of steep SE-dipping fractures is clearly imaged on 
the televiewer log and can be matched directly to steep 
core fractures interpreted as being induced petal-centreline 
fractures. Steep NW-dipping core fractures, also probable 
induced petal-centreline fractures. are only barely 
discernible on the televiewer imagery. Natural fractures, 
consisting of faults and clastic intrusions, dip at moderate 
to low angles to the NW. These are present, though not as 
sharp, on the televiewer imagery. Coring-induced and 
handling-induced fractures, visible on the scanned core, 
are not seen on the bore hole televiewer imagery. Overall 
the match between fractures in the drill hole wall and in the 
core is excellent in this interval. 

INTERPRETATION OF FRACTURES AND 
STRESS REGIMES 

The abundant brittle deformation features in CRP-2/2A 
core are consistent with the tectonic setting adjacent to the 
Transantarctic Mountains Front. The CRP-212A microfault 
arrays have a conjugate geometry and offset sense which 
demonstrate avertical maximum compressive stress during 
deformation. Sub-vertical, tensile veins and clastic dykes 
in the core are also consistent with this stress orientation. 
A stress regime with vertical maximum compressive 
stress is characteristic of a continental rift regime and 
these structures most likely reflect tectonic deformation of 
the Cape Roberts area. Preliminary examination of 
televiewer and CoreScan@ imagery of equivalent depth 
intervals indicates that some normal faults strike NE-SW 
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Fig. 2.9 -Example of oriented drill hole televiewer imagery of the drill 
hole wall (left) and digitally 'stitched' Corescan@ image of the whole 
core (right). The CoreScan iinagery has been reoriented by matching 
fractures in the oriented televiewer imagery. Note that steep fractures 
appear over a greater depth interval on the televiewer imagery because 
the drill hole diameter is substantially larger than the core diameter. 
Natural fractures are labeled 'N' and induced fractures are labeled '1': 'a' 
to 'e' denotematching fractures on the televiewer and CoreScan imagery. 
Note that coring-induced (CI) and handling-induced (HI) fractures in the 
core arenot present in the drill hole walls. CRP-2Adepth interval =c. 327 
- 331 mbsf. There is a gap in the CoreScan imagery from 330.00 to 
330.18 mbsf resulting from fractured core which could not be scanned. 

and dip either to the S E  or NW. This is comparable to fault 
orientations in CRP-1 determined from core intervals 
orientedusing palaeomagnetic vectors. These orientations 
also are similar to brittle faults mapped in bedrock outcrops 
along the coast of southern Victoria Land (Wilson. 1995). 
When more extensive oriented core is available it will be 
possible to determine whether these trends are consistently 
developed, or if there are changes in fault trends, and 
therefore stress directions, through time. 

Although more detailed analysis of fault dislrihu~ioii 
v.silepth and mechanical properties ofthestrata is rc(1iiiri-(l, 
there arc clearly more highly faulted intervals ~liaf miiy 
possibly mark discretedeformation episodes. T h e  :ippiircnt 
association of faulting and intense sof t -sedi~i ic~i t  
deformation of strata could possibly indicate fault-rdalcd 
seismic activity in the rca' ('ion. 

The large population of petal-centreline fractiirrs, 
some of which are clearly visible in the oriented bore hole 
televiewes-images, will provideone indicator ofthc rcgioniil 
maximum horizontal stress direction. The exiimple 
presented of oriented bore hole televiewer imagery shows 
that induced petal-centreline fractures strike N1i- S W ,  
consistent with strikes of petal-centreline fi-tictures in 
CRP-1 core oriented palacomagnetically. Prcliniinary 
examination of the televiewer imagery suggests that steep 
fractures in CRP-2/2A consistently show this orienl:ition. 
If borne out by further analysis, it should be possible ~o 
obtain statistically significant results demonstrating tlie 
maximum horizontal stress direction of the contenipomry 
stress field. Analysis of plume patterns on disc fractures 
may also indicate the in situ stress directions. Finally, any 
drill hole break-outs determined from analysis of  the bore 
hole televiewer andlor dipmeter data may also provide- 
further stress constraints. It will thus be possible to provide 
a more robust estimate of the in situ contemporary stress 
directions along theTransantarctic Mountains Front in [lie 
Cape Roberts area than was possible from CRP- 1 .  

PHYSICAL PROPERTIES FROM 
ON-SITE CORE MEASUREMENTS 

INTRODUCTION 

Whole-core physical properties provide easy-to- 
measure data with a very high vertical resolution. CRP-2 
on-site core measurements were carried out in a similar 
way to CRP-1. For the CRP-l core, physical properties 
were used to define and interpret stratigraphical patterns, 
including a comparison between lithology and sequences 
(Cape Roberts Science Team, 1998; Niessen & Jarrard, 
1998; Niessen et al., 1998). For example, grain-size has an 
effect on porosity calculated fromwet-bulkdensity (WBD). 
In particular sequences were reflected by the cyclic pattern 
of magnetic susceptibility (MS) in the lower part of the 
CRP-1 core but were overprinted by volcanic debris 
derived from the McMurdo volcanic province in the upper 
part of the core. Porosity exhibited a strong down-core 
decreaseindicative of secondary overprint onconsolidation 
such as overcompaction by ice and cementation. The 
P-wave velocity (Vp) was used to calculate acoustic travel 
time which is essential for the con-elation of the core with 
seismic profiles. The velocity-porosity relationship of 
CRP- 1 deviated from global models, the reason for which 
remains uncertain. This question will be addressed further 
using whole-core physical property data obtained during 
CRP-2. An additional goal of CRP-2 was, for the first time 
in records from the Victoria Land Basin, to compare in situ 
physical conditions recorded by down-hole logging with 
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core-physical properties. In addition, both down-hole and 
core-physical property data I'roin CRP-2/2A can be used 
to corrcliitc [lie cores of the sites CRP- 1 and CIROS- 1, in 
order to improve the correlation of strata in space and time 
and to calibrate further the seismic stratigraphy of the 
region. 

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. The Multi Sensor 
Core Loggcr (MSCL, GEOTEK Ltd., UK) was used to 
measure corc temperature, core diameter, P-wave travel 
time, gannna-ray attenuation and MS. The technical 
specifications of the MSCL system are summarized in 
table 2.1. The cores were logged in plastic carriers 
(Fig. 2.1 Oa) to avoid destruction of non-consolidated rock 
material. Core carriers had inside diameters to fit either 
HQ (61.1 mm diameter) or NQ (45 mm diameter) cores 
and were non-magnetic. The orientation of the P-wave and 
gamma-ray sensors was vertical. Data were logged in 
continuous intervals of 3 to 12 m (6 m on average) long 
core sections. Prior to each of these logging intervals, a 
calibration piece of 0.4 m length was logged, including a 
0.3 m blank carrier, plus 0. 1 m cylindrical plastic standard 
for both HQ and NQ size in order to monitor the accuracy 
of WBD and Vp values. 

MS was measured in terms of S1 units, using a 
Bartington MS-2 meter and a loop sensor of 80 mm 
internal diameter. The sensor was tested using the 
Bastington sensor-specific core-calibration piece. No offset 
was observed. Data are corrected for loop-sensor and core 
diameter as follows: 

MS (10-5 SI) = measured value (10-5 SI) / K-re1 (i) 

K-re1 is a sensor-specific correction calculated from 
the diameter of the core over the diameter of the loop 

core; 
arri 

F;g. 2.10 - Vertical orientation of rotational transducers, different 
settings for logging and calibration, anddefinition of total travel time and 
offset. a) Logging of cores on carriers, b) logging of standard plastic 
cylinder on carrier, c) test-liner filled with water. d) transmission 
seismograin. 

sensor according to the correction instructions for the 
Bartington MS2 sensor systems (Tab. 2.1). The geometry 
of the loop sensor does not allow a direct determination of 
volume MS. Data corrected for loop-sensor and core 
diameter can be converted roughly to volume MS by 
multiplication by about 1.4 (Niessen et al., 1998). The 
whole-core MS data presented here are corrected only 
with respect to equation (i) and thus directly comparable 
to the whole-core physical property data presented in the 
CRP-1 Initial Report (Cape Roberts Science Team, 1998). 

Vp was measured using Acoustic Rolling Contact 
Transducers (ARC, GEOTEK Ltd., UK). The transducers 
were rolling along the top of the core (upper transducer) 
and the bottom outside of the carrier (lower transducer), 
respectively. Whole-core P-wave velocities were calculated 
from the core diameter and travel time after subtraction of 
the P-wave travel time through the core carrier wall, 
transducer, and electronic delay. This travel-time offset 
was determined in two steps of which the laboratory 
settings are illustrated in figure 2.10. First, cylindrical 

Tab. 2.1 - Multi-Sensor-Core Logger (MSCL-25) specifications for CRP-212A. 

P-wave Velocity and Core Diameter 
Transducer 
Transmitter pulse frequency 
Transmitted pulse repetition rate: 
Received pulse resolution 
P-wave travel-time offset 

Wet Bulk Density 
Gamma ray source 
Source activity 
Source energy 
Counting time 
Collimator diameter 
Gamma detector 

Magnetic Susceptibility 
Loop sensor type 
Loop sensor diameter 
Alternating field frequency 
Sensitiviy mode 
Magnetic field intensity 
Loop sensor correction coefficient K-re1 

Acoustic Rolling Contact Transducer (GEOTEK Ltd.) 
230 kHz 
100 Hz 
50 ns 
18.14 us (HQ), 18.8 us (NQ) 

CS- 137 
356 MBq 
0.662 MeV 
10 S 

5 mm (HQ), 2.5 mm (NQ) 
NaI-Scintillation Counter (John Count Scientific Ltd.) 

MS-2B (Bartington Ltd.) 
80 mm 
0.565 kHz 
1 S (HQ), 10 S (NQ) 
approx. 80 A/m RMS 
1 .54 



pliistic standards of N Q  and I-IQ core size were used to 
measure the travel time tlirough thecarrier wall by placing 
[lie cylinders bare and o n  carriers between the transducers 
(l~?g. 2.10'~). Then. a I'ull liner, from which the core 
ctisriers weremade, was used filled with watertodeterminc 
(lie travel time through the transducers plus electronic 
delay (Fig.2.10~). The arrival time of the P-wave pulse 
was detected using the second zero-crossing of the received 
waveform (Fig.2.10d). P-wave velocities (Vp) were 
normalized to 20Â° using the temperature logs: 

Vp = Vpm + 3 * (20 - Un) (ii) 

where: 
Vpsn = P-wave velocity at measured temperature, and 
tm = measured temperature. 
Core temperature was measured by a calibrated infra- 

red sensor. P-wave-logging of standard plastic cylinders 
gave a mean of 2.35 km s-l (true Vp = 2.37 km S-') with a 
standard deviation of 0.04. 

In addition to the standard Vp-detection system of the 
GEOTEK Multi-Sensor-Core-Logger (MSCL) a 
laboratory-built p-wave registration apparatus was used. 
Depth control and the P-wave signal were imported from 
the GEOTEK system by a controller (used to trigger and 
calibrate the system to real core depth equivalent to the 
depth registered by the MSCL). Each individual 
transmission seismogram was digitised using a high speed 
ADC board T30 12 (30 MHz. 12 bit, National Instruments) 
placed into an industrial PC (Dolch, 233 MHz). Sampling 
intervals are 50 ns over a total of 200 ps per seismogram. 
Data were stored for further post-drilling analysis. In 
addition to the core-thickness detection system provided 
by the MSCL, a laser beam was used to determine core 
thickness. Laser thickness was digitised by the same ADC 
board used for data acquisition of the seismograms. 

WBD was determined from attenuation of a gamma- 
ray beam transmitted from a radioactive source ('^CS). 
Beam collimators of 5 mm and 2.5 mm were used for HQ 
and NQ core size, respectively. The beam was focused 
through the core-centre and the underlying carrier into a 
gamma detector. To calculate density from gamma counts 
non-attenuated (zero) counts were measured through the 
carrier prior to each logging run of 6 nl core sections (on 
average). The output of the gamma detector was calibrated 
using aluminium, carbon and water of known densities. 
Quantification of WBD was carried out according to the 
following formula: 

WBD = a + b * (l/+* d) * In (ID.,) (iii) 

where 
a, b = system-specific variables to correct for count- 

rate dependent en-ors as described by Weber et al. 
(1997); 

d = core diameter; 
p. = specific mass-attenuation coefficient for gamma 

rays, and 
In (IJI.,) = natural logarithm of the ratio of attenuated 

(core on carrier) over non-attenuated (bare carrier) 
gamma counts per second. 

Depth (mbsf) 

Fig. 2.11 - The stability of the gamma-ray detector monitored lor 11011- 
attcnuatcd radiation ( I , )  as a function of depth in core. Core deplh iel'ris 
to the run of core from that depth prior to which the moniloi ins; w;is 
carried out. 

Porosity was calculated from the WBD as follows: 

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

where: 
dg = grain density (2.7 g cm-3), and 
dw = pore-water density (1.03 g cm3). 
The gamma detector output was calibrated at the 

beginning of CRP-2 coring activity for the HQ settings 
and recalibrated for NQ prior to the first run with smaller 
(NQ) diameter core (199.49 mbsf). The initial calibration 
piece was used to monitor the stability of the gammii 
detector during the measuring process. With increasing 
core depth, the I radiation decreased significant] y for HQ 
settings due to the higher radiation of the 5 mm beam o n  
the detector over time (Fig. 2.1 1). An instability of the 
same magnitude was not observed for NQ settings. 
However, there is a linear relationship between the 
measured non-attenuated gamma radiation (HQ) and the 
detected deviation from the density of the plastic calibration 
cylinders (Fig. 2.12). This linear regression was used to 
correct the WBD of each individual core-logging run. The 

CRP-212A (HQ) 

- 

0.96 9 
1.55 104 1.65 104 1.75 104 

Non-attenuated Gamma Radiation Ig (CPS) 

Fig. 2.12 -Deviation from standard WBD as afunction ofnon-attenuated 
gamma radiation ( I )  measured in the same calibration runs 
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mean drnsity of the HQ standard cylinders (true density = 
1.408 g cm l )  improved from 1.399 to 1.408 g cm 'and the 
standard deviation improved from 0.030 to  0.0 14 (39 1 IQ 
calibration runs). In comparison, theNQ standard revealed 
a density mean value of 1.388 g cm--;. The standtircl 
deviation \\/:is 0.028 (128 NQ calibration measurements). 
There w;is n o  opportunity to improve the deviation for NQ 
WBD liec;iuse no correlation between I,, and standard 
density w;i,s observed. This can be explained by the low 
level of radiation through the 2.5 mm collimator. relative 
to theb;ickpound noise from the detector. Thus, measuring 
at higher radiation level is more precise if detector drift is 
corrected. This is demonstrated in figure 2.13 where the 
total smgc of' HQ and NQ densities measured in the core 
are compared to the corrected HQ and uncossected NQ 
standard density measurements, respectively. 

Down-core logs comprise nearly complete data sets 
for all lithological units. Only for those depth intervals 
where ma.jor disturbances were observed (gaps or heavily 
crumbled core) were data eliminated. In particular in the 
upper part of the core to a depth of c. 60 mbsf, the 
transn~ission of the P-wave pulses through the core was 
insufficient in places. In such cases unrealistic high 
(>8 km S-') or low (<1.4 km S-') values were determined 
from the background noise of the MSCL Vp-detection 
system. Such Vp values were removed from the data. 

DISTRIBUTION OF CORE-PHYSICAL PROPERTY DATA 

Magnetic susceptibilities range over a large scale from 
nearly 1 to more than 1 000 (10-5 SI). Most WBD range 
from about 1.7 to 2.7 g (Fig. 2.13). Extreme low and 
high WBD were observed in someunconsolidated pumice 
(1.3 to 1.5 g cm3) and large basement clasts (up to 
3.1 g cm-3). respectively. The corresponding porosities 
calculated after equation (iv) range from c. -0.2 to 0.8. The 
assumption of constant grain density of 2.7 g (equation 
iv) results in negative porosities for clasts of highei- 
density. A similar observation was made in the CRP-1 
core (Niessen & Jarrard, 1998). 

Velocities range from c. 1.6 to more than 6 km S-' 

(Fig. 2.13). In CRP-2/2A, the distribution of Vpis strongly 
negative-skewed compared to WBD. There is a nearly 
normal distribution of WBD in the upper HQ-size of the 
core (0-199.49 m) and slightly negative-skeweddistribution 
of WBD in the lower NQ-part of the core. None of these 
observations can be attributed to sensor drift or errors 
which were n~onitored by standards (Fig. 2.13). 

TRANSMISSION SEISMOGRAMS 

Seismograms recorded from the P-wave pulse through 
the core exhibit a broad range of different shapes and 
frequency distribution. Detailed post-processing and 
analysis of the seismograms will reveal the potential use 
of seismograms as proxies for variations in liihology 
(defined by grain size andlor diagenetic effects). Here, 
three seismograms (Fig. 2.14) are selected in order to 
demonstrate the variability and to show the potential of 
this relatively new method in whole-core physical 
investigation. The first is typical for a cemented sandstone 

" " ~ " " ~ " " ~ " " ~ " " ~ " "  

CRP-212A HQ and NQ 
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Std 
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CRP-2/2A HQ 

Vp (km S-?) Vp (km s ' l )  

Fig. 2.13 - Distribution of all WBD and Vp in the core (left) and in the 
standard cylinders (right) used to monitor sensor drift during the logging 
campaign. Note that core data and standard data are plotted on the same 
lateral scale. 
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Fig. 2.14 - Transmission seismograms from different lithologies and 
depths, a) Sandstone. LSU 13.1: b] niudstone, LSU 13.1 : c )  doleriteclast. 
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unit (Fig. 2.14a); those from mudstones (Fig. 2.14b) 
exhibit consistent differences from sandstones. For 
example, mudstone seismograms are characterized by a 
maximum negative amplitude at the end of the first sine, 
and by a different shape of the envelope compared to that 
of sand and sandstone. Sandstone and mudstone 
seismograms are very different from the transmission 
signal recorded through large clasts. For example, acoustic 
pulses through dolerite clasts create distinct oscillations 
o n  the entire length of 200 p of the recorded seismogram 
(Fig. 2.14~).  The large variability of terrestrial-derived 
sediments cored at CRP-212A plus the effects of 
cementation offer aunique opportunity for a comprehensive 
study of transmission seismograms. 

LINKING CRP-2 AND CRP-2A USING 
MAGNETIC SUSCEPTIBILITY 

In the upper 50 mbsf, core-physical property data are 
morecompletein CRP-2 thanin CRP-2A. Thehigh resolution 
MS record was used to link core-physical properties measured 
in. CRP-2 and CRP-2A (Fig. 2.15). The envelope indicating 
major down-core shifts in CRP-2 MS (Fig. 2.15) was 
superimposed on the much more sparse data of CRP-2A MS. 
Generally, the down-core trend is similar. Dispersion of 
single data points in both records can be explained by 
individual clasts which reveal different magnetic signatures. 
The records were matched using a large granite clast at 
15.4 mbsf (Fig. 2.15). Linking the pattern of MS at about 
52 mbsf shows a vertical displacement between the two 
cores of about 0.2 m. In order to combine data sets from 
both cores, the sets were cut at a depth of 52.80 mbsf 
(CRP-2A). At that depth little down-core variation in 
physical properties was observed (Fig. 2.15). The core- 
physical property data presented here are from CRP-2 
above 52.80 mbsf and CRP-2A below 52.80 mbsf. 

STRATIGRAPHY OF CORE-PHYSICAL PROPERTIES 

An overview of the down-core pattern of MS, WBD 
and Vp is presented in figure 2.16. The data are compared 
with the sequence-stratigraphy boundaries. The sequence 
stratigraphy is described in more detail in the Litho- 
stratigraphy and Sedimentology chapter. All single data- 
points deviating from the general down-core trend of core- 
physical properties were removed from the data. Thus, 
strong scatter caused by large clasts is not visible. By 
combining all three records together, four major units (A 
- D) can be distinguished (Fig. 2.16). 

Unit A extends from the top of the core to about 
130 mbsf and is defined by relatively highMS and stronger 
noiselevel in all three properties compared to the underlying 
intervalB. Theminimum WBD observed at about 110 mbsf 
is caused by pumice layers. The boundary with theunderlying 
unit B is relatively sharp. MS shows distinct offsets at the 
base of some sequence boundaries (e.g. Sequence 4 and 6). 
In the WBD and Vp record distinct offsets are seen at 
bottom of Lithostratigraphical Units (LU) 7 and 8. 

Unit B (c. 130 - 330 mbsf) exhibits minimum noise in 
MS, WBD andVp. The susceptibilities decrease cyclically 
to less than 20 (10-5 SI) at the bottom of unit B. The 
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Fig. 2.15 - Magnetic susceptibility correlation of CRP-2 and CRP-2A. 
The envelope of CRP-2 data (right) was superimposed on the CRP-2A 
data (left) to match the cores. 

transition to the underlying unit C is more gradual, 
depending on which physical property is chosen to define 
a major shift. Here it is suggested placing the boundary at 
c. 330 mbsf (base of LU 12), which is the end of a low-MS 
interval. However, using amplitude and noise as criteria, 
the WBD and Vp suggest a down-core change already at 
a depth of c. 290 mbsf. Within unit B there is good 
agreement with minor boundaries andlor cycles seen in 
the physical properties and lithostratigraphical units. In 
particular, this is evident in the MS log. A distinct MS 
offset at the bottom of LU 10 suggests an unconformity. 

Unit C (c. 330-530 mbsf) is defined by strong shifts in 
magnetic susceptibilities from as low as 10 to well above 
500 (10-5 SI). Both noise and amplitudes are increased in 
WBD and Vp logs compared to the overlying unit B. The 
boundary to the underlying unit D is sharp. It is defined by 
major decreases in amplitudes of MS, WBD and Vp 
observed at the bottom of sequence 20. The pattern of litho- 
stratigraphical units agrees well with that of MS. Most litho- 
stratigraphical units onset with strata high in MS with a 
gradual decrease towards the top. Correspondence with 
lithostratigraphical units is less obvious in the WBD and 
Vp logs except for the bottom of LU 18 and 20. 

Unit D (c. 530 mbsf to the end of the core) is 
characterized by a lower MS compared to Unit C. The 
pattern of MS is cyclic. In contrast with Unit C, the onsets 
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F i s  2.16 - Summary log of core-physical property data with extreme high and low isolated data-points (clasts) excluded. Horizontal lines represent 
sequence boundaries. A. B. C and D are major physical property Units distinguished in the core-physical property data. 

of most sequences seem to correlate with minima in MS. 
WBD and Vp exhibit a major down-core variations from 
medium to very high amplitudes. In particular, Vp values 
increase to above 5 km s-I which is significantly higher 
than in the upper units of the core. 

Two logs of higher vertical resolution are presented 
(0-325 and 325-625 mbsf, Figs. 2.17 & 2.18 respectively). 
Here the core-physical properties include dispersed data 
from clasts. This data set is compared with the litho- 
stratigraphical units. In the detailedlogs. calculatedporosity 

is plotted instead of WED. It is evident that some major 
changes of core-physical properties match lithological unit 
boundaries. Many lithological boundaries are characterized 
by gradual rather than sharp changes in the physical property 
data, but even so some general trends can be observed. 

In general, diamictite units exhibit lower porosities, 
higher Vp, and large dispersion in all three parameters. In 
particular, LSU 4.1,6.2,7.1,9.1 and 10.1. are characterized 
by this pattern (Fig. 2.17). By contrast. sandstones and 
mudstones exhibit higher porosity and lower Vp and less 
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Fig. 2.17 - Log of all core-physical property data in the upper part of CRP-2/2A. Horizontal lines represent boundaries of lithostratigraphical units. 

noisein the data. This is particularly evident in themudstone 
LSU 9.7, 8.4 and 11.3 (Figs. 2.17 & 2.18). A similar 
observation was made for the core-physical properties of 
CRP-1 (Cape Roberts Science Team, 1998). 

Different grain-sizes help to explain the four major 
core-physical property Units A-D described above. In 
Unit A (LSU 1.1 to 8.1) more gravel is present than in the 
LSU 8.2 to 11.3 of Unit B which are more dominated by 
sandstone and mudstone. In the upper part of LSU 12.1 

to 12.4) thecore-physical property data appear very noisy. 
These lithostratigraphical units have higher gravel content 
which may cause the larger dispersion in the data. 

The pattern is different in the lower part of Units C and 
Unit D. Here strong down-core fluctuations in the data 
persist, even though thelithology is dominated by sandstone 
(LSU 13.1 to 15.6) with larger amounts of gravel in only 
a few units. This effect may be explained by variability in 
cementation which is evident in some ofthelower sandstone 
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Unit Grain size Magnetic Susceptibility ( 10-5 Sl) Fractional Porosity Vp (km S")  
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Fig. 2.18 - Log of all core-physical property data in the lower part of CRP-212A. Horizontal lines represent boundaries of lithostratigraphical units. 

units. In the core-physical properties, cementation is 
indicated by a strong increase of Vp compared to only 
minor decrease in porosity. The reason is that cementation 
can have a major affect on rigidity and thus Vp, without 
causing a large decrease in porosity. This effect also 
explains the skewness in the Vp distribution compared to 
that of WBD (Fig. 2.13). Some well-cemented lithological 
units are characterized by very high Vp up to 6 km s-l. 
TheseincludeLSU 13.2,14.1 and 15.2 - 15.5. Cementation 
may also partly explain the larger degree of dispersion in 
the lower part of the core in general (below about 330 mbsf). 
Cementation is described in more detail in the 
Lithostratigraphy and Sedimentology chapter. 

DOWN-HOLE LOGGING 

INTRODUCTION 

Down-hole logs from CRP-2A provide arepresentative 
record of in situ physical properties of formations adjacent 
to the drill hole. Interpretation of continuous measurements 
in the drill hole provide detailed lithological, 
stratigraphical, geophysical and mineralogical 
information. At the Cape Roberts drill site, the down-hole 
tools (Tab. 2.2) were lowered individually into the drill 
hole on a four-conductor cable (diameter 4.7 mm). 
Table 2.2 lists vertical resolution, logging speed, and the 
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s;impling interval for individual measurements which is 
variable and tool dependent. 

Down-hole logging was carried out in three phases: 
phase I covered the section from 65 to 172 mbsf, phase I1  
I'rom 200 to 625 mbsf, and phase I11 from 13 to 27 mbsf. 
f'hase I logging took place from 5 to 6 November, while 
phases IIand 111 began on 25 November and were completed 
o n  29 November 1998. 

TOOL DESCRIPTION 

A brief description of the logging tools run is given in 
lhc following sections. For a detailed explanation of 
loggingtool principles and applications see, for example, 
Scrra (1984) and Rider (1996). 

Spectral Gamma-Ray Tool 

The spectral gamma-ray (SGR) tool measures the 
natural radioactivity of the formation. The amounts of the 
radioactive isotopes of potassium (K), uranium (U), and 
thorium (Th) are measured quantitatively by a Bismuth- 
Germanium - scintillation detector. The computer software 
subdivides the entire incident gamma-ray spectrum into 
discreteenergy windows forisotopeanalysis. Temperature 
changes within the drill hole may cause a shift in the 
gamma-ray spectrum. During the logging run, the software 
controls the shift in the spectrum by comparing it to a 
calibrated spectrum to provide the total abundance of K, 
U. and Th. 

The SGR tool is often used to distinguish between 
sandstone and mudstone because naturally occurring 
radioactive minerals are generally more abundant in fine- 
grained sediments. However, radioactivity may also be 
high in mineralogically immature sandstones and in 
sediments containing volcanic material. 

The gamma-ray tool may be run in a cased drill hole. 
although, attenuation effects caused by the casing have to 
be corrected by data processing after the lea 0 is ' run. 

Density Tool 

The density (Den) tool measures the energy flux at 
given distances from a caesium-137 gamma-ray source 
(activity about 3.6 GBq). The attenuation of gamma- 
rays is caused mainly by Compton scattering. The 
density of the rock forn~ation (wet-bulk density) is 
computed from this energy flux by assuming that the 
atomic weight of most rock-forming elements up to 
iron (Fe) is approximately twice the atomic number. 
Because this is not the case for hydrogen, found in 
water, the tool response was calibrated in holes with 
known densities. 

The radioactive source and two NaI-detectors are 
placed in the tool that is pressed against the drill hole wall 
by a bowspring arm. Excessive roughness of the hole or 
break-outs will cause some drilling fluid to infiltrate 
between the detectors and the formation, resulting in 
density readings that can be artificially low. Approximate 
corrections can be made by comparing density data with 
calliper data. 

Neutron Porosity Tool 

A minitron accelerator within the neutron porosiiy 
(phi) tool emits neutrons with 14 MeV 17 times ;I second, 
resulting in production of 108 neutrons per secoiul. 'I'lic 
emitted neutrons collide with other atoms in the f~ori~iiit ion. 
The highest energy loss occurs when neutrons collide witli 
hydrogen nuclei, which have nearly the same mass as tlie 
neutron. The number of neutrons that rebound olT l;irgn' 
atoms is recorded by two He-3 counters spaced 0.1 <S in 
from each other. Ifthe hydrogen concentration is siii:il l ,  :is 
in low-porosity formations, neutrons can travel f':irtlii*r 
before being captured. The opposite effect occurs when 
the water content is high, as in high-porosity fori1i:itions. 
However, hydrogen bound in minerals, such as clays, also 

0 in ovrr- contribute to the measurements, often resultin.. . 

estimated raw porosity data. By taking the ratio of' IIn' 
detected neutrons from the far and the near detector, tin- 
raw porosity can be calculated. 

Sonic Velocity Tool 

The sonic velocity (sonic) tool uses one acoustic 
transmitter (piezo sparker) and two acoustic receivers to 
measure the time required for sound waves to travel over 
source-receiver distances of 0.8 and 1.2111. The di ITerenccs 
in travel time are then converted into compressional-wiive 
velocities. Full sonic waveforms are stored for post-field 
analysis of shear-wave and compressional-wave velocities 
and possibly rheological parameters. 

Porosity and degree of liwcation are the maiti controls o n  
compressional-wave velocity. A decrease in porosity or an 
increase in lithification results in a velocity increase. Density 
andvelocity values can becombinedto produce animpedance 
log which is the base input for a synthetic seismogram that 
may be compared with seismic-reflection profiles. 

Vertical Seismic Profiling 

The vertical seismic profiling (VSP) tool records 
acoustic signals generated by a seismic source (e.g. 
explosives). A retractable arm presses the tool, which 
contains a three component geophone, against the drill 
hole wall with a force of 800 N. Measurements are taken 
at discrete depth intervals. 

The eigenfrequency of the geophone is 14 Hz. The 
frequency range varies from 2 to 400 Hz and the dynamic 
range is 120 dB. The data are recorded for 1 024 ms and are 
digitised at an interval of 0.5 ms. A geophone of the same 
type, set up close to the drill hole mouth, detects the direct 
wave. 

VSP data allow the calculation of interval and average 
velocities versus depth, a time-depth conversion, and a 
correlation with surface seismic profiles. The tool records 
downgoing waves and reflected waves, even if the reflector 
is below the position of the tool. 

Bore Hole Televiewer 

The bore hole televiewer (BHTV) incorporates a 
piezoelectric crystal which rotates 3 times per second 



'I'fih. 2.2 Tool table with i~~~porl i int  technical pai':imncrs iiiul loggcil iiitu~;ils. Crn .- mi~i':ilis~~tl iool; o.'ccn - ecccntraliscd tool. 
P --- P- --~ 

Tool 'loo! Name Oni~s Diiiinctcr .Speed .'i;imple Verde:~! Pliiisc l PImsc II Phase I11 Jolal 
Abbrcviiilio~~ 

Den Density gccm' 48 ccccn 4 0 .  I 0,25 0 - 445 12 - 27 460 
plii Neutron Porosity Vr 42 1 0 I 0.5 64 - 167 140 - 620 12 - 24 568 

Sonic P-wave Velocity kins' 42 cen 4 0 .  I 0.4 W - 167 200 - 440 344 
VSl' Vertical Seismic Prol'ilin: 48 na 7.5 0 - 1 2 7  127 

BH'I'V Borehole Televiewer 40 ten l 65 - 164 200 - 440 339 
;iiml Array Induction (Rcsistivities: Ohmm 52 4 0 .  I 0.6 63 - 170 200 - 623 12 - 29 547 

RLonq. RShort) 
Dip Boreholc Geometry (Inc!iniition & degrees. 52 3 0.005 0.02 63 - 160 200 - 623 520 

Azimuth). 4-pad Conductivity. 4- degrees. 
i n n  Caliper. Magnetic Field pad units, 
( d e l t a )  mm, nT 

Sus Magnetic Susceptibility 0 'S1 42 5 0.04 0.4 A3 - 167 200 - 623 12 - 25 540 
Salct Mud Temperature (Tcinp), Mud "C, Ohinin 40 10 0. l 0.2 17-162 17-624 607 
-- Resistivity (mud R)  

~- . .- 

around a central shaft and fires a pulse approximately 
1800  times per second (Zemanek et al., 1970). The 
pressure pulse generated by the crystal travels through the 
drill hole fluid and is reflected from the drill hole wall. The 
signal, which returns to the crystal, provides a measure of 
the amplitude and travel-time for each pulse. The crystal 
is oriented magnetically. During logging, a photograph is 
taken every metre which allows forin-fieldinterpretations. 
See Barton et al. (1991) for furtherdetails of theprocessing 
and analysis of BHTV data. 

During logging phase I, the BHTV was operated in 
'mark' mode instead of the normally used 'compass' 
mode due to operational complications. As a result, the 
BHTV images from 64.7 to 163.7 mbsf are not oriented 
with respect to geographical coordinates. However, during 
phaseII, the BHTV was successfully operatedin 'compass' 
mode and thus the drill hole image is oriented from 200 to 
441 mbsf. 

Analysis of these images allows detection and 
orientation of break-outs, fractures and faults, and bedding 
planes. In a bore hole drilled in a region in which the two 
horizontal stresses are unequal, break-outs will develop 
due to the drill hole stress concentration at the orientation 
of the least horizontal stress. Fractures, faults, and bedding 
planes that intersect the drill hole can be detected primarily 
because they are mechanically weaker or softer. The 
BHTV may also identify locations of large lonestones. 
The lonestones are denser than the surrounding sediments 
and consequently have a high impedance contrast and 
greater sonic reflectivity. High-resolution BHTV images 
will be available for interpretation after the analogue data 
are digitised. 

Magnetic Susceptibility Tool 

The magnetic susceptibility tool (Sus) is based on 
electromagnetic propagation of waves: a transducer coil 
emits electromagnetic waves with a frequency of 1 kHz 
into the formation. The induced electromagnetic field 
depends on the formation susceptibility and conductivity. 
An induced voltage is recorded by the receiver coil, 
located 0.2 m above the transducer. 

The tool is calibrated with rock samples of known 
susceptibility. 

Induction Tool 

Theinduction tool (aind) operates on the same principles 
as the magnetic susceptibility tool in order to evaluate the 
formation electrical conductivity. Different frequencies 
are emitted by the transducer coil: 10,20, and 40 kHz. Four 
receiver coils are located 0.5,0.75, 1.1, and 1.5 m from the 
transducer coil. The configuration of source and receiver 
coils allow the measurement of formation conductivity at 
0.5 and 1 m vertical spacing (shallow and deep), this 
spacing limits the influence of the mud resistivity. 

Water content, salinity, and drill hole temperatures are 
the most important factors that control the electrical 
properties of rocks. According to Archie's Law, resistivity 
is proportional to the inverse square root of porosity. 
Archie validated this law for sandstones, and thus porosity 
may be calculated from resistivity measurements in sand 
sections of the drill hole. However, porosities may also be 
computed in other lithologies based on empirically derived 
assumptions. Another factor controlling formation 
resistivity is the concentration of hydrous minerals, 
including clays, which are conductive. Metallic minerals 
and the geometry of interconnected pore space also affect 
the formation resistivity. 

Dipmeter Tool 

The dipmeter (Dip) tool consists of four orthogonal 
pads that are pressed against the drill hole wall and 
measure high-resolution conductivity variations of the 
formation. The conductivity traces provide details for 
sedimentological and structural interpretations. Cross- 
correlation of the four conductivity traces can provide 
measurements of dip and azimuth of bedding and fractures. 

An inclinometer is included in the dipmeter tool for 
spatial orientation of the pad readings. This orientation 
provides the deviation of the drill hole from vertical. The 
tool is oriented with respect to the earth's magnetic field 
using a three-axis flux-gate magnetometer. Since the drill 
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Fig. 2.19 - Composite plot of down-hole measurements. The columns from left to right show the following parameters: drill hole calliper (Cl and C2) 
(60-120 mm); inclination of the drill hole (me) (1-2"); loggingdepth (mbsf): simplifiedcore-based lithology; gamma-ray (GR) (0-200 API); potassium 
(K) ( 0 4 % ) ;  thorium (Th) (0-20ppm), uranium (U) (0-8 ppm); sonic velocity (sonic) (1.5-4.5 kms"); density (den) (1-3 neutron porosity (phi) 
(0-100%); susceptibility (sus) (0-150 X 10"*SI); vertical magnetic anomaly (deltaZ) (-500 - 500 nT); electrical resistivity (deep) (0-10 Ohmm) and 
(shallow) (0-10 Ohmm); mud resistivity (mud R) (0-20 Ohmm); temperature (temp) (0-1 S0C). Some sections of the borehole were measured through 
the casing by various tools (see Tab. 2.2). All data are corrected for casing effects (except for the sea-riser from 0-12.3 mbsf). 

site is less than 1 200 km away from the magnetic pole, the Temperature and Salinity Tool 
magnetic declination can change dramatically and 
suddenly. Therefore, a magnetic-field station at the surface A type PtlOO electrical thermometer records mud 
was used to record the natural variations of the earth's temperature (Temp) with aprecision of 0. 1Â°C The drilling 
magnetic field during down-hole logging. process disturbs the temperature field in the drill hole. 



Core Properties am1 Down-f Iole Geophysics 

Fie. 2.19 - Continued 

According to Bullard (1947), the time necessary for a drill 
hole to attain temperature equilibrium is at least as long as 
the time required for drilling. However, temperature 
changes measured shortly after drilling completion may 
indicate water movement in the drill hole or in the formation, 
or changes in lithology. The same tool also records mud 
electrical conductivity with two adjacent electrodes. The 
mud is free to pass by the electrodes in the tool. All 
electrodes are isolated in a metallic housing to prevent any 
external electric influence from the formation. This effect 

is also minimized by restricting the distance of the two 
source electrodes to 50 mm from the receiver electrodes. 
The tool is calibrated with water samples of known 
temperature and conductivity. 

LOG DATA ANALYSIS 

All down-hole data for CRP-2A, except dipmeter and 
VSP, are plotted in figure 2.19 and in section 4 in the 
supplement to this issue. Certain tools were not run in the 
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hole when casing was present or when drill hole bridging 
prevented further measurements. A list of data gaps is 
given in table 2.2. Those toolsrun within casing (SGR and 
l )en)and are corrected for the attenuation caused by the 
casing, except for the section in the sea riser above 
1 2.3 mbsf. All depths listed are logging depths which may 
be offset from core depths, because the drilling rig moved 
up and down due to tidal fluctuations. Therefore, individual 
tools were levelled to a datum on the sea riser. A brief 
analysis of log data is given below. 

The calliper data (Fig. 2.19 and section 4 in the 
supplement to this issue) indicate that the diameter of the 
CRP-2A drill hole is generally even. The diameter of the 
drill hole decreases below 200 mbsf, because of a change 
in the size of drill bit, from 96 to 75 mm. Large break-outs 
or wash-outs are evident at 150, 282,422, and 477 mbsf. 
The largest wash-out recorded in the drill hole, 160 mm, 
is located at 477 mbsf. Caution must be exercised in the 
interpretation of down-hole data in the areas containing 
large wash-outs. The inclination of the drill hole is generally 
less than 2O from vertical. 

In general, the total gamma-ray values, as well as the 
individual amounts of K and Th, decrease down the 
drill hole. This trend is most evident in the K content and 
does not appear in the U content. Potassium chloride was 
an additive to the drilling mud but is unlikely to have 
caused this downward trend. The gamma-ray log can be 
divided into threemain sections. In theupper section of the 
drill hole, from sea floor to 275 mbsf, the gamma-ray 
values are consistently high (100 API), in the middle 
section, from 275 - 480 mbsf, the values range from 50 - 
100 API, and in the bottom section, from 480 - 625 mbsf, 
displays low gamma-ray values from 20 - 80 API. This 
bottom section displays a pattern of cyclicity 
(Cyclostratigraphy section in Lithostratigraphy and 
Sedimentology chapter). 

Over the length of the drill hole, there is no obvious 
correlation between gamma-ray values and lithology, 
although, diamicts tend to show the lowest gamma-ray 
values. A U peak at 110 mbsf is attributable to a volcanic 
ash layer, and a decrease in drill hole temperature at 
155 mbsf is correlated with a U high (see below). 

Formation velocities range from 1.7 to 2.5 kms-I down 
to 275 mbsf, with an average velocity of 2.0 kms-l. There 
is a sharp peak in velocity from 275 to 280 mbsf correlated 
with highly cemented sandstone. Below this peak, the 
average sediment velocity changes to 2.8 krns-l. Velocities 
up to 6 kms-' are highly correlated to diamicts and may be 
caused by individuallonestones (e.g. at 348 - 355 mbsf and 
408 - 420 mbsf). 

The average bulk density between sea floor and 
445 mbsf increases from 2.05 to 2.30 Maxima in 
density values are evident in diamict units which have 
values up to 2.5 A density minimum of 1.7 is 
detected within a volcanic ash layer from 110 to 114 mbsf. 
The density peak at 200 mbsf is artificial and caused by the 
tool entering the bottom of the HQ casing. 

The average neutron porosity (phi) value throughout 
the drill hole is 50%. The high porosity values may 
represent an influence from hydrous minerals such as 

clays. Neutron porosity iscorrelated negatively wit11 (Ivnsi~y 
and sonic velocity values s i~gest ing that poi-osily is  lie 
main control for all three logs. 

During the loggingoperations a magnclomrhT, 
stationed 50 m east of the drill site, monitored t lic K;irtli's 
magnetic field. The dipmeter tool measured the verlici'il 
intensity of the earth's magnetic field. The dell;17, curve 
(Fig. 2.19) was derived by subtracting the average vcrtic~~l 
intensity of the earth's magnetic field (-63 0 0 0  nT) from 
the measured vertical component. The suscepl i hi l i t  y ;md 
deltaZ are similar in character. This similarity impl ics tlnit 
the overall nature of magnetisation in the sediments is 
induced rather than remnant. A strong anom;ily in  [lie 
deltaZ curve at 235 mbsf may be because of t h e  rc~iin;int 
magnetisation of a lonestone. 

From the sea floor to 325 mbsf the susceptibility curve 
is smooth with values greater than 20 x10 ̂ SI. Below lliis 
depth, the values fluctuate from 0 to 150 x l 0 " '  SI. The 
susceptibility values above 325 mbsf may be strongly 
influenced by the influx of clasts from the McMurilo 
Volcanic Group (Sedimentology, Clast Variability section). 
In some sedimentary environments magnetic minerals ;ire 
concentrated in the finest grained sediments. This m;iy 
also be the case for sediments below 325 inbsf. The 
cyclicity observedin the gamma-ray values below 500 mhsf 
is also observable in the susceptibility record. 

The seismic source for CRP-2A VSP measurements 
was an explosion of 400 g of primer 'Anzomex P' using 
No. 8 submarine detonators 15 m below the sea ice, and 
105 m south of the drill site. The seismic detonator le;id 
was connected to a SIE blaster which in turn was linked hy 
shot-firing cable to the seismic-recording equipment. The 
reference geophone was positioned 2.6 m west of the drill 
hole. VSP measurements were taken every 7.5 m, between 
sea floor and 127 mbsf, in the HQ casing. 

As a result of a frequency analysis, high frequency 
noise with maxima at 177 - 185, 280 - 285, and 324 - 
330 Hz are recognized. These noise levels are probably 
associated with tube wave energy generated by 
compressional wave to tube wave conversions on the drill 
string. The down-going waves, initiated by the seismic 
source, includelow-frequency noise, between5 and 15 Hz. 
A bandpass filter (13-17-1 10-120 Hz) was applied for the 
initial processing. Tests look promising for wavelet 
deconvolution. 

Separation of up-going and down-going waves was 
carried out using a polygonal mute in the frequency-wave 
number (f-k) domain. However, the effectiveness of this 
filtering is limited by the low number of traces and the poor 
resolution in the f-k domain. 

Figure 2.20 shows the current status of the processed 
seismic data. Thevertical axis is in one-way travel-time and 
the horizontal axis is the depth of the geophone. This figure 
shows the up-going (reflection) energy, following the f-k 
filtering described above. Coherent up-going energy is 
visible at around 181,275,352,490,562,652, and 889 ms. 
The most coherent arrivals are the 18 1 and 889 ms arrivals. 

The inverse of electrical conductivity, resistivity, is 
plotted in figure 2.19. The shallow and deep resistivity 
values are nearly equal down to 275 mbsf. Below this 



Fig. 2.20 - Plot of vertical seismic profile (VSP) after applying an f-k 
filter to enhance the up-going waves. The vertical scale is one-way travel 
time in  ms: the horizontal scale is mbsf. Up-going waves can be traced 
down to a reflector at 706 mbsf. 

depth the shallow resistivities are lower than deep 
resisitivities due to infiltration of conductive mud into the 
formation. The depth of this infiltration zone is limited by 
formation permeability and porosity. Drill hole resistivity 
values are correlated with diamicts which often contain 
large resistive clasts. 

Mud temperature and resistivity were measured, in 
phase I and 11, shortly after drilling activities ceased, so 
that drill hole-temperature equilibrium was not reached. 
The average temperature gradient for the entire drill hole 
is 28 Kkm-I, with a bottom hole temperature of 17.2OC. A 
change in the temperature gradient to 50 Kkrn-I occurs 
below 585 mbsf (Fig. 2.21). Other drill hole-temperature 
anomalies may indicate zones of cold seawater influxes. 
From 140-160 mbsf and from 550-585 mbsf, the drill hole 
temperature suddenly drops by 1 K. These sudden drops in 
temperature coincide with a decrease in calculated salinity 
of drill holefluids. Salinity is calculated as NaCl equivalent 
from the measured mud conductivity. 

Figures 2.22 to 2.24 highlight special features of the 
CRP-2A drill hole. Figure 2.22 displays the logging results 

temperature, OC NaCI, gl-l 
-1 0 1 2 3 0  10 20 

Fig. 2.21 - Plot of the temperature profile in the loose sand section 
between 143 and l55 mbsf. showing a marked change in temperature. 
This temperature change may be caused by an influx of cold seawater 
into the drill hole. The salinity of mud (>l0 gl") is greater than that of sea 
water (3 g1 l ) .  thus the decrease of salinity is attributable to a seawater 
influx. 

for the interval from 1 10 to 1 14 mbsf where a volcanic ash 
layer was drilled. The ash layer is characterized by an 
increase in gamma-ray and porosity values, and a decrease 
in density values. However, there is no evident change in 
velocity values. An increase in abundance of magnetized 
particles in the volcanic ash is indicated by anomalies in 
the magnetic susceptibility and the vertical intensity of the 
magnetic field. 

Loose sands at 143-155 mbsf presented several 
problems for thedrilling operation (Fig. 2.23). This section 
is characterized by adecrease in gamma-ray, sonic, density, 
resistivity, susceptibility, and temperature values and an 
increase in porosity. A U enrichment, up to 8 ppm, at 
155 mbsf may be caused by the leaching of seawater 
flowing through the sand layer. The underlying, less 
permeable mudstone provides a barrier to the downward 
flow of seawater. The relative lows in the magnetic 
susceptibility may be caused by dispersion of magnetic 
minerals in the sand. 

Figure 2.24 shows cyclic changes in gamma-ray and 
susceptibility values corresponding to sequence boundaries 
(Sequence Stratigraphical Interpretation). The gamma- 
ray values oscillate between 30 and 70 API, and the 
sequence boundaries are located in the steep gradient of 
these changes. Coarsening- and fining-upward sequences 
are also visible in the gamma-ray and susceptibility data. 

The overall quality of data is good, despite difficulties 
caused by logging in a narrow drill hole which had a 
tendency to form bridges. Further investigation of the 
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Fig. 2.22 - Composite plot of the drilled ash-bearing layers between 105 and 125 mbsf. The physical property abbreviations are as in figure 2.10. Nolc 
the high gamma-ray and porosity values and decreasing velocity. density and electrical resistivity values in the ash layer. 

Fig. 2.23 - Composite plot of a sand layer between 143 and 155 mbsf. This sand zone is characterized by low gamma-ray values, densities, and 
velocities, and high porosities. The negative temperature anomaly may be related to cold seawater influx. The loose sands caused severe drilling 
problems. The physical property abbreviations are as in figure 2.19. 



Fig. 2.24 - Composite plot showing cyclicity in gamma-ray and susceptibility values below 500 mbsf. These cycles also correspond to sequence 
boundaries. Some coarsening and fining upward sequences are also visible (e,g. from 555 to 570 mbsf). The physical property abbreviations are as 
in figure 2.19. 

down-hole data will provide a better understanding of the 
geological history of the area. 

CORRELATION OF SEISMIC REFLECTORS 
WITH CRP-2/2A 

Drill holes CRP-2 and 2A are located 300 m north of 
seismic line NBP9601-89 (Fig. 1.3, shot point 1998), a 
W-E line across Roberts ridge. CRP-212A reached a depth 
of 624.15 mbsf, equivalent to 525 ms twt bsf (Fig. 1.4). At 
least 15 seismic events can be identified at this depth or 
above, and can be related to the cored section (Fig. 2.25). 
These are summarized in table 2.3. 

The seismic stratigraphy of the Victoria Land Basin 
was establishedby Cooper &Davey (1985), whoidentified 
a number of major seismic units (Vl-VS) separated by 
basin-wide reflectors. We sought to sample and calibrate 
stratigraphically two critical seismic reflectors, one 
separating V3 from V4 and the other V4 from VS; for 
theV3lV4 reflector, there were two possible depth 
interpretations. CRP-212A sampled the sedimentary 

sequences from just above the upper alternativeV3N4 
boundary, penetrated the lower alternative V31V4 boundary 
and terminated c. 120 m above the presumed position of 
the V 4 N 5  boundary, at a depth of about 624 mbsf. We 
have taken the logs of sonic velocity and density from the 
whole-core logging and used these to derive a time-depth 
relationship. We have then converted the seismic travel 
times to depth, and thus derived a down-hole reflectivity 
profile. This profile has then been used to link the seismic 
data with the lithological logs (Fig. 2.25). 

A re-evaluation of the correlation of seismic reflection 
data from the central Victoria Land Basin to the CRP drill 
sites (Henrys et al., 1998) suggested that the interpreted 
correlations are not unequivocal. However, it should be 
noted that uncertainty in the association of astrongreflector 
with a particular named interface does not mean that there 
is any uncertainty in the existence of that reflector as a 
physical feature. The interpretation here will be limited to 
an analysis of the major units; detailed linkages are 
uncertain because of the low resolution of the seismic 
signal (wavelength - 30m). However, reflectioncoefficient 
data and changes in physical properties that extend over 
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lull 2 3 - Conelation between seismic reflectois, reflectivity and vclouty \ tilucs Jiom nic<is~~iements on thecoie, cind l~thosti~iti~~il~llii~dl units i i i  ( ' l< l '  '/'A 
- - 

Seismic Lithostratigraphical correlation Comments and inferences 
Reflector and depth 

Twt bsf 
(ms) - .. - .  

:I+ 50 LSU 4.1 at 48 - 52 mbsf tor at a 4-in-thick diainict: corresponds to minor vclorily ;nid 
impedance change. Correlates to CRP- 1. 

I) :!c 83 Boundary between LSU 6.2 and 6.3 Significant impedance and velocity change: 8-m-thick diamiclite. 
at 90 mbsf Upper alternative for V3/V4. 

c 1 10 Boundary between LSU 7.1 and 7.2 Major impedance change between thick diamictite (7.1) and an ash-bearin;' unit 
at 109 mbsf with a 1.2-111-thick ash bed. Reflection not strong. 

( 1  145 Near the base of LSU 8.1 at 125-130 mbsf Velocity increase within lower part of a diamictite: Oligoccne-Mioccnc hoiii~liiiy 
placed at 130 in on biostratigraphical evidence. Minor reflector. 

1801 Boundary between LSU 9.1 and 9.2 at Sharp increases in velocity in diamictite and sandstone. respectively; appear to 
190 183 mbsf or between LSU 9.2 and 9.3 at concspond to weak seismic reflectors. 

194 mbsf 
F" 215 Boundary within LSU 9.4 at 220 mbsf Reflector Ã§f  does not corresponds to an identifiable velocity change. 

Lower alternative for V3/V4. 
Sea-floor multiple if~tersects CRP-2A at 220 ins bsf. Below this. interpretation of reflectors is more difficult. 

g 241 Possibly boundary between LSU 9.5 and 9.6 
at c. 240 rnbsf 

l) 265 Middle of LSU 9.8 at c. 276 mbsf Velocity fall and increased reflection coefficient. 
i 290 LSU 10.1 at 296 - 306 mbsf Sharp velocity increase at top of unit, associated with impedance changes: 

an equally sharp decrease velocity at the base of LSU 10.1 corresponds to ;I inajoi 
impedance change and angular unconformity. 

.:. .:. .,. .,. 3 l5 Base of LSU 11.2 at c. 328 mbsf Slight velocity increase. 
, 350 Boundary within LSU 12.1 at c.  365 or Velocity increase and significant change in reflectivity; marks the beginning of :I 

boundary between LSU 12.1 and 12.2 at zone of highly variable physical properties down to 420 mbsf. 
378 mbsf 

k 380 LSU 12.3 at 420 mbsf LU 12 contains several thick diamictites of varying impedance and velocity, but 
only that in the base of LSU 12.3 corresponds to a step of significant d~~ra l io i l .  

I* 405 LSU 12.4 to 13.1 at 437 - 443 mbsf Top of 6-m-thick diamictite corresponds to major velocity change and to a 
reflector extrapolated through the sea-floor multiple. 

m* 440 Boundary between LSU 13.2 and 13.3 at 495 Corresponds to significant velocity change and a reflector. 
mbsf 

Second sea-floor multiple iiztersects CRP-2A at 440 ms bsf. Below this, interpretation of reflectors is much more d~fficult. 
11 4601 Boundary between LSU13.3 and 14.1 at Corresponds to a significant velocity change and a faint reflector. 

475 516 mbsf 
4901 Base of LSU 15.2 at 570 mbsf Lowest significant velocity change in CRP-2A, within well-cemented sandstone: 
520 corresponds to a major reflector traced to a 100-m wide bench on the sea floor at 

c. 570 mbsf. 
Note: *strongest and most persistent reflectors. **not seen on large scale near-trace plot. 

about 20 m have been used to improve correlations. We 
also note that diamictites do not always correspond to a 
significant velocity or impedancechange (e.g. at 230 mbsf), 
and in some cases strong and continuous reflectors have 
no associatedchange in velocity (see reflector f at 220 msec 
TWT bsf in Fig. 2.25). 

A major lithological change (diamictite to mudstone), 
sampled at about 142 mbsf in CRP- 1, is correlated with the 

base of a 4-m thick Early Miocene diamictite forming 
Lithostratigraphical Sub-Unit (LSU) 4.1 in CRP-2 at a 
depthof about 52 mbsf; this is consistentwith thecorrelation 
from CRP-1 to CRP-2 using seismic reflection data. 

Table 2.3 summarizes the correlation between seismic 
reflectors from line NBP9601-89 and lithostratigraphical 
units in CRP-212A. Down-hole logging data and synthetic 
seismograms will be included in the Scientific Report. 





3 - Lithostratigraphy and Sedimentology 

INTRODUCTION 

This chapter presents the results of a lithostratigraphic 
subdivision of the CRP-2/2A core, and of a variety of 
sedimentological investigations. In the first section, the 
core is divided into informal lithostratigraphical units and 
sub-units, and the lithologies in each are described. In the 
following section, a facies analysis provides a process and 
environmental interpretation of the core, from which a 
preliminary depositional model is developed. This is in 
turn followed by a sequence stratigraphic interpretation of 
the succession encountered in the hole, a brief discussion 
of clasi variability, clast shape and fabric, an initial 
exploration of potential, small-scale cyclicity in the core, 
and a description and a preliminary interpretation of 
diagenetic and deformational features. 

A detailed core description is shown at a scale of 1 :20 
as section 1 in the supplement to this issue, with core 
images shown as section 2 and a summary description at a 
scale of 1 :500 shown as section 3. 

The core has been divided into 15 lithostratigraphical 
units, based on major changes in lithology recognised by 
the scientific team at the Cape Roberts Camp during the 
drilling of CRP-2/2A. The division draws attention to 
prominent lithologies such as major diamictite bodies and 
an interval rich in volcanic tephra. The major units are in 
turn divided into a total of 41 sub-units, based on smaller- 
scale lithological changes. The Quaternary and Pliocene 
intervals are described in the Introduction chapter, while 
pre-Pliocene units and sub-units are considered here. 

Twelve recurrent lithofacies have been recognised in 
the CRP-2/2A core based on lithology or associations of 
lithologies, bedding contacts and bed thicknesses, texture, 
sedimentary structures, fabric and colour. The entire facies 
assemblage is interpreted to record marine environments 
of deposition, from the abundance of marine macro- and 
microfossils, and absence of any indicators of emergence. 
Facies 1 (mudrocks) is interpreted as mainly suspension 
fallout deposits of relatively quiet, offshore marine 
environments, while Facies 2 (thinly interstratified 
mudrocks and very fine- to fine-grained sandstones) is 
interpreted to reflect the increasing influence of current 
activity, and in some instances, waves. The implication of 
this is that the facies may in some cases record sediment 
deposition in quite deep water, while in others reflect 
shallow, protected bays or lagoons. Facies 3 (poorly sorted, 
muddy fine-grained sandstones) is inteipreted as the product 
of low-concentration sediment gravity flows across the sea 
floor, while Facies 4 (moderately sorted, clean fine-grained 
sandstones) 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 to well-sorted, clean, medium-grained 
sandstones) is interpreted to represent deposition from 
aqueous currents in shallow marine environments subjected 
t o a  high rate of sediment supply. 

Facies 6 (stratified diamictites) and Facies 7 (massive 
diamictites) arc interpreted to reflect a variety of 
depositional processes in ice-contact, marine proglacial 
(and possibly s~~bglac ia l )  environments. Facies 8 
(rhythmically interbeclded sandstones and siltstones) is 
interpreted as resulting from suspension settling from 
turbid plumes ("cyclopsam") in ice-proximal glacimarine 
environments. Facies 9 (clast-supported conglomerate) 
and Facies 10 (matrix-supported conglomerate) are both 
interpreted to record coarse-grained sediment deposition 
from sediment-charged, aqueous currents in shallow-water, 
proximal outflow systems. Facies 1 1 (intraformational 
clast breccia) is interpreted to arise from sediment gravity 
flows across the submarine surface following de- 
stabilization of the substrate by some (unknown) 
mechanism. Finally, Facies 12 (volcaniclastics) is  
interpreted as arising from tephra accumulation by both 
direct suspension settling and reworking on the sea floor, 
following explosive volcanic eruptions nearby. 

In a preliminary sequence stratigraphic analysis, 
24 unconformity-bounded, glacimarine depositional 
sequences have been recognised, spanning the early 
Oligocene to Quaternary. The analysis is based on the 
recognition of repetitive vertical arrangements of the 
lithofacies summarised above. Each sequence is bounded 
by sharp erosion surfaces (Sequence Boundaries) that 
mark abrupt, landward dislocations in facies and hence 
interpreted environment of deposition. Sequences typically 
comprise a four-part architecture involving, in ascending 
order, 1) a sharply-based, coarse-grained unit (Facies 6,7, 
9 or 10), interpreted as a combined Lowstand and early 
Transgressive Systems Tract deposit, 2) a fining-upward 
succession of sandstones (Facies 3 and 4) into sandy 
mudstones (Facies l),  interpreted as a Transgressive 
Systems Tract, 3) amudstone interval (Facies l), commonly 
fossiliferous and in some cases coarsening upward into 
muddy sandstones (Facies 3), interpreted as a Highstand 
Systems Tract, and 4) a sharply-based, sandstone- 
dominated succession (principally Facies 4), interpreted 
as a Regressive Systems Tract. Initial constraints on the 
time period recorded by the CRP-2/2A core and 
observations on the overall stratigraphic stacking pattern 
permit some preliminary speculations as to the geological 
factors responsible for the cyclical facies pattern. 

Studies of lithology, abundance, size and distribution 
of coarse clasts within the CRP-2/2A core are summarised 
in a short section of this chapter, but detailed elsewhere in 
full (see Petrology Chapter, Basement Clasts and Volcanic 
Clasts section). Seven major varieties of coarse clasts have 
been recognised, their relative abundances allowing initial 
interpretation of changes in sediment provenance within 
the cored succession. Major changes in clast character 
were noted across sequence boundaries and litho- 
stratigraphical unit boundaries. 

Three-dimensional fabric analysis of clasts from 
selected, whole core samples of gravel-rich lithologies has 



revealed broad scatter in  most samples, with very weak 
preferred orientations to random orientations dominating, 
' w o  alternative explanations are offered for these fabrics: 
I ) that subglacial deposits arc not recorded within the 
examined samples, or 2) that any subglacial deposits have 
sulYeredpost-depositional modification which has removed 
m y  pre-existing directional fabric. Studies of clast shape 
tin the same samples has revealed some differences between 
lithofacies. Diamictites studied show broad ro~~ndness 
distributions, with averages in the range subrounded to 
siibangular, show on average 23% facetted clasts and one 
striated clast. These properties suggest that clasts in those 
diamictites have experienced some subglacial transport. 
Pebbly sandstones also show an average roundness of 
subangular, but with more rounded to well-rounded clasts, 
suggesting a strong element of fluvial reworking. while 
the conglomerates studied displayed a number of angular 
clasts andone striatedclast, suggesting only limited fluvial 
working of those sediments. 

A pilot study to investigate the potential for recognising 
small-scale facies cyclicity has been conducted on a 
laminated, fine-grained interval from Lithological Unit 
I I .3 (329.30-347.31 mbsf). Magnetic susceptibility data 
(see Chapter 2, Core Properties and Down-Hole Geophysics 
section) from this interval have been subjected to a spectral 
analysis, which has revealed strong patterns of cyclicity. 
The frequency lines in the derivedpower spectrumidentify 
ratios between hierarchical levels of cycles that show 
close similarity to those of the Milankovitch orbital forcing 
periodicities computed for the Cenozoic. The success of 
this experiment suggests that much potential exists for 
elucidating evidence of cyclicity from laminated facies 
within the CRP-212A core. 

Preliminary investigations into diagenesis of the 
CRP-212A core have revealed a variety of diagenetic 
features, many of which can be readily identified in hand 
specimen. Prominent a m o n g t h e s e  are carbonate 
cementation, mineral fills of fractures, veins and tension 
gashes, and pyrite cementation. Carbonate cementation 
takes avariety of forms, including diffuse patches in many 
cases surrounding fossil shell material, small spherical 
nodules, larger ovoid nodules and stratiform layers. 
Carbonate cements are rare within the uppermost 150 m of 
the core but increase down-hole and become extensive 
below 400 mbsf. Many fractures and veins noted within 
the core are lined or filled by mineral material, notably 
carbonates and pyrite (in a few cases both types within the 
same fracture). Pyrite is also present as a cementing phase, 
most commonly found filling burrows or as diffuse patches 
in dark-coloured siltstones below 250 mbsf. 

In a complementary study, deformational features, 
notably zones of brecciated rock, soft-sediment folding 
and other deformation, shear zones and microfaults were 
also described from the core. Such features are common, 
and are interpreted to record some combination of 
glaciotectonic and tectonic deformation. In the absence of 
other reliable diagnostic criteria, structures at macroscopic 
and microscopic scales may provide critical evidence of 
subglacial conditions in the core. As structures of 
interpreted glaciotectonic origin have been recognised in 
CRP-1, the documentation of deformational structures is 

therefore of critical importance to palaeoenviron~i~i.~iii;il 
interpretation ofC'RF- 212A. Above297 mbsf, dcl'oi~iiatioii 
is confined to discrctc intervals within the core, iin'lndiiig 
a numbcr of hrecciated zones with a jigsaw-fi~ fabric 
termed "crackle breccias". Below 297 mbsl., in , s i l n  
brecciation is rare. but iiiicrofa~~lting clastic inlrusions 
and other soft-sediment deformation, and possible /.ones of 
shearing arc common as far as the terminal depth ofihc liolr. 

The research reported in this section provides i~iipoi'~;iiit 
documentation and useful first interpretations of 
depositional environments recorded in the CRP212A 
core. Future work will undoubtedly reveal further dct;iils 
of the geological history of the Cape Roberts area. 

DESCRIPTION OF SEQUENCE 

The sedimentary sequence recovered in CRP-2/2A is 
shown graphically in figure 3.1. The pre-Pliocenc portion 
of that sequence has been divided into 13 ma,jor 
lithostratigraphical units, with many of those ma,jor units 
further divided into lithostratigraphical sub-units. Eacli 
lithostratigraphical subdivision is described here. 
Preliminary interpretations of these rocks are given in 
Facies Analysis section, where the sedimentary facies, 
and their interpreted depositional environments, arc 
discussed in detail. 

LITHOSTRATIGRAPHICAL SUB-UNIT 3. l 
(26.79-47.79 mbsf), SAND 

LSU 3.1 is composed predominantly of compact, 
muddy fine to medium-grained sands, withlow and variable 
abundances of dispersed clasts. Above 36 mbsf, the muddy 
fine sandstone grades locally to sandy mudstone. Two 
minor associated lithologies are present: thin beds of 
massive, poorly sorted, very coarse sandy granule gravel, 
and thin beds of compact, massive clast-poor sandy 
diamicton. The compact, muddy fine- to medium-grained 
sandstones are dark grey (N3) to olive grey (5Y 312) in  
colour, and generally have clast abundances of 1 to 3%. 
Dominant clast types include dolerite, granitoid, and (less 
commonly) diamictite. Bedding thicknesses in the sands 
range from 10 cm to approximately 2.5 m, with most beds 
being internally massive. However, stratification, ranging 
from crude to laminated, is developed locally in intervals 
up to 30 cm thick. Lithostratigraphical Unit 3.1 is sparsely 
fos~il ife~ous,  with molluscs and octacorals present; the 
latter occur between 35.85 and 36.50 mbsf. Carbonate 
cement is present in discrete zones or nodules, particularly 
between 40.00 and 44.00 mbsf. The upper 3 m of this unit 
display evidence of in situ brecciation, with fine sandstone 
intraclasts set within a matrix of soft muddy sand. Similar 
features, combined with evidence of soft-sediment 
deformation, also occur in discrete intervals up to 60 cm 
thick between 37.80 and 44.00 mbsf. From 44.95 mbsf to 
the base of LSU 3.1, thin-bedded muddy fine sand is 
interstratified with thin-bedded siltstone; some portions of 
this interval are strongly brecciated, exhibit steep dips, 
and show evidence of imbrication along low-angle thrust 
surfaces. LSU 3.1 has a sharp lower boundary. 
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logarithmically in order to highlight abundances in clast-poor intervals. 



Initial Repoit on CRP-212A 

I ITHOSTRATIGRAPHICAL SUB-UNIT 4 1 
(47 79-5 1 95 mbsf 111 CRP-2, 48 00-52 36 mbsf in CRP-2.4). 
l )1AMICTON 

LSU 4.1 grades downward from a thin, compact, 
weakly laminated muddy fine to medium sand with very 
dispersed clasts to a compact, massive, clast-poor fine- to 
medium- sandy diamicton. Clasts range from 1% to 3% in 
abundance and from angular to rounded in shape, with an 
average shape of subrounded. Granitoid and dolerite clasts 
are most common, with granitoid clasts up to 9 cm in 
diameter. Diamictite clasts are also present, although in  
very low abundance. Matrix composition is estimated at 
c. 55% quartz, 15% feldspar, 3% volcanic fragments, 20% 
clay, 5% pyroxene and hornblende, 2% volcanic glass, 
and traces of diatoms and sponge spicules. The abundance 
of carbonate cement increases downcore, so that LSU 4.1 
gsades locally to diamictite. As aresult of this cementation, 
thin irregular fractures are also evident in this diamictite. 
The lower contact of LSU 4.1 is sharp. 

LITHOSTRATIGRAPHICAL SUB-UNIT 5.1 
(52.36-72.84 mbsf), MUDSTONE AND SANDSTONE 

LSU 5.1 gradually fines down-core, from muddy very 
fine sandstone with very fine sandstone laminae above 
57.33 mbsf, to very fine sandy mudstone between 57.33 
and 59.00 mbsf, and to massive mudstone with a few thin 
fine sandstone beds below 59.00 mbsf. The muddy very 
fine sandstone is black (N3 to N4), and contains laminae 
of very fine sandstone at 55.68-55.85 mbsf that are soft- 
sediment deformed but show evidence of ripple cross- 
lamination. The very fine sandy mudstone and the massive 
mudstone are also black. In addition, the massivemudstone 
contains thin beds of very fine sandstone, which commonly 
have sharp upper and lower contacts and show evidence of 
soft-sediment deformation. Very dispersed clasts and shell 
fragments are present in low abundances through LSU 5.1; 
the latter, however, aremore abundant at 55.79-56.50 mbsf 
and at 68.73-70.42 mbsf. The most notable fossil is a 
bivalve fragment at 56.03 mbsf. The composition of the 
massive mudstone is estimated as: 30-40% quartz, 5-10% 
feldspar, 2-5% rock fragments, 40-45% clay, 3 - 5 s  
pyroxenes and hornblende, 3-5% volcanic glass, 2-5% 
diatoms, and traces of sponge spicules. Carbonate cement 
is distributed irregularly through Unit 5.1, but the effects 
of brecciation are evident throughout this interval. 
Brecciation is relatively pervasive above 64.00 mbsf, but 
is concentrated in discrete horizons below that level. The 
lower contact of LSU 5.1 is relatively gradational. 

LITHOSTRATIGRAPHICAL SUB-UNIT 6.1 
(72.84-80.70 mbsf), SAND 

LSU 6.1 comprises medium sand with dispersed to 
common clasts above 75.1 1 mbsf, and fine to muddy fine 
sand below that level. The interval dominated by fine to 
muddy fine sand also contains two minor lithologies: a 
78 cm-thick bed of sandy diamicton, and a 65 cm-thick 
bed of very sandy mudstone with dispersed clasts. The 
medium sand, found in the upper 2.27 m of LSU 6.1, is 

compact, massive to weakly stratified, poorly sorted, and 
contains limited evidence of soft-sediment de1'oriii;ifioii. 
The fine to muddy fine sand occurs in beds varyinj~, from 
20 to 90 cm in thickness; these beds are internally massive. 
Composition of the medium sand and the fine fo muddy 
fine sand is approximately 40% quartz, 10- 15 %) I'ddspiir, 
2-15% rockfragments, 5-40% clay, 3-10% pyroxenes and 
hornblende, 3- 1 5% volcanic glass, trace-2% dkit oms, ;\nd 
traces of sponge spicules. The diarnicton is a conip;~>l,  
massive, very poorly sorted sandy diamicton, vvifh 
granitoid, dolerite, and quartzite as the domi nant cliist 
lithologies, whereas the mudstone with dispersed clasts is 
locally weakly stratified and brecciated. Shell fragnienfs 
occur within the uppermost 50 cm and the lowermost 
70 cm of this unit. LSU 6.1 has a sharp lower contiict. 

LITHOSTRATIGRAPHICAL SUB-UNIT 6.2 
(80.70-90.67 mbsf), DIAMICTITE 

LSU 6.2 is an olive grey (5Y 312) massive, poorly 
sorted, clast-rich to clast-poor sandy diamictite. I t  exhibits 
weak stratification in the interval from 8 1.10 to 8 1.86 mbsf 
through the presence of thin beds of very fine sandstone; 
some of these beds also show evidence of soft-sediment 
deformation. The sandy matrix contains approximately 
50% quartz, 15-20% feldspar, 5% rock fragments, 10- 
20% clay, 10% pyroxene and hornblende, and up to 5% 
volcanic glass. Clast abundances range from 5 %  to 25%, 
with dolerite, granitoid, quartz and feldspar as the ma,jor 
clast lithologies. The clasts average subrounded in shape, 
and are up to 16 cm in diameter. Carbonate cement occurs 
as discrete irregular bodies, and the diamictiteis brecciatcd 
locally. The lower contact of LSU 6.2 is gradational, set at 
the lowest occurrence of abundant clasts. 

LITHOSTRATIGRAPHICAL SUB-UNIT 6.3 
(90.67-96.85 mbsf), SANDISANDSTONE 

Above 92.42 mbsf, LSU 6.3 is composed of massive, 
poorly sorted fine to medium sand with dispersed very 
coarse sand and granules, interstratified with well-sorted 
fine sand. These two lithologies originally were well- 
stratified with sharp contacts, but all of the original 
stratification has now undergone soft-sediment 
deformation. Below 92.42 mbsf, the unit is composed of 
three interbedded lithologies: massive medium to coarse 
sand with dispersed very coarse sand and granules, massive 
muddy fine sand with dispersed very coarse sand and 
granules, and very fine sandstone. Bedding thicknesses of 
these lithologies range from 10 cm to 1 m. One bed, at 
94.81-94.96 mbsf, is composed of fine sandstone and 
contains high-angle cross-stratification. Composition of 
this unit is approximately 40-45% quartz, 15% feldspar, 
10% rock fragments, 5-10% clay, 20-25% volcanic glass 
(brown, yellow, and colourless), traces to 5% pyroxene 
and hornblende, and traces of diatoms and sponge spicules, 
Unit 6.3 is sparsely fossiliferous, with shell fragments 
distributed throughout its extent. Carbonate cement is 
distributed in irregular, discrete zones through Unit 6.3, 
producing some sandstone horizons. The cemented zones 
exhibit limited amounts of fracturing and contain calcite- 



filled veins; the core is brecciatecl in  two intervals, each 
approxiiii:itcly 60cnitliick, between 91.00and 95.00 mbsf. 

1.ITHOS'~RATIGRAPHICAL SUB-UNIT 7.1 
(96.85-KM.07 mbsf), DIAMICTITE 

LSIJ 7.1 comprises a compact, very poorly sorted, 
clast-rich to clast-poor, pumice-bearing, sandy diamictite. 
The diamictite locally is weakly stratified, and its clast 
population is dominated by s~~bang~i lar  to rounded (average 
subrounded) pieces of granitoid, dolerite, quartz, feldspar, 
and pumice. Minor lithologies in this unit include one thin 
interbed (< 10 cm thick) each of mudstone, fine sandstone, 
and fine to medium sandstone. Pumice lapilli are present 
throughout thediamictite, and become arelatively common 
constituent below 99 mbsf. Carbonatecement is present as 
discrete irreplar zones; most are 3- 15 cm in diameter, but 
the largest zone is 69 cm in length. 

LITHOSTRATIGRAPHICAL SUB-UNIT 7.2 
(109.07- 1 14.2 1 mbsf), SANDSTONE AND LAPILLISTONE 

LSU 7.2 is composed oftwo major lithologies: stratified, 
poorly sorted fine sandstone with dispersed pumiceous 
lapilli, and stratified, moderately sorted pumiceous 
lapillistone and ash. The fine sandstone with dispersed 
pumiceous lapilli is greyish black (N2) in colour and 
occurs in beds 3-60 cm thick, within which are locally 
stratified intervals of thick laminations to thin beds. 
Abundances of dispersed lapilli within the fine sandstone 
range from 5% to 10%. This lithology dominates the upper 
1.54 m of LSU 7.2, and locally exhibits evidence of soft- 
sediment deformation. In the interval 1 10.6 1 - 1 12.77 mbsf, 
the fine sandstone with dispersed pumiceous lapilli is 
interbedded with stratified pumiceous lapillistone in two 
distinct styles: 1) the two lithologies are interstratified at 
the scale of thick laminae to thin beds, with sharp-based 
layers and local development of parallel stratification and 
ripple cross-lamination in the fine sandstones, and 2) 
thicker beds (10 cm to 1.22 m thick) of lapillistone are 
interbedded with massive sandstone. The basal 10-20 cm 
of the thickest lapillistone bed are reversely graded; the 
remainder of that bed and the other thick lapillistone beds 
are massive. Below 112.77 mbsf, LSU 7.2 is dominated by 
massive fine lithic sandstone in beds 10-30 cm thick; 
however, parallel laminated and ripple cross-laminated 
fine lithic sandstone is interbedded withmassive mudstone 
at 1 13.37- 1 13.66 mbsf. In the latter interval, soft-sediment 
deformed zones, 5-20 cm thick, indicate disturbance of the 
interbedded lithologies. The basal bed in LSU 7.2 is a 
sharp-based, 24 cm-thick, weakly thin-bedded fine lapilli- 
stone and coarse to very coarse ash. 

LITHOSTRATIGRAPHICAL SUB-UNIT 8. l 
(1 14.21-130.27 mbsf), SANDSTONE AND DIAMICTITE 

LSU 8.1 is composed primarily of stratified to massive, 
well- to poorly sorted, fine to medium sandstone above 
123.78 mbsf; below that level, the fine to medium sandstone 
is interbedded with very poorly sorted, clast-rich to clast- 
poor sandy diamictite. Bed thicknesses within the sandstone 

range from 10 cm to 1.2 in; internally, the beds vary from 
massive to weakly thinly bedded. Below 123.78 mbsf, 
cliamictite beds one to two metres thick are separated by 
40 cm lo 2.2 m of massive to weakly stratified, muddy to 
well-sortcd, fine to ~iiediu~ii sandstone, generally with 
dispersed clasts. The dianiictites are massive to locally 
weakly stratified, clast-poor, and sandy, with granitoid, 
doleritc, feldspar, and quartz as the predominant clast 
types, but with minor amounts of obsidian(?) and 
orthoq~iart~.ite clasts. The majority of beds throughout 
LSU 8.1 have sharp bases, and some of the sandstone beds, 
as well as oneofthediamictite beds, exhibit soft-sediment 
deformation. Important minor lithologies include: a 
deformed interval of interstratified muddy very fine 
sandstone, clast-rich sandy to muddy diamictite, and very 
poorly sorted fine sand with dispersed clasts at 121.79- 
122.59 mbsf, and intervals of very poorly sorted gravel to 
sandy conglomerate at 122.74-122.82 mbsf and at 125.11 - 
125.65 mbsf. The sandstone is locally fossiliferous, 
especially with shell fragments at 1 17.00-1 18.00 mbsf and 
at 121.00-122.00 mbsf, and a layer of shell debris at 
117.76 mbsf. Some of the sandstones have been weakly 
bioturbated. Irregular zones of carbonate cement are present 
but rare in LSU 8.1. Also noteworthy is a dolerite boulder 
at 120.5 1- 121.36 mbsf, which has deformed the sediment 
beneath it for an interval of 10-20 cm. LSU 8.1 has a 
gradational lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 8.2 
(130.27-1 37.79 mbsf), SANDSTONE 

LSU 8.2 is composed of several closely related types 
of sandstone: poorly sorted fine sandstone, muddy very 
fine sandstone, and poorly sorted fine sandstone with 
dispersed coarse to very coarse sand and granules. The 
composition of these sandstones is estimated at 45% 
quartz, 15% feldspar, 5% rock fragments, 10% clay, 10% 
pyroxene and hornblende, 15% volcanic glass, and traces 
of diatoms and sponge spicules. Beds of these lithologies 
are massive through most of LSU 8.2, but laminated to 
thinly bedded intervals are dominant between 133 and 
135.50 mbsf. The entire unit has been weakly to moderately 
bioturbated, and shell fragments occur at 134.52- 
136.24 mbsf and 137.18-137.27 mbsf. Soft-sediment 
deformational features are evident, but not pervasive, 
throughout LSU 8.2, and carbonate cement is sparsely 
distributed in discrete irregular zones. 

LITHOSTRATIGRAPHICAL SUB-UNIT 8.3 
(137.79-153.39 mbsf), MUDSTONE AND SANDSTONE 

Above 142 mbsf, LSU 8.3 is composed of fine sandy 
mudstone with soft-sediment deformed laminae and thin 
beds of poorly sorted fine sandstone. At 142 mbsf, the fine 
sandy mudstone grades into very poorly sorted fine 
sandstone with dispersed coarse to very coarse sand and 
clasts, which then extends downcore to 144.28 mbsf. 
Below 144.28 mbsf, LSU 8.3 comprises interbedded very 
poorly sorted fine sandstone and massive to laminated 
very fine sandy mudstone. Locally, thin sharp-based 
intervals (1-4 cm thick) of the fine sandstone interbeds are 
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iiminated. The interval below 144.28 mbsfis also deformed 
to varying extent, with brecciation relatively common. 
'lie brecciated zones also contain multiple, complex, 
sandstone-filled sedimentary dykes. Below 144.28 mbsf, 
llie thicker, poorly cemented sandstone beds also have 
been disturbed and washed during drilling. Small pyritic 
nodules are present in the mudstones, and carbonate 
cement forms sparse irregular bodies. 

I .ITHOSTRATIGRAPHICAL SUB-UNIT 8.4 
( 153.39-1 83.85 mbsf), MUDSTONE 

LSU 8.4 is dominated by olive-grey (5Y 4/1), massive 
to weakly laminated mudstone. Above 163.05 mbsf, the 
mudstone is interbedded with thin, sharp- and scour- 
based, parallel-laminated to ripple cross-laminated fine to 
medium sandstone. Bioturbation is locally evident in this 
portion of Unit 8.4. The interval below 163.05 mbsf is 
composed almost entirely of pervasively bioturbated, 
weakly laminated to massive, very fine sandy mudstone 
with dispersed clasts; only a few very thin sandstone 
laminae arepresent below 163.05 mbsf. LSU 8.4 is sparsely 
fossiliferous, primarily containing shell fragments 
throughout its extent. Taxa present include pteropods and 
serpulid tubes, and an articulated bivalve is present at 
180.18 mbsf. Discreteirregular patches of carbonatecement 
occur throughout this unit, and thin brecciated zones are 
located at approximately 154.00 and 163.60 mbsf. Micro- 
faulting, soft-sediment deformation, and vertical fracturing 
are concentrated in the interval 176-180 mbsf. LSU 8.4 
has a sharp, inclined lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 9.1 
(1 83.35-185.96 mbsf), SANDSTONE AND DIAMICTITE 

LSU 9.1 grades down-core from poorly sorted, fine to 
medium sandstone with common clasts to clast-poor sandy 
diamictite. The sandstone is medium dark grey (N4), with 
disturbed moderate to thin bedding above 184.03 mbsf, 
but it is weakly stratified to massive from 184.03 to 
184.72 mbsf. Massive to moderately stratified, very poorly 
sorted, clast-poor to clast-rich sandy diamictite is present 
below 184.72 mbsf, and contains some evidence of soft- 
sediment deformation. Shell fragments and patchy 
carbonatecement are present in low abundances throughout 
LSU 9.1. The base of LSU 9.1 is gradational, from the base 
of the lowest large clast to underlying massive (drilling 
disturbed?), slightly muddy, fine to medium sandstone. 

LITHOSTRATIGRAPHICAL SUB-UNIT 9.2 
(1 85.96- 193.64 mbsf), SANDSTONE 

LSU 9.2 is composed predominantly of sandstone, but 
grades from poorly sorted muddy fine sandstone above 
190.75 mbsf to moderately sorted, fine- to medium- 
sandstone below that level. Thin pebble-rich intervals 
form a minor lithology throughout LSU 9.2. The poorly 
sorted muddy fine sandstone, which grades locally to 
muddy fine sandstone with dispersed clasts, contains faint 
flat to slightly inclined stratification, and grades to a thin 
pebble conglomerate at 187.65 mbsf. The moderately 

sorted Sinc-nieiliiim sandstone that occurs  below 
190.75 mhst'has abundant flatstratification, grades lociilly 
to thin (<l cm thick) pebbly layers, and is bioliirliii~rd. 
Shell fragments ;ire present at 186.63 mbsf i~iul i n  tile 
interval 19 1.00- 19 1 .S9 mbsf. Vesicular, glassy liipilli ;ire 
concentratecl in the interval 193.37-193.47 mbsf. I .SlJ 0,2 
has a sharp lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 9.3 
(193.64-207.76 mbst], PEBBLY SANDSTONE 

LSU 9.3 is dominated by massive to weakly stratiI'i~'d 
muddy fine sandstone with dispersed clasts, which gnidi:s 
locally into more clast-rich intervals of clast-poor to cliisl- 
rich sandy diamictite. These two lithologies are thinly 
interbedded at 193.64-196.65 mbsf and 108.55- 
199.25 mbsf, but form thicker beds through the rem;~iudcr 
of this unit (20-40 cm thick for the diamictite, 7 0  cm to 4 in 
thick for the sandstone). The sandstone is dark grcenish 
grey (SG 4/1), and contains faint lamination, Sliit 
stratification, and possible ripple cross-laminalion. 
Composition of the sandstone is estimated at 60% qua r l~ ,  
5% feldspar, 5% rockfragments, 15% clay, 10% pyroxene 
and hornblende, 5% volcanic glass, and traces of diatoms. 
The diamictite is dark grey to grey (N4 to N6), massive to 
weakly stratified, poorly sorted, clast-poor to clast-rich, 
and sandy. The predominant clast types are volcanic, 
granitoid, dolerite, and sedimentary lithologics. Shell 
fragments are distributed throughout LSU 9.3, but ;in 
articulated bivalve is present at 195.48 mbsf. An impression 
of woody debris, 1 cm long, is located at 195.40 mbsf. The 
fine sandstone is bioturbated, whereas the diamictite is 
not; because the fine sandstone forms more of the section 
downcore, the overall abundance of bioturbation also 
increases downcore. Soft-sediment deformation structures 
and brecciation are present to common above 199 riibsf. 
LSU 9.3 has a very gradational lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 9.4 
(207.76-227.33 mbsf), SANDSTONE 

LSU 9.4 is composed almost entirely of dark greenish 
grey (5G 4/1), poorly sorted muddy fine sandstone, with 
only very minor occurrences of thin mudstone and thin 
coarse sand to granule layers. The sandstone varies from 
massive to well stratified, with inclined parallel 
stratification particularly well developed in the interval 
218.25-227.28 mbsf. This interval also contains minor 
occurrences of ripple cross-lamination, and a package of 
convex-up laminations at 21 8.90-21 9.00 mbsf is suggestive 
of hummocky cross-stratification. The composition of the 
sandstone is approximately 65% quartz, 5% feldspar, 4% 
rock fragments, 10% clay, 8% pyroxene and hornblende, 
8% volcanic glass, and traces of diatoms and sponge 
spicules. Shelly fossils and fossil fragments are relatively 
common through this unit; especially noteworthy are the 
occurrences of serpulid tubes and apossible in situ mollusc 
at 210.22-210.31 mbsf, articulated bivalves at 224.17 and 
227.27 mbsf, and gastropod fragments at 217.74 and 
225.96 mbsf. Evidence of bioturbation is common in this 
unit, and carbonate cement occurs as widely separated 



zones o f  intense cementation. The lower boundary of 
LSU 9.4 is sharp and irregular. 

LITHOS I'RATIGRAPHICAL SUB-UNIT 9 5 
(227 33 242 70 mbsf). DIAMICTITE AND SANDSTONIi 

LSI 19.5 is composed of a thin upper, clast-poor muddy 
diamictite, a middle zone of muddy fine sandstone, and a 
lower clast-poor sandy diamictite. The clast-poor muddy 
diamictitc is 73 cm thick, dark greenish grey (5G 411), and 
massive,, with angular to subangular granitoid, dolerite, 
volcanics, feldspar, and quartzclasts. The lower contact of 
this diamictite is gradational, a result of decreasing clast 
and mud contents. The muddy fine sandstone, which is 
5.67 111 thick, is dark greenish grey (5G 411), weakly 
laminated, poorly sorted, locally bioturbated, and fossil- 
bearing. with rare weak ripplecross-lamination. The muddy 
fine sandstone has a gradational lower contact, placed at the 
top of the highest occurrence of underlying clasts. The clast- 
poor sandy diamictite is 10.97 m thick, and massive, with 
angular to subrounded clasts of granitoid, dolerite, quartz, 
feldspar, and volcanic(?) lithologies. The sandy diamictite 
also contains afew thin beds (approximately 10 cm thick) of 
weakly laminated fine sandstone. Carbonate cement is 
relatively sparse in LSU 9.5, occurring as three thin, weakly 
cemented intervals. LSU 9.5 has a sharp lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 9.6 
(242.70-250.40 mbsf), SANDSTONE 

Faintly laminated to massive, poorly sorted, dark 
greenish grey (5G 411) muddy very fine to fine sandstone 
is the dominant lithology in lithostratigraphical LSU 9.6. 
Laminated, moderately sorted, dark grey (N3) mudstone, 
interstratified with sharp-based siltstone and fine sandstone 
laminae, is the only minor lithology, and is present in the 
interval 245.45-245.54 mbsf. The very fine to fine 
sandstone is locally moderately bioturbated, and contains 
dispersed shell fragments above 245.00 mbsf; a shell bed 
of articulated bivalves is present at 249.61-249.77 mbsf. 
In general, LSU 9.6 fines downward by both a decrease in 
the mean sand size and an increase in mud content of the 
matrix. Vertical fractures up to 2 m long occur within this 
unit. The base of LSU 9.6 is gradational, marked by 
increased mud content and carbonate cementation. 

LITHOSTRATIGRAPHICAL SUB-UNIT 9.7 
(250.40-262.90 mbsf), MUDSTONE 

LSU 9.7 is composed of two major lithologies: dark 
geenish grey (5G 411), weakly laminated, poorly sorted 
sandy mudstone with dispersed small clasts above 
252.30 mbsf, and massive, locally weakly stratified to 
moderately bioturbated, poorly to moderately sorted 
mudstone with dispersed small clasts below 252.30 mbsf. 
Very fine sandstone laminae form the only minor lithology. 
and are widely spaced through this unit. LSU 9.7 is 
fossiliferous below 254.00 mbsf, with an articulated bivalve 
at 255.01 mbsf. Pyritic burrow fills are also common 
below 252.30 mbsf. Sparse carbonate cement occurs in this 
unit. The basal contact of LSU 9.7 is gradational over c. 1 m. 

, S U  9.8 is composed almost entirely of muddy fine 
sandstonc to fine sandstone, which changes from dark 
greenish grey (5G 411) to dark grey (N3)  down-core. The 
sandstone is massive to weakly stratified, and weakly 
hioturlx~tcd. Small pyritic bodies arc dispersed through 
this interval, commonly within burrow-fills. Three minor 
lithologics are present within LSU 9.8: 1) massive to  
weakly laminated in~~dstone, which grades downward to 
muddy fine sandstone in the interval 262.90-264.45 mbsf, 
2) fine sandstone, which occurs as a few, widely spaced 
thin laminae above 270.10 inbsf, and 3) sandy silty clay, 
which occurs as a single laminated interval at 285.59- 
285.61 mbsf. Volcanic ash and isolated lapilli are present, 
although in low abundance, between 269.74 and 
280.13 mbsf. Unit 9.8 is very sparsely fossiliferous, with 
agastropod fragment at 290.66 mbsf and bivalvefragments 
at 294.07-294.13 n~bsf.. Clasts occur in low abundances 
throughout this unit, with granitoid, dolerite, volcanic, 
sandstone, and green metamorphiclvolcanic lithologies 
observed. Thin zones of strong carbonate cementation are 
relatively common, some of which subsequently have 
been fractured and then healed with additional calcite 
precipitation. The lower contact of LSU 9.8 is sharp, and 
is placed on top of the highest underlying pebble layer. 

LITHOSTRATIGRAPHICAL SUB-UNIT SO. S 
(295.58-306.6s mbsf), DIAMICTITE A N D  SANDSTONE 

LSU 10.1 contains a number of basic lithologies, 
interbedded and deformed at a variety of scales. Basic 
lithologies include: 1) muddy to sandy, clast-poor to clast- 
rich diamictite, 2) muddy fine sandstone, locally with 
dispersed clasts, 3) very fine sandy mudstone, and 
4) moderately sorted fine to very coarse sandstone, with 
and without dispersed clasts. All of these lithologies are 
dark greenish grey (5GY 411) in colour. Identifiable beds 
of a single lithology are relatively rare in LSU 10.1. The 
remainder of this interval is composed of thinly bedded to 
lamina-scale interstratification of two or more of these 
lithologies, with variable amounts of soft-sediment 
deformation overprinting the interbedding. The most 
common lithological associations include: 1) thinly 
interbedded very fine sandy mudstone and poorly sorted, 
muddy very fine sandstone, 2) interlaminated to thinly 
interbedded very fine sandy mudstone, muddy very fine 
sandstone, and moderately sorted silt laminae, and 
3) diamictite interbedded with one or more of the very fine 
sandy mudstone, muddy very fine sandstone, and fine 
sandstone. Sedimentary structures present include laminae 
deformed beneath lonestones in the sandy mudstone and 
muddy very fine sandstone, weak parallel stratification to 
lamination in the muddy very fine sandstone and fine 
sandy mudstone, and ripple cross-lamination to cross- 
bedding in fine to very coarse sandstone. Clasts, both 
those in the diamictite and those dispersed in the other 
lithologies, are mainly granitoid, dolerite, feldspar, quartz, 
and volcanic rocks. Soft-sediment deformation affects 
more than half of LSU 10.1, and rare microfaults are also 
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present. Carbonate cementation is minimal in this interval. 
1 .SU 10.1 has a sharp lower contact. 

l ITHOSTRATIGRAPHICAL SUB-UNIT l l .  l 
(.W6.65-315.52 n~bsf) MUDSTONE AND SANDSTONE 

LSU 11.1 contains four basic lithologies. interbedded 
at a variety of scales and ranging from soft-sediment 
deformed to completely brecciated. The basic lithologies 
include: 1) dark grey to medium dark grey (N3 to N4) 
massive mudstone to silty claystone, 2) massive to normally 
graded and ripple cross-laminated, moderately sorted, 
very fine to medium sandstone, 3) greenish black to dark 
greenish grey (5G 2/1 to 5G 4/1), massive, poorly sorted 
muddy very fine sandstone, and 4) dark greenish grey to 
light olive-grey (5GY 411 to 5Y 5/2), massive to thinly 
laminated and ripple cross-laminated siltstone. The interval 
above 3 11.02 mbsf is composed of these lithologies, both 
as monolithological beds 5-50 cm thick and as zones of 
thin interbeds. This interval has been overprinted by soft- 
sediment folding, microfaulting, and minor brecciation. 
Below 3 11.02 mbsf, the samelithologies andinterbedding 
styles are evident, but are present as randomly oriented 
clasts within a matrix of muddy very fine to medium 
sandstone. This interval, below 311.02 mbsf, is a 
sedimentary breccia, rather than a product of in situ 
brecciation. 

LITHOSTRATIGRAPHICAL SUB-UNIT 1 1.2 
(3 15.52-327.43 mbsf). MUDSTONE. SANDSTONE AND 
DIAMICTITE 

LSU 11.2 is composed of silty claystones and clayey 
siltstones, muddy sandstones, and diamictites, which are 
interbedded and interstratified at a range of scales and are 
overprinted by soft sediment deformation, microfaulting, 
and clastic intrusions to varying degrees. The upper2.47 m 
ofLSU 1 1.2 are composed of interstratifiedclayey siltstone, 
silty claystone, and muddy sandstone, and are significantly 
disturbed by folding, faulting, soft sediment deformation, 
and clastic dyke emplacment. The majority of LSU 11.2, 
3 17.99-326.16 mbsf, comprises moderately well-bedded 
to well-laminated partially consolidated sand, sandstone, 
and mudstone. Bed boundaries vary between sharp and 
weakly gradational, and some beds exhibit fining-up or 
coarsening-up trends. Microfaults, clastic dykes, and load 
structures are common in this interval. Ripple cross- 
lamination is present in a few of the very fine sandstones. 
Well-defined beds of massive to weakly stratified clast- 
rich sandy diamictite are present between 326.16 and 
327.43 mbsf, with dolerite, granitoid, volcanic, and 
metamorphic lithologies, plus quartz and feldspar, as the 
major clast types. The base of LSU 11.2 is sharp, and is 
placed at the base of the lowest diamictite. 

LITHOSTRATIGRAPHICAL SUB-UNIT 1 1.3 
(327.43-347.3 1 mbsf), MUDSTONE 

LSU 11.3 is composed almost entirely of mudstone 
and sandy mudstone, grading locally to fine sandy siltstone. 
The only minor lithologies observed are in deformed 

zones, specifically: discontinuous laminae and /.ones o f  
very fine to fine sandstone, siltstone, and con~loincriilc 
incorporated in deformed mudstone at 327.43-329.N mhsf, 
a thin bed of ni~~dstone breccia (33 1.96-33 1.98 nihsl'). i i i i i l  

widely spaced sedimentary dykes throughout the i-cm:iii~lcr 
of the unit. The mudstone is dark gsey (N3) to (!:irk 
greenish grey (5GY 4/1), massive to locally strat ificil. ; n ~ l  
weakly to moderately bioturbated, and has low abiindiiiici~s 
of dispersed clasts. Microfaults and microload casts ;m: 
present, as are fossils. The latter, most of which :ire 
serpulid tubes, are especially common from 340.60 10 

345.00 mbsf. Weak carbonate cementation, in the  form of 
discrete irregular cemented zones, is sparsely present 
through this unit. The base of LSU 11.3 is sharp am1 
irregular. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.1 
(347.3 1-379.00 mbsf), DIAMICTITE 

The predominant lithology in LSU 12.1 is dark grcy 
(N3) and medium-dark grey (N4) clast-rich to clast-poor 
sandy diamictite; less important lithologies are medium 
sandstone and mudstone, and a variety of sandstones 
(muddy fine sandstone, muddy medium tocoarse sandstone 
with common clasts, well-sorted medium to coarse 
sandstone, poorly sorted coarse sandstone with dispersed 
clasts). Diamictites dominate the intervals 360.36.- 
362.80 mbsf and 364.30-379.02 mbsf, and form less 
abundant interbeds in the other portions of LSU 12.1. The 
diamictites occur as beds 14 cm - 6 m thick, and vary 
internally from massive to weakly laminated. Clasts within 
the diamictite are dominated by dolerite, but include 
gsanitoid, quartz, feldspar, and sandstone. A diamictite 
bed at 360.93-362.80 mbsfcontains stratified and deformed 
mudstone clasts up to cobble size. Faulting, soft-sediment 
deformation, and clastic dykes are common in the 
diamictites. The second most common lithology in 
LSU 12.1 comprises a variety of sandstones, which occur 
as monolithological beds up to 1.84 m thick, and as 
interstratified intervals up to a few decimetres thick. Most 
of these sandstones are internally massive or weakly 
laminated, but a few contain ripple cross-lamination. The 
sandstones are also affected locally by soft-sediment 
deformation and clastic dykes. The other accessory 
lithology, light grey (N7) medium sandstone and very 
dark grey (N3) mudstone, forms an interval at 347.3 1 - 
347.78 mbsf that has been disrupted severely by soft- 
sediment deformation, faulting, and syndepositional 
loading. Carbonate cementation is rare in LSU 12.1, 
occurring as widely separated irregular bodies. The lower 
contact of LSU 12.1 is sharp, placed at the base of the 
lowest large clast in the thick diamictite. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.2 
(379.00-405.20 mbsf), SANDSTONE 

A wide variety of sandstones are present in LSU 12.2, 
and interlaminated to interstratified combinations of various 
sandstones form the majority of this unit. Minor lithologies 
include clast-poor muddy diamictite, poorly sorted, matrix- 
supported pebble conglomerate, and massive mudstone. 



Above .W mibsf, the sandstones are present as interbeciclcd 
to intcrlaiiiinated muddy very fine sandstone, fine to  
muddy I'inc sandstone, and moderately to poorly sorted 
medium ID coarse sandstone. Parallel laminations and 
ripple cross-lamination are preserved locally in these 
sandstones. Five discrete diamictites occur above 397 mbsf, 
and range i i i  thickness from 26 cm to 1.02 m. These are 
clast-poor to clast-rich sandy diamictites, containing 
angular to subrounded clasts of dolerite, granitoid, quartz, 
feldspar. and very fine sandy mudstone. Pebble 
conglomerates are also present above 397 mbsf, ranging 
from a 19 cm-thick, massive, clast-supportedpebble gravel 
to a 3.44 m-thick, matrix- to clast-supported, pebble to 
cobble conglomerate. Clasts in the thicker conglomerate 
are angular to well rounded (averaging subrounded); 
doleritcs dominate the clast population, with lesser 
abundances of granitoids, quartz, feldspar, sandstone, and 
siltstone. The sandstone component coarsens below 
397 mbsf, with interlaminations to interbeds of poorly 
sorted fine to medium sandstone and poorly sorted medium 
to very coarse sandstone with dispersed granules and 
pebbles. Massive mudstone is a minor lithology below 
397 mbsf, occurring as one discrete bed and as thin interbeds 
within the sandstones. Soft-sediment deformation is evident 
through most of LSU 12.2, and microfaults are present but 
rare. Nodular carbonate cement is distributed sparsely 
through this unit. The basal contact of LSU 12.2 is sharp. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.3 
(405.20-419.88 mbsf), DIAMICTITE 

LSU 12.3 is dominated by clast-poor to clast-rich 
sandy diamictites, which range from massive to internally 
weakly stratified. The diamictites occur both as discrete 
beds up to 3 m thick and as thinner interbeds within 
sequences of diamictite, muddy fine to coarse sandstone, 
and poorly sorted, matrix-supported granule to pebble 
conglomerate. Clasts within the diamictites are angular to 
well-rounded, averaging subangular to subrounded, and 
are dominated by dolerites; granitoid, quartz, feldspar, 
sandstone, and volcanic clasts are present in subordinate 
amounts. A few intervals, consisting only of interbedded 
sandstones up to 60 cm in thickness, are also present in 
LSU 12.3, and the basal 1.42 m of this unit comprise a 
clast-supported pebble to boulder conglomerate. Shell 
fragments arecommon at41 3-41 8 mbsf, and carbonaceous 
debris is present at417.22mbsf. Below 41 1.00mbsf, soft- 
sediment deformation features and clastic dykes are 
common. LSU 12.3 has a sharp basal contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.4 
(41 9.88-442.99 mbsf), SANDSTONE AND DIAMICTITE 

The upper 18 m of lithostratigraphical LSU 12.4 are 
composed of a variety of sandstone types (medium to fine 
sandstone, often with dispersed granules, muddy fine 
sandstone, and massive medium to very coarse sandstone, 
often with dispersed granules) interbedded with massive 
and laminated clast-poor to clast-rich muddy and sandy 
diamictite. Sandstone beds and interbedded sandstone 
intervals are 1-3 m thick, and lie between diamictite beds 

that arc 40-80 cm thick. The sandstones range from 
massive to ripple cross-laminated and cross-bedded. A 
clast-poor, sandy to muddy diamictite forms the basal 
5.12 111 ofthis unit; clasts arerounded to angular (averaging 
subroiindcd) and dominated by dolerite, with subordinate 
amounts of grariitoids, quartz, feldspar, ortlioquartzite, 
carbonate and mudstone. LSU 12.4 is sparsely fossiliferous, 
and contains sparse to common nodular carbonate cement. 
Much of the interval 420.90-432.50 mbsf was disturbed. 
washed, andlor lost during drilling. 

LITHOSTRATIGRAPHICAL SUB-UNIT 13. l 
(442.99-468.00 mbsf). MUDSTONE AND DIAMICTITE 

LSU 13.1 is composed of clast-poor muddy dianiictite 
and/or muddy fine sandstone with dispersed clasts, grading 
both locally and down-core to poorly sorted fine sandy 
mudstone with dispersed clasts. Local transitions between 
the diamictite andlor muddy fine sandstone and the sandy 
mudstone are highly gradational, with no visible 
stratification. The down-core transition to sandy mudstone 
with dispersed clasts is also gradational, and occurs between 
456 and 458 mbsf. Clasts throughout LSU 13.1 are 
dominated by dolerite, with minor amounts of granitoid, 
volcanics, quartz, and feldspar. Bioturbation is common 
throughout this interval, as are fossils. Some of the fossils 
include primary shell material, but most are preserved as 
moulds. Microfaults, soft-sediment deformation features, 
and clastic dykes are distributed sparsely throughLSU 13.1. 
Carbonate cementation varies from weak to locally strong, 
and pyrite- and calcite-filled veins are comon locally. The 
lower contact of LSU 13.1 is gradational. 

LITHOSTRATIGRAPHICAL SUB-UNIT 13.2 
(468.00-493.00 mbsf), SANDSTONE 

The dominant lithologies in LSU 13.2 are muddy very 
fine to fine sandstone with dispersedclasts, andmoderately 
sorted medium to fine sandstone. Less commonlithologies 
include clast-poor to clast-rich muddy to sandy diamictite, 
massive fine sandy mudstone with dispersed clasts, and 
clast-supported pebble conglomerate. The sandstones 
dominate this unit above 487 mbsf, whereas the diamictite 
and the pebble conglomerate dominate the interval below 
487 mbsf. The sandstones occur as monolitho1ogical beds 
up to 4 m thick, but also occur in an interbedded form. 
When interbedded, the moderately sorted medium to fine 
sandstones form sharp-based beds 2-90 cm thick (locally 
with loading structures along the base), overlain by the 
muddy very fine to fine sandstone. The transition from the 
moderately sorted sandstones to the muddy fine sandstones 
is commonly deformed andlorbioturbated. Thin diamictites 
and fine sandy mudstones occur as interbeds within the 
sandstone-dominated portion of LSU 13.2. Sedimentary 
structures within the sandstones include parallel 
laminations, inclined wispy lamination, ripple cross- 
lamination, rare cross-bedding, and load casts. Possible 
coal fragments form thin laminae in sandstones below 
484 mbsf. The sandstones and minor sandy mudstones are 
bioturbatcd and contain minor amounts of fossil material, 
with the exception of a relatively fossiliferous interval at 
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482-484 mbsf. Below 487 nibsf, the sequence is dominated 
by the pebble conglomerate and by a 5 m-thick interval of 
in~crbedded and deformed clast-rich sandy diamictite and 
poorly sorted fine to coarse sandstone with common clasts, 
'I'liroughout LSU 13.2, the clasts are dominated by dolerite 
and granitoid, with lesser abundances of quartz, feldspar, 
volcanic rocks, and sandstone. Soft-sediment deformation, 
niicrofaults, and clastic dykes arc also distributed sparsely 
tho~ighout LSU 13.2. Irregular, large-scale nodular 
carbonate cementation is relatively common, and a few 
thin horizons also contain small (cm-scale) spherical 
carbonate-cemented nodules. LSU 13.2 has a sharp base. 

LITHOSTRATIGRAPHICAL SUB-UNIT 13.3 
(493.00-5 16.40 mbsf), SANDSTONE AND MUDSTONE 

LSU 13.3 contains three basic lithologies, interbedded 
to interlaminated at a variety of scales. Basic lithologies 
include: 1) medium sandstone, ranging from moderately 
sorted to poorly sorted with dispersed granules and clasts, 
2) muddy fine to very fine sandstone, and 3) clayey 
siltstone. The medium sandstone is present in forms from 
laminae to beds c. 2 m thick; these intervals range from 
massive to parallel laminated or ripple cross-laminated, 
and usually have sharp bases. The muddy fine to very fine 
sandstone occurs as lenses within the clayey siltstone, but 
also forms laminae to thin beds. Internally, these sandstones 
are massive, bioturbated, parallel laminated, or ripple 
cross-laminated, with possible wave-formed ripples and 
hummocky cross-stratification at 509-5 10mbsf. Theclayey 
siltstone is present as discrete laminae and thin beds, and 
also as lenses within some of the fine sandstones. These 
three basic lithologies occur in three associations: 1) the 
medium sandstone and the finelvery fine sandstone, either 
as discrete thin to thick beds, or interbedded, with the 
sharp-based medium sandstone gradationally overlain by 
the finelvery fine sandstone. This association dominates 
LSU 13.3 above 504.44 mbsf. 2) The finelvery fine 
sandstone interlaminated to interbedded with the clayey 
siltstone. This association occurs at 504.44-508.40 mbsf. 
3) Thinly interbedded to interlaminatedmedium sandstone, 
finelvery fine sandstone, and clayey siltstone. This 
association dominates the sequence below 508.40 mbsf. 
In addition to the sedimentary structures listed above, load 
casts, flame structures, and possible dish-and-pillar 
structures are present below 504.44 mbsf. Soft-sediment 
deformation has affected the upper 1 m and the lower 15 m 
of this unit. Possibleplant debris is present at 504.7 1 mbsf, 
and carbonaceous grains are concentrated in sparse laminae 
throughout LSU 13.3. Below 513 mbsf, sandstones 
commonly are stained with an "oily" overprint within 
1 cm of mudstone intervals. Nodular carbonate cement is 
present throughout LSU 13.3, and small spherical carbonate- 
cemented nodules are present in the upper 3 m and the 
lower 6 m of the unit. LSU 13.3 has a sharp lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 14.1 
(5 16.40-535.46 mbsf), SANDSTONE 

LSU 14.1 is composed of a variety of sandstones, 
ranging from medium to very fine, but all with dispersed 

to abundant clasts. The sandstones "ade locally to l l i in  

beds of  in;itrix-supported pebble conglomerate. Above 
523.33 mbsf, theunit consists of massivernedi~ims~~iids~o~i~- 
with abundant clasts, grading locally to matrix-suppoi-~cil 
pebble conglomerate, with minor interbeds of mi-uldy very 
fine and moderately sorted medium sandstone. Chists iirc 
mainly dolcritc and granitoid, but include volcanic rocks, 
sandstones, metamorphic rocks, and coal. The interval 
523.33-527.66 mbsf comprises interbedded to infer 
laminated I'inc sandstone, muddy fine sandstone, ;ind 
medium sandstone, with the latter grading to pebbly 
conglomerate and sandstone with abundant clasts i n  /,o~ies 
20-30cm thick. Below 527.66mbsf.LSU 14.1 is composed 
of a thick bed of massive to cross-bedded, poorly sorted 
fine to medium sandstone with dispersed clasts; the cl;ists 
include a dolerite boulder that occupies 43 cm of the core. 
The majority of these sandstones are dark grey (N3) to 
dark greenish grey (5GY 411) in colour, but greyish olive,. 
green (5GY 312) is common below c. 526 mbsf. Granules 
and coal are present in laminae within the sandstones. 
Nodular carbonate cement and small spherical carbonate-, 
cemented nodules are present throughout the unit; the 
latter are especially common at 532.00-534.00 inbsf. 
Microfaulting and fracturing are important local l y .  
LSU 14.1 has a sharp lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 15.1 
(535.46-545.16 mbsf), MUDSTONE 

LSU 15.1 is composed of consolidated, bioturbatcd, 
moderately to poorly sorted fine sandy clayey siltstone 
with rare clasts. Weak stratification is developed in some 
intervals, but most of LSU 15.1 is disturbed by pervasive 
microfaulting and soft-sediment deformation. This unit is 
medium grey (N5) to medium light grey (N6) in colour. 
Clasts are dominated by volcanic rocks and dolerite, with 
minor amounts of granitoid and quartz. Fossil fragments 
are common at 540.40-540.80 mbsf and 544.20- 
544.80 mbsf. Nodular carbonate cement is distributed 
sparsely through LSU 15.1, but calcite- and pyrite-filled 
veins are common. LSU 15.1 has a sharp lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 15.2 
(545.16-574.20 mbsf), SANDSTONE AND MUDSTONE 

LSU 15.2 is composed primarily of poorly sorted 
muddy very fine sandstone and moderately to poorly 
sorted medium to coarse sandstone; sandy mudstone, 
clast-poor sandy diamictite, and matrix- to clast-supported 
granule to pebble conglomerate are minor lithologies. The 
core is disturbed by drilling at 548.5-550.6 mbsf. Above 
568.87 mbsf, the muddy very fine sandstones and the 
medium to coarse sandstones occur both as discrete beds, 
up to 1.5 m thick, and as weakly interstratified beds, up to 
12 m thick. Siltstone laminaelthin beds form a small 
proportion of the sequence, but generally have sharp upper 
and lower contacts and display soft-sediment deformation. 
Below 568.87 mbsf, coarse-grained components are more 
abundant, including a 2 m-thick clat-poor sandy diamictite 
and decimetre-thick clast concentrations within the 
sandstone; locally, the decimetre-thick clast concentrations 



grade to granule to pebble conglomerate. A 37 crn-thick, 
massive, cliist-supported large pebble conglomcratc occurs 
at the bii~e of LSU 15.2. Clasts are subang~ilar to rounded, 
and composed of volcanic rocks, dolcritc, sandstone, 
mudstonc, and granitoid. Bioturbation is evident i n  the 
sandstones, including well-developed Zoop1~yco.s at 
559 nnl~sl'.Thisunit is sparsely fossilifero~is. C, '11 .l mnaccous 
debris is present, as are "oily" overprints o n  sandstones. 
Noduliir carbonate cement, microfaulting, calcite-filled 
veins, :ind soft-sediment deformation all become more 
abundiint below 555 mbsf, whereas small spherical 
carbonate-cemented nodules are restricted to 552.80- 
554.60 mbsf and 572.00-574.20 mbsf. The base of 
LSU 15.2 is sharp and irregular. 

LITHOSTRATIGRAPHICAL SUB-UNIT 15.3 
(574.20-584.75 mbsf), SANDSTONE AND MUDSTONE 

Well-sorted fine to very fine sandstone dominates 
LSU 15 3 ;  massive to planar laminated mudstone is present 
in lesser amounts. Colours are dark greenish grey (5GY 311) 
to greenish grey (10Y 511). The sandstone is well sorted, 
occurring either in discrete beds 10 cm to 1 m thick, or as 
interlaminations and thin interbeds within the mudstone. 
The sandstone beds and interbeds display cross-bedding, 
and parallel and cross-lamination. Hummocky cross- 
stratification is present in a sandstone at 578.00- 
578.20 mbsf, and carbonaceous debris is concentrated 
along laminations within the sandstones. Within the 
interbedded intervals, the thin sandstones have sharp 
bases, often with load casts, and bioturbation mixes the 
sandstone with the overlying mudstone. Within one thick 
bed, at579.00-581.00mbsf, themuddy very finesandstone 
and the mudstone are interlaminated in a distinctive wispy 
style, giving an appearance similar to that of microflaser 
bedding; however, the origin of this appearance, either as 
a result of original deposition or as a result of post- 
deposit ional  processes ,  i s  unknown at present.  
Deformation, in the form of soft-sediment folding, is 
present at 578-579 mbsf, but intensifies below 581 mbsf, 
where fluid escape and fluidisation structures accompany 
the soft-sediment deformation. Nodular carbonate cement 
and small spherical carbonate-cemented nodules are 
common above 579 mbsf. LSU 15.3 has a sharp lower 
contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 15.4 
(584.75-601.53 mbsf), SANDSTONE AND CONGLOMERATE 

LSU 15.4 is dominated by two lithologies: massive to 
well-stratified, poorly sorted muddy fine to coarse 
sandstone, and matrix- to clast-supported pebble 
conglomerate. Clast-poor sandy diamictite forms a minor 
lithology in LSU 15.4, occurring discontinuously in the 
upper 4 m of the unit. Sandstones are the most abundant 
lithology, varying from muddy fine sandstone to medium 
or coarse sandstone. Bed thicknesses range from 2 to 
170 cm, and most beds are internally massive. A few of the 
stratified sandstone beds are monolithological, but most 
contain thin interbeds of two or more sandstone types. The 
sandstoneinterval 590.05-597.23 mbsfis weakly stratified 

i y  the presence ofcliist-rich zones approximately 40 c m  
thick. The pebble conglomerates are massive, matrix- t o  
clast-supported, and form beds 5-74 cm thick. Clasts arc  
predominantly volcanic in composition, but also include 
dolerite, granitoid, sandstone, coal, quartz, feldspar, and 
inudstone litliologies. The pebble conglomerates occur 
above 588.10 mbsf and below 600.00 mbsf. Fossil 
fragments are present throughout LSU 15.4, and are  
common in theinterval 596.300-00.01 mbsf. Carbonaceous 
debris is common in the sandstones, where it oftens occurs 
as discrete laminae. Both nodular carbonate cement and 
spherical carbonate-cemented mininodules are common. 
LSU 15.4 has a sharp lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 15.5 
(601.53-6 14.56 mbsf). SANDSTONE 

LSU 15.5 comprises muddy fine to medium sandstone, 
grading locally to fine sandy mudstone with rare clasts. 
These lithologies form beds 10 cm to 2 in thick, which are  
composed either entirely of sandstone, or of fine inter- 
laminations to interbeds of these two lithologies. Within 
the interval 607.48-610.76 mbsf, the muddy very fine 
sandstone and the mudstone are interlaminated in a 
distinctive wispy style, giving an appearance similar to  
that of microflaser bedding. However, the origin of this 
appearance, either as a result of original deposition or a s  
a result of post-depositional processes, is unknown at 
present. The sandstones are massive to stratified. with the 
stratified intervals exhibiting flat lamination and ripple 
cross-lamination. One possible example of hummocky 
cross-stratification is present, at 612.14-612.24 mbsf. 
Load casts, flames, and possible ripple cross-lamination 
are present, but rare, in the interstratified intervals. 
Carbonaceous debris is relatively common in the  
sandstones, and an "oily" overprint is common around 
thicker mudstones. Soft-sediment deformation features, 
microfaults, pyrite- and calcite-filled veins, nodular 
carbonate cement, and small spherical carbonate-cemented 
nodules are all common in LSU 15.5. This unit has a sharp 
lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 15.6 
(614.56-624.15 mbsf), SANDSTONE AND CONGLOMERATE 

LSU 15.6 is composed of a wide range of lithologies, 
which generally occur in two associations: 1) sharp-based, 
massive to bedded, moderately sorted pebble conglomerate 
and coarse sandstone, overlain by fine sandstone, and 
2) interlaminated and interbedded intervals of poorly 
sorted, muddy very fine sandstone with dispersed clasts, 
moderately sorted fine sandstone, and massive mudstone 
with dispersed clasts. The first association occurs from the 
top of Unit 15.6 to 618.88 mbsf, with beds 50 cm to 2.5 ~n 
thick. The second association occurs from 618.88 mbsf to 
the base of LSU 15.6. In the interval 621.78-622.65 mbsf, 
the muddy very fine sandstone and the mudstone are 
interlaminated in a distinctive wispy style, giving an 
appearance similar to that of microflaser bedding. However, 
the origin of this appearance, either as a result of original 
deposition or as a result of post-depositional processes, is 
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unknown at present. Clasts in the conglomerates include 
volcanics, dolerite, granitoid, sandstone, and mudstone: 
c l i ~ ~ t ~  in the other lithologies include these, as well as 
feldspar and coal. Deformational features are prominent 
below 620.00 mbsf, and include evidence of soft sediment 
deformation, microfaults, and a 20 cm-long clastic dyke, 
now mineralized, at thebase of the hole. Nodular carbonate 
cementation is present throughout this unit, and small 
spherical carbonate-cemented nodules are common above 
6 19.00 mbsf. 

FACIES ANALYSIS 

Twelve lithofacies are recognised within the Miocene 
and Oligocene section of CRP-2A and are defined using 
lithologies or associations of lithologies, bedding contacts 
and bed thicknesses, texture, sedimentary structures, fabric 
and colour. After further sedimentological analyses provide 
more details of sediment characteristics, additional 
subdivision of these lithofacies is likely. Terminology 
used here refers to lithified forms but some Miocene 
lithologies are unlithified. 

FACIES 1 - MUDSTONE 

Facies 1 consists of massive very fine sandy mudstone 
and mudstone. Locally, the mudstone may be laminated to 
thinly bedded, as shown both by colour changes and by 
inclusion of siltstone and very fine sandstone laminae 
(Fig. 3.2a). The facies includes silty claystone and clayey 
siltstone and locally grades to sandstone over tens of 
centimetres. Generally, bioturbation is weak but locally 
the mudstones are strongly bioturbated and someintervals 
lack evidence of primary original stratification. Where 
stratified, this facies shows soft-sediment deformation 
structures in discreteintervals, and locally that deformation 
is intense (see Deformation section). Dispersed clasts are 
included in many occurrences of this facies and they vary 
from less than 1% to increasing quantities such that the 
mudstone locally grades into muddy diamictite. 
Intraformational mudstone clasts are also present in some 
beds and are locally sufficiently concentrated as to form 
the mudstone breccia of Facies 11 described below. 
Mudstones are commonly interbedded with massive to 
normally graded, moderately sorted and ripple cross- 
laminated very fine to medium sandstone, massive, poorly 
sorted, muddy very fine sandstone and massive to thinly 
laminated and ripple cross-laminated siltstone. Some thick 
mudstone beds near the bottom of the core are very dark 
grey to black represents concentrations of organic carbon 
probably dominated by coal material (see Organic 
Geochemistry section). Marine mollusc shells and their 
fragments are commonly scattered through mudstone 
facies and serpulid worm tubes are locally abundant. 

Facies 1 mudstones represent the quietest water 
conditions within the CRP-2/2A 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. These sediments 
also had contributions from distal or dilute sediment 

gravity flows in the form of very fine sand and silt l;iinii):ir 
and from icebergs contributing loncstones. 

FACIES 2 - INTERSTRATIFIED SANDSTONE AND 
MUDSTONE 

Very fine and fine to locally medium sandstone and 
very fine sandy mudstone are commonly interstriitifivd 
with sharp lower contacts and sharp or gradational upper 
contacts; these comprise Facies 2 (Fig. 3.2b & c). The 
sandstone is either massive or normally graded and locally 
includes ripple cross-lamination, some of which appears 
to have been wave-influenced (Fig. 3.2c), and planar 
lamination in the upper, finer-grained intervals of" tin.' 
sandstone beds. Interstratification is on a scale that ningi~s 
from lamination to beds a few metres thick, and when 
laminated, units may include siltstone laminae. Intervals 
of interstratified clayey siltstone, silty claystone and muddy 
very fine sandstone occur locally. Thin diamictite beds arc 
included in some intervals. Where bioturbation occurs i t  is 
commonly within the finer-grained intervals, especially 
the mudstones, and passes down into the underlying 
sandstone. Dispersed lonestones locally deform laminae 
beneath them and are interpreted as dropstones. Intervals 
may fine upward through an increasing proportion of 
mudstone strata, withaconcomitantincreasein 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 o n  a 
slightly larger scale to include several intervals; clastic 
dykes occur locally. Marine macrofossils occur commonly 
and there are local occurrences of plant fragments. 

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 to laminated mudstones is 
characteristic of a range of current types from combined 
wave and current action to that of low to moderate density 
sediment gravity flows. Common soft-sediment 
deformation and clastic dykes imply 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 SANDSTONE 

Varieties of poorly sorted sandstones characterize 
Facies 3 (Fig. 3.2d). The facies varies from fine- to coarse- 
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. Siltstone laminae are boudinaged and 
exhibit soft-sediment folding. Coarse to very coarse sand 
and clasts are dispersed throughout, and locally, where 
clasts are abundant in the medium to coarse sandstones, 
they may be sufficiently concentrated to form matrix- 
supported conglomerate or they may exhibit coarse tail 
fining-upward trends. In addition, conglomerates occur 
locally at the base of beds, generally above sharp contacts. 



/Â¥';<t; 3.2 - Core images of 
examples of the sedimentary 
acies in CXP-212A. Orientation 
is with the top of the hole to the 
upper left ancl bottom to lower 
rigllt. 
( I )  Muclstones of Fucies 1 at 
464.00-466.00 mbsf. which 
locally contain well-preserved. 
articulatcd modioloid bivalvcs. 
are bioturbated and contain 
scattered small gravel. 

b )  Interlaminated and thinly 
interbedded siltstones and very 
fine- to fine-grained sandstones 
of  F a c i e s  2 a t  3 1 5 . 7 4 -  
3 19.74 mbsf. showing rhythmic 
inter-bedding. sharp-bounded 
and some normally sraded 
sandstone beds, well-developed 
extensional  microfaul t ing 
(lower right of photo), low-angle 
shear planes (upper right of 
photo), diffuse patches o f  
carbonate cementation (upper 
centre of photo) and soft- 
sediment deformation including 
prominent load casts and load 
balls (column above ruler). 

c) Interlaminated and thinly 
interbedded very fine- to fine- 
grained sandstones of Facies 2 
(upper2core sections) overlying 
well-sorted, inediuni-grained 
sandstones of Facies 5 (lower 2 
c o r e  s e c t i o n s )  - 5 0 8 . 5 2 -  
5 12.32 nibsf. Note the variable 
thickness of Facies 2 sandstone 
laminae and beds, the thoroughly 
bioturbated nature of some 
thicker sandstone beds (4th 
column from top), thedelicately 
ripple cross-laminated and 
lcnticularbedded nature of some 
th inner  sands tones  beds 
(including some ripple form sets 
suggestiveof combined cun'ent- 
wave flow). Note also the 
distribution of small, circular 
carbonate nodules and micro- 
faults (one of which is heavily 
carbonate-cemented) in the 
Facies 5 sandstones. 



( 1 )  Poorly sorted. muddy. 
vaguely stratified fine- to 
coarse-grained sandstones of 
1:. : u e s  3 at 36 mbsf. Note the 
common fossil debris(inc1uding 
1 coral at 1 cm on ruler), and 
s c a t t e r e d  c o a r s e  d e b r i s  
including pebbles of vesicular 
(McMurdo Volcanic Group) 
hasalt (e.g. at 99 cm on ruler). 

r )  Well-sorted. delicately 
l a m i n a t e d  f i n e - g r a i n e d  
sandstones of Facies 4 at 
5 7 7 . 9 0 - 5 7 9 . 0 0  m b s f ,  in 
nicrofaulted contact with 
underlying, very fine-grained. 
sandstones from 579.00 to 
579.18 mbsf. Note the flat 
iiininated and low-angle cross- 
bedded natureof the sandstones, 
including development of 
c u r v e d ,  c o n v e x - u p w a r d  
lamination reminiscent of 
small-scale hummocky cross- 
stratification (middle of top 
section). Small black particles 
are detrital coal, possibly 
reworked from the Beacon 
Supergroup. 

f) Well-sorted. well-stratified 
medium-grained sandstones of 
Facies5 at 302.49-302.7 1 mbsf. 
showing well-developed small- 
scale cross-bedding. 

g )  Clast-rich. vaguely stratified. 
sandy matrix diamictite of 
Facies 6 at 374.38-377.75 mbsf, 
with a short flat stratified 
sandstone parting from 376.52- 
376.62 mbsf. 



11) ('l;ist-poor, massive, sandy 
niiirix tiiiimictite of  Facies 7 at 
qS.85- 101.20 mbsf. showing 
some vague t ex tu ra l l co lo~~r  
vari;iiinns that could be  
inicrprcted as fluid in.jcction 
sirucim'i's. 

i )  Clast-rich to clast-poor. sandy 
matrix dia~nictites of Facies 6 
and 7. overlain by flat-stratified. 
rhy thmica l ly  i n t e r b e d d e d  
siltstone and fine- to coarse- 
grained sandstones of Facies 8 
(347.58-349.89 mbsf). 

j) Clast- and matrix-supported 
(sand matrix) conglomerates of 
F a c i e s  9 a n d  1 0  a t  41  8 .10-  
420.45 mbsf. Note the presence 
ofclasts up to boulder grade, and 
locally moderately well-sorted 
texture of the pebble-grade 
intervals. 
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1.1 Inlraformational clast breccia 
of Pacies I l at 3 13-3 15 mbsf. 
Note the clast-packed fabric. 
apparently unstratifiednatureand 
s'.ind matrixof thebreccia. Clasts 
arc exclusively composed of 
siltstone and interlamiriated 
s i l ls tonelvery f ine-grained 
indstone.  lithologies which are 
'iii.'served ;I; situ immediately 
beneath the breccia unit. 

I) Pumice lapillistones (volcani- 
elastics) of Facies 12 at 11 1.06- 
1 3 . 3 8  mbsf. showing three 
diverent types ofbed: 1) stratified 
lapillistone (upper section). 
2) m a s s i v e  c l a s t - p a c k e d  
lapillistone (middle section) and 
3) matrix-supported mud-rich 
lapillistone with dispersed 
pumice lapilli (lower section). 

Commonly, when the sandstones are massive the beds are 
amalgamated, whereas stratified intervals may be produced 
by changing mud proportions causing colour variations. 
These muddy sandstones may be interbedded with Facies 4 
and even locally Facies 5 sandstones; they grade into 
mudstone or locally 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. Facies 3 is weakly to moderately biot~irbated and 
marine macrofossils are rare to common: one interval has 
a concentrated bed of infaunal mussels still in situ, and 
another preserves a coral. 

Those units containing marine macrofauna exhibit 
grading trends in both sand and gravel sizes, indicative of 
medium- to high-density sediment gravity flow deposits. 
Some of the thicker massive beds of very fine to fine 
sandstone may include contributions from very rapid 
deposition from highly sediment-charged suspended turbid 
plumes originating from fluvial discharges. 

FACIES 4 - MODERATELY TO WELL-SORTED 
STRATIFIED FINE SANDSTONE 

Moderate- to well-sortedfine sandstones which exhibit 
low-angle cross-bedding and cross-lamination or are planar 

thin bedded to laminated characterize Facies 4 (Fig. 3 . 2 ~ ) .  
This facies includes possible hummocky cross stratification 
(HCS) where laminae have a similar convex upward shape 
(Fig. 3.2e). 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. Dark massive or laminated 
mudstone is locally interstratified with the sandstones and 
where it does occur. bituminous material is dispersed 
locally in thejuxtaposed sandstones. Someintervals exhibit 
major penecontemporaneous soft-sediment folding and 
microfaulting. Facies 4 sandstone is also locally weakly 
bioturbated, mainly in mudstone partings. 

The delicate lamination preserved in this facies are 
indicative of dilute fractional currents with quiescent 
periods represented by mudstone. Their association with 
other marine facies and the presence of possible HCS 
infers a marine setting within or about wave base. 

FACIES 5 - MODERATELY SORTED STRATIFIED OR 
MASSIVE MEDIUM TO COARSE SANDSTONE 

Facies 5 represents moderately sorted medium 
sandstone (Fig. 3 . 2 ~  & f) which is locally fine or coarse- 
grained. Beds are commonly planar- or cross-stratified but 



they niiiy also appear massive. They have dispersed to 
abundant very coarse sand and clasts, some of them being 
angular. Seine massive beds are amalgamated and may 
have conglomerate marking lower contacts which are 
everywhere sharp. Facies 5 sandstone is also locally 
weakly to moderately bioturbatcd and contains marine 
macrofossils. These sandstones contain isolated intervals 
of sofk-setiiment deformation. 

Marine currents are the most likely mechanism for this 
facies perhaps on a shoreface, with local hiatuses marked 
by gravelly layers. Thefacies may appear massive because 
of uniformity of grain size rather than due a lack of primary 
sedimentary structure. The environment was under the 
influence of icebergs due to the presence of lonestones and 
perhaps some of the massive beds maybe from iceberg 
turbation. 

FACIES 6 - STRATIFIED DIAMICTITE 

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

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

FACIES 7 - MASSIVE DIAMICTITE 

Massive diamictite of Facies 7 is more common than 
stratified diamictite but it too varies from being clast-rich 
to clast-poor and may be sandy or muddy (Fig. 3.2h & i). 
When the matrix is sandy, the diamictite locally grades 
into sandstone by decreasing clast proportions, whereas, 
when the matrix is muddy, the diamictite locally grades 
through pebbly mudstone into mudstone by decreasing 
clast proportions. Locally the mud content of sandy 
diamictite increases with the decrease in clast proportions. 
At the other extreme, clasts rarely increase in proportion 
and the diamictite locally grades into conglomerate which 

is commonly mtitrix-siipportcd. Where the diamictite facies 
does not grade from underlying units, the lower contact is  
sharp and commonly loaded or soft-sediment deformed. 
Most commonly, clasts have n o  apparent orientation but 
rarely a-axes have an apparent preferred sub-horizontal 
orientation. Clasts range from angular to rounded and a t  
one location a clast rests on top of a crack in an underlying 
one. Thinner bcdsof this facicscommonly areinterstratified 
with mudstones, sandstones and stratified diamictites. 
Marine macrofossil and pumiceous lapilli are included in 
sediments of this facies but they are very local. 

Of all of the facics this one is the most likely to be of 
subglacial origin. However beds that show gradations into 
other types of facies may be more likely attributed to rain- 
out processes from floating ice or amalgamated debris 
flow deposits. Some of the intervals do contain marine 
macrofossils and locally lapilli, and they are commonly 
bounded by sequences that also contain evidence of 
submarine deposition. 

FACIES 8 - RHYTHMICALLY INTERSTRATIFIED 
SANDSTONE AND SILTSTONE 

Very fine and fine sandstone occurs rhythmically 
interstratified with mudstone where the sandstones are 
most commonly massive and have sharp upper and lower 
contacts (Fig. 3.2i). As Facies 2, these sediments may 
grade into mudstone which may include discrete siltstone 
laminae that range from one grain thick up to 1 mm thick 
with sharp contacts. Lonestones are present and locally 
they deform laminae beneath, but outsized clasts may also 
occur locally as one-grain-thick granule laminae. 
Commonly, Facies 8 is either included within intervals of 
Facies 617 or occurs above or below them, and diamictites 
are also locally thinly interbedded with them. Soft-sediment 
deformation occurs within many intervals. 

This facies is intimately associated with marine 
sequences and its rhythmicity in sandstone-mudstone and 
mudstone-siltstone couplets is indicative of plume 
cyclopsam and cyclopel deposits (Mackiewicz et al., 
1985; Cowan et al., 1997). They have a close association 
with diamictites, commonly in intervals overlying them. 
These have been found to originate from suspension 
settling from turbid plumes under highly sediment-charged 
conditions. 

FACIES 9 - CLAST-SUPPORTED CONGLOMERATE 

The clast-supported conglomerate of Facies 9 is massive 
and poorly sorted with a matrix of poorly sorted, very fine- 
to coarse-grained sand (Fig. 3.2j). Generally there appears 
to be no preferred clast orientation and some units include 
angular clasts among the more common subangular to 
subrounded debris. Units of this facies most commonly 
have sharp lower contacts but locally grade up from 
sandstones through to matrix-supported conglomerate 
into the clast-supported conglomerate. However, this facies 
commonly grades upward into matrix supported 
conglomerate mostly by decreasing clast proportions. 
Internally, Facies 9 may grade normally from cobble to 
small pebble conglomerate. 
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Thecoarsenature and presence ol'ang~~larclasts indicate 
lhcse deposits were deposited close to fluvial discharges. 
This facies may be submarine by association with marine 
sequences and may have been in suspension transport in 
turbulent subglacial conduit discharges. Alternatively, it 
could represent high density mass flows or redeposited 
conglomerates, especially where i t  grades into matrix 
supported types. Ice rafting could have contributed the 
angular clasts. 

'ACIES 10 - MATRIX-SUPPORTED CONGLOMERATE 

Facies 10 is matrix-supported conglomerate which is 
commonly massive and very poorly sorted (Fig. 3.2;). Its 
characteristics are similar to those of Facies 9 but clasts are 
Sewer and are dispersed within matrix sand. The 
conglomerates appear to have higher proportions of angular 
clasts than do clast supported varieties. As described 
under Facies 9, this facies may grade to clast-supported 
conglomerates and arise transitionally from sandstone by 
increasing clast proportions. 

The dispersed nature of clasts in a sandy matrix, and 
grading trends indicate this facies was deposited from 
high-density mass flows or sediment-charged aqueous 
currents, and may have been redeposited in shallow marine 
waters close to a source of fluvial o~itwash. Alternatively, 
they may have been deposited from suspension after 
transport in turbulent subglacial conduit discharges. 

FACIES 11 - MUDSTONE BRECCIA 

A facies that occurs at several different intervals and 
notably in one bed over 4 m thick, is intraclastic mudstone 
breccia which is defined as Facies 11 (Fig. 3.2k). The 
massive penecontemporaneous breccia has clasts of 
massive mudstone, laminated silty claystone and muddy 
very fine sandstone included in a matrix of muddy very 
fine to medium sandstone. The clasts are dominantly 
angular but some are subangular to subrounded; they have 
no apparent preferred orientation and the breccia is clast- 
supported. Upper and lower contacts are sharp and this 
facies most frequently occurs in sequences that are soft- 
sediment folded and microfaulted. 

Several inferences can be made on the origin of this 
facies. The thinner intervals are most likely redepositional 
events by sediment mass flow processes. The thickest 
interval may also be from a large scale mass flow event 
perhaps related to tectonism. However, alternative 
explanations may be from glacier over-riding or glacier 
pushing in marine sediments. 

FACIES 12 - VOLCANICLASTIC 

Several types of volcaniclastic sedimentary rocks occur 
in the core and they are grouped into Facies 12 (Fig. 3.21). 
The most striking type of this facies is massive. reversely 
or normally graded pumiceous lapillistone, which in one 
bed is 1.22 m thick. Volcaniclastic material also occurs 
within lithic, massive and laminated fine and medium 
sandstone as dispersed ash and lapilli. The pumiceous 
interval of this facies occurs interstratified with massive 

fine to medium sandstones and fining-upward l'inr 
sandstone. Otlicr volcaniclastic material occurs most 
commonly as a dark volcanic glass forming ash himinac or 
is locally dispersed. 

From its particle size and inclusion with mariiii: 
sediments, this Sacics is thought to be volcanic ;iir f:iIl 
debris deposited tlirougl~ water. Some units may hi,' 
concentrated by marine currents or may have been 
redeposited in mass flows. The influence of ire i n  
concentrating the materieil before its fall through water is 
unknown; however, extraformational debris is :ibsi:ri 
indicating an absence of glacial ice. 

DISCUSSION 

The sequence recovered in CRP-212A is domi naled by  
facies representative of shallow marine settings as is 
indicated by the sporadic occurrence of marine Sossils 
through the core. Characteristic lithofacies complement 
these conclusions from fossils, such as: 
- the rn~~dstone of Facies 1 ,  indicative of lieiiiipclagic 

sedimentation. 
- the interstratified sandstone and mudstone of Fades 2. 

indicative of either dilute marine currents such as from 
wave action or sediment gravity flows, 

- the poorly sorted sandstone of Facies 3, deposited by 
sediment gravity flows or settling from turbid plumes. 

- the stratified fine sandstones of Facies 4, with possible 
hummocky cross-stratification, indicative of wave- 
base settings, 

- the common gradational contacts of the diamictitcs i n  
Facies 6 and 7 and the interbedding of some intervals 
with other marine facies, indicative of proximal 
glacimai-ine redeposition and rain-out processes, 

- the rhythmic sandstones and siltstones of Facies 8 that 
are interpreted as cyclopsams and cyclopels from 
highly sediment-charged glacial streams in the sea. 

- the volcaniclastic rich Facies 12, which includes 
evidence of falling through water and being reworked 
by dilute currents and sediment gravity flows. 
From the individual facies and their sequences, the 

shallow marine settings appear to have varied from the 
shoreface to wave base and beyond, but they also appear 
to include deltaic andlor grounding-line fan settings with 
large fluvial discharges and their associated deltalfan 
front and prodeltaiclfan sediment gravity flow deposits as 
well as cyclopels and cyclopsams. The fan setting and 
perhaps the deltaic setting too, are associated with ice- 
contact and ice-proximal environments. The intimate 
association of the fan sediments with debris flow 
diamictites and major penecontemporaneous sediment 
deformation are common grounding-line associations. 
Indeed, the volume of sediment associated with melt- 
water influx and the apparent nature of rapid deposition 
with consequent slumping and redistribution indicate a 
polythermal to temperate glacial condition, especially in 
the older strata of Oligocene age. The deformation in the 
sequence may also be associated with glacial over-riding 
and, although the fabric analyses thus far indicate no 
strong subglacial till fabric, some of the diamictites may 
also be subglacially derived. If sub-glacial deposition has 



occurred, then based o n  the marine character of the 
sequence. [he most logical inference would be for the 
glacier to have been grounded in the sea. During periods 
when ilie glacier advanced into the sea the relatively flat 
shorefiicr :incl shelf may have reliefproduced by grounding 
line deposits in  the form of morainal banks, sufficient to 
prodi~ce mass flow and sediment redeposition. Isolated 
banks may have also created restricted circulation 
conditions on their shoreward side during some time 
periods as is indicated by some macrofossil assemblages 
:ind sonic of thedarker Facies 1 mudstones which represent 
distal glaci marine and paraglacial conditions. Independent 
of the glacial and marine settings, nearby volcanic 
eruptions contributed volcanic ash of various composition 
and most of it subsequently was reworked in the marine 
environment. The volcanism is a reminder of the active 
tectonism that may have accompanied deposition of the 
whole sequence, but as yet, the influence of that tectonism 
on facies variations is not well understood. 

SEQUENCE STRATIGRAPHY 

Preliminary results of a sequence stratigraphic analysis 
of  CRP-212A core,  presented here,  identify 24 
unconformity-bound, glacimarine, depositional sequences 
spanning the early Oligocene to Quaternary (Fig. 3.3). 
Traditional facies analysis is used here as the basis for the 
interpretation of palaeoenvironments for all parts of the 
depositional sequences. Our analysis follows theapproach 
applied by Fielding et al. (1998) to the CRP-l core, and is 
based on the premise that changes in grain-size reflect 
changes in depositional energy, and therefore, broadly 
correspond to changes in palaeobathymeti-y. Such a 
contention is also supported by interpretation of the depth 
palaeoecology of constituent macrofaunal assemblages 
(M. Taviani, pers. comnl.). 

VERTICAL ORGANISATION OF FACIES 

The recognition of vertically-stacked cyclical facies 
successions bounded by sharp erosion surfaces, that mark 
prominent lithological dislocations, allows the cored 
interval to be subdivided readily into sequences. Sequences 
typically comprise a four-fold lithological architecture, 
which includes the following elements in ascending 
stratigraphical order (Fig. 3.4): 
1) a sharp-based, poorly sorted coarse-grained unit (2- 

20 m thick) comprising diamictiteldiamicton, pebbly 
sandstone andlor conglonlerate (Facies 6 , 7 ,  9, 10), 

2) afining upwards interval (up to 25 m thick) of sandstone 
(Facies 3, 4) which passes up-section into fine sandy 
mudstone (Facies 1, 2), 

3) a mudstone (up to 30 nl thick; Facies l) ,  that is often 
marked at the base by a condensed fossiliferous interval 
passing gradationally upwards into anluddy sandstone 
(Facies 3) to a sandstone-dominated facies assemblage 
(Facies 4; up to 20 m thick), and 

4) a sharp-based well sorted massive. to cross-bedded 
sandstone (Facies 5) andlor interbeddedlinterlaminated 
sandstones and siltstones (Facies 2; 2-10 m thick). 

1 lialal surfaces hounding CRP-212A sequences a r c  
sharp, unweathcrcd, planar surfaces that cut across 
inii~lstonc or sandstone Sacies of the ~~nderlyinpequences,  
and mark abrupt facies dislocations between these 
underlying strata and superjacent diamictites a n d  
conglonierates (Fig. 3.5A). It is suggested here that 
sequence boundaries coincide with glacial surfaces of 
erosion (GSE), which record periods of local glacial 
advance across the sea-floor during glacio-eustatic sea- 
level fall (e.g. Fielding et al., 1998). In contrast to the  
traditional Exxon definition of the sequence boundary, 
which was developed from studies of non-glaciated 
continental margins (e.g. Vail, 1987), GSEs do not 
necessarily mark a basinward migration and downward 
shift of the shoreline during falling relative sea-level. 
Rather, they are the product of erosion caused by either 
debris flows spilling off the front of proglacial grounding 
line fans andlor the direct grounding of advancing glacier 
ice onto the sea-floor. The latter process in many cases 
removes proglacial deposits. Thus we interpret most of the  
sequence boundaries as GSEs produced by ice contact 
with the sea floor. It is important to note that both processes 
of sequence boundary formation can also occur 
independently of glacio-eustatic sea-level oscillations and 
produce an unconformity of only local area1 extent. 

Notwithstanding these added con~plications inherent in 
glacio-marine basin margins, we view the sequence 
boundaries recorded in the cored interval (Fig. 3.3) as 
primarily reflecting glacier advance in concert with aeustatic 
drawdown of base-level. Such a contention is supported by 
the recognition of fauna1 and sedimentological evidence for 
palaeobathymetric deepening and shallowing cycles within 
sequences. That grounded ice passed periodically through 
the site of CRP-212A is consistent with the location of the 
drill site in the palaeo-Mackay Valley close to the western 
margin of the West Antarctic Rift Systems. 

Because the lower portions of many of the diamicts 
exhibit characteristics that are compatible with basal tills: 
multimodal grain size, vague lamination, and in situ 
brecciation (see Deformation section), and overlie sharp 
erosional surfaces, we interpret twenty-two of the twenty- 
four sequence-bounding unconformities and basal diamicts 
to have formed in a setting that was probably landward of 
the glacial maximum ice front. In this type of setting, 
scouring by advancing grounded ice may remove sub- 
stantial parts of the subjacent sequences. Consequently, 
CRP-212A sequences display various degrees of top- 
truncation. The preservation of shallow water regressive 
facies in the upper parts of twelve of the twenty-four 
sequences implies that glacial erosion may have occurred 
within close proximity to the contemporary shoreline. 

The basal portions of Sequences 3 and 21 represent 
positions marginally basinward of the glacial-maximum 
grounding line, but above storm wave base. These 
sequences display sharp erosional lower boundaries, but 
comprise a shallow-water sand facies instead of 
diamictite immediately above the sequence boundary. 
The absence of diamictite and the occurrence of a well- 
sorted sharp-based sandstone leads us to interpret these 
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sequence boundaries as current-scoured surfaces 
formed immediately offshore from a subglacial stream 
or clastic shoreline. They, therefore, may represent 
regressive surfaces of erosion cut towards the end of 
sea-level fall. andlor ravinement surfaces associated 
with landward passage of the shoreface during the 
ensuing transgression. 

LOWSTAND AND TRANSGRESSIVE 
SYSTEMS TRACTS 

The coarse-grained basal units of the sequences 
comprise massive (Facies 7) and stratified (Facies 6) 

diamictite togther with clast- (Facies 9) and matrix- 
(Facies 10) supported conglomerate. The diamictic facies 
are consistent with a combination of glacio-marine 
processes including subglacial entrainment during ice 
advance, melt-out and rainout during ice withdrawal, and 
proglacial debris-flow deposition with ice rafting. 
Conglomerate facies are also consistent with ice proximal 
glacio-marine sedimentation and probably represent 
deposition from subglacial streams, short flow fluvial 
deposition, and redeposited fluvial conglomerates. 
Distinguishing sub-glacial tills deposited during ice 
advance from proglacial tills deposited during retreat is 
inherently difficult, as the sedimentological characteristics 
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of these deposits are not well-understood in modern glacial 
environments. Therefore, the coarse-grained basal facies 
are considered to have a polyphase origin representing 
ice-proximal deposition during advance and withdrawal 
of glacier ice within a shallow marine setting. 

Consequently, basal diamictite and conglomeratefacies 
are assigned to both the lowstand systems tract (LST) and 
the t~.o~z.~gressive systems tract (TST). It is generally not 
possible to identify the LSTITST boundary. However, 
given the paucity of facies that could be readily interpreted 
as subglacial origin, it is suggested that the basal diamictites 

Fig. 3.5 - A )  View of sequence boundary separating diamictite in the 
lower part of Sequence 11 from rnudstone in the upper part of Sequence 
23: (B) fossiliferous condensed section shellbed of Sequence 9. Scale is 
graduated in 1 cm intervals. 

comprise a predominantly transgressive record of glacial 
retreat. Typically, diamictite clast fabrics are weakly 
oriented or random, suggesting a large component of 
rainout debris which, in many cases, may have been 
remobilized in subsequent gravity flows as evidenced by 
syn-depositional soft sediment deformation structures, 
intraclasts. and clastic intrusion features. Stratified 
diamictite facies are interpreted as representing waterlain 
glacio-marine sediments. Upper portions of TSTs display 
clear fining-upwards trends and are mostly capped by a 
fossiliferous unit interpreted as the condensed section 
corresponding to a zone of maximum water depth and 
lowest sedimentation rate in a cycle. 

HIGHSTAND SYSTEMS TRACTS 

The base of the mudstone units is typically fossiliferous 
(Fig. 3.5A) and contains molluscan fauna indicative of 
maximum water depths in sequences (M. Taviani, pers. 
comm.). A lower interval (up to 30 m) of massive to 
weakly laminatedlbedded, bioturbated. sparsely 
fossiliferous mudstone (Facies 1 and 2) typically passes 
upwards into a muddy sandstone to sandstone facies 
(Facies 3 and 4). Micro- and macrofaunal determinations 
show little or no change in water depth up-section in this 
lower interval. Sediments that gradationally overlie 
mudstone facies appear markedly more progradational, 
shoaling toprobableinner shelf water depths. It is suggested 
that this regressive mudstone to sandstone interval results 
from sediment infilling during the highstand andlor early 
fall of sea-level. Accordingly, this facies succession is 
assigned to the highstand systems tract (HST). 

Highstand systems tract deposits are interpreted as 
forming during the late rise, stillstand and early fall of a 
relative sea-level cycle (e.g. Vail, 1987; Posamentier et 
al.. 1988). In offshore locations the dovv111ap surface 
(DLS) marks the base of an HST, which is broadly 
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coincident with the level of maximum piilcic~-watcr depth 
tcrined the maximumflooding surface' (MIZS). At seismic 
scale the MFS represents a change from rctrogradational 
to progradational cross-sectional strata! gcoinctries (e.g. 
van Wagoner, 1988, 1990). In CRP-2/2A core sequences 
i t  is not possible to evaluate downlap. Nevertheless, the 
I'STIHST boundary is placed at an abruptly gradational 
transition between fining-upwards sand facies and massive 
nmdstone facies in most sequences. The base of the HST 
is typically fossiliferous (Fig. 3.5A) and contains molluscan 
a n n a  and lithofacies indicative of maximum water depths 
(M. Taviani, pers. comm.). 

REGRESSIVE SYSTEMS TRACTS 

Twelve of the twenty -four CRP-2/2A sequences include 
i n  their upper parts a sharp-based shallow-marine facies 
succession ofprobable innermost shelf to shoreface origin. 
These facies include moderately to well-sorted, stratified 
fine sandstone (Facies 4), and moderately sorted, stratified 
or massive medium to coarse sandstone (Facies 5). They 
display a variety of fractional sedimentary structures 
including planar bedding and lamination, hummocky and 
swaley cross-stratification, high-angle cross-stratification, 
and low-angle cross-stratification, collectively indicative 
of shallow, shoreface environn~ents. Additionally, some 
occurrences of Facies 2 ripple cross-laminated mudstone 
and sandstone (with small-scale wave- and combined 
flow-generated ripple structures) may reflect estuarine 
c.onditions. The occurrence of sharp-based shallow-marine 
sands at the top of sequences, the strongly progradational 
character of the succession, and the subsequent truncation 
by overlying GSEs, are all consistent with sediments 
deposited during a period of falling relative sea-level, or 
forced regression (Fig. 3.4). We tentatively interpret these 
regressive sandstones as forming in a proglacial deltaic 
depositional environment seaward of the advancing ice 
front. In all cases the upper portions of sequences appear 
to be overrun and severely truncated by the subsequent 
advancing glacier. 

Strata deposited during gradual or stepwise forced 
regression accumulate as a basinward-descending and 
offlapping series of wedges, bounded below by an abruptly 
gradational (e.g. Naish & Kamp, 1997) or erosional 
downlap surface (e.g. Flint, 1988) and above by a subaerial 
unconformity (often removed by marine ravinement), 
which corresponds to the sequence boundary. Naish & 
Kamp (1997) havereferred to this distinctive stratalpackage 
as the regressive systems tract (RST), and view it as the 
logical counterpart to the transgressive systems tract. In 
many cases, it is not possible to locate the lower boundary 
of the RSTprecisely, where the contact with the underlying 
highstand systems tract is gradational, but typically it 
corresponds to an abruptly gradational transition from 
mudstone to sandstone. Regressive systems tract sediments 
are markedly more progradational than those of the HST, 
and step down or are inclined towards the basin. The upper 
bounding surface of the RST, the subaerial unconformity 
which is often marked by fluvial channel incision or delta 
abandonment, passes into a correlative submarine 

unconl'oniiity landward of the lowstand shoreline, wln~t~e 
i t  marks the base of the lowstand systems tract (1 ,S'lX). In 
CRP-1 and CRP-21% the upper bounding unconforniily 
of the RST is marked by the GSE. 

FIZEQULNCY AND AMPLITUDE 
OF SEDIMI~NTARY CYCLICITY AND IMPLICA'I'IONS 
FOR ANTARCTIC GLACIAL HISTORY 

Twenty-four cyclcs of local advance and retreat oft lie 
Mackay Glacier during the Oligocene to Quaternary c;in 
be identified on basis of the preliminary facies and sequence 
stratigraphic analysis of the CRP-2/2A core.  The 
Quaternary and Pliocene intervals, Sequences 1 ami 2 
respectively, most probably comprise a scrics of  
amalgamated sequences recording a cryptic and very 
incomplete glacial history of the last 5 Ma. That tlic 
Quaternary record lies within a normal polarity i ntervcil 
interpreted as Brulmes Chron. suggests that high amp1 itiide 
climatic variations characteristic of the last 700 ka may 
have driven major glacial episodes, destroying much of 
the earlier Plio-Pleistocene stratigraphic record. The 
recognition of a thin interval of Pliocene glacial/intcrglaci id 
stratigraphy in CRP-212A is important as signific;int 
fluctuations in the size of the Antarctic ice sheet have been 
inferred from studies of the onland "Pliocene" Sirins 
Formation (Webb & Harwood, 199 1 ; Wilson, 1 995). 

Although punctuated by significant unconformitics, 
the Oligocene-Miocene section of the core is relatively 
more complete with 6 sequences preserved in the Mioccnc 
and 16 sequences representing the Oligocene. Noteworthy 
is that some of these sequences (notably 8, 14, 18) may be 
the amalgamated product of several severely truncated 
sequences. Broad constraints on the amplitudes of 
palaeobathymetric fluctuations reveal cyclical changes in  
water depth from upper shoreface to outer shelf water 
depths, perhaps of 50 to 100 m magnitude. Bathymetric 
changes throughout a sedimentary cycle are controlled by 
three independent variables: rate of eustatic sea-level 
change, rate of subsidence, and rate of sediment 
accumulation. Basin subsidence and eustatic sea-level 
combine to cause changes in relative sea-level, which in 
turn control the net accommodation space available for 
sediment.  The  rate of generation and loss of 
accommodation, together with the rate of sediment 
accumulation produce changes in bathymetry, which 
control the facies architecture of the resulting depositional 
sequence. 

The isolation of the eustatic sea-level component 
from a continental-margin sedimentary succession is 
inherently difficult to achieve. Even with high-resolution 
information about the nature of intra-cycle changes of 
water depth, and first order approximations of subsidence 
and sedimentation rates, uncertainty remains about the 
amount of the sea-level lowstand stratalost at the bounding 
unconformities. At this stage it is not possible to estimate 
the amplitude of any glacio-eustatic component, but 
changes in water depth of up to 100 m are consistent with 
eustatic water depth changes inferred for the Oligo- 
Miocene from seismic records (Haq et al., 1988), and 



deep ocean oxygen isotope records (Zachos et al., 1997; 
Vitor A Anderson, 1998). 

Eviilii:iting the frequency of sedimentary cyclicty is 
complicated and depends o n  2 factors: 1) the time 
represented by sediment, and 2) the time contained in 
inter-sequcnceunconformities. Frequency analysis of these 
types of records requires a high-resolution time model 
which allows age constraints to be put on hiatuses and can 
be used to determine variations in sedimentation rate. 
Such time models generally require a magnetostratigraphy 
that is robustly calibrated to the timescale with bio- 
stratigraphic andnumeric age datums. At the time of writing, 
a high-resolution integrated chronology was not available 
for CRP2-2/A. A high degree of floral and fauna1 endemism 
and apaucity of low-latitude index taxa in the cored interval 
has hampered calibration of the magnetostratigraphy. 
However. numerical ages on two tuffaceous intervals and 
strontium isotopic analyses currently being undertaken 
should help to better constrain the time model for CRP-2/2A. 

Preliminary magnetostratigraphic results imply a thick 
interval o f  normal polarity in the late Oligocene which 
may span up to 9 sequences, implying that individual 
depositional sequences in certain parts of the core may 
correspond to Milankovitch orbital  frequencies 
(eccentricity). Such an interpretation has several important 
implications, notably 1) that the cored interval contains an 
incomplete record of the Oligocene-Quaternary of western 
Ross Sea with large periods of time represented at sequence- 
bounding unconformities, and 2) where sequences are 
preserved, they may represent an important ice-proximal 
record of orbital control on the dynamics of the Antarctic 
ice  sheet, which has significant implications for 
understanding the origin of Oligocene-Neogene global 
eustatic sea-level change. 

Alternatively, the frequency of sequence cyclicity 
may be of a longer duration similar to that of the 3rd order 
(0.5-2 Ma) eustatic cyclicity reported on the Haq et al. 
(1988) sea-level curve, and thecomposite Cenozoic oxygen 
isotope curve of Vitor & Anderson (1997). A plot of cycle 
thickness vs depth (Fig. 3.6) reveals a longer term cycles 
of sequence stacking, perhaps of c. 15 Ma duration, which 
may reflect extrabasinal tectonic influences related to the 
uplift history of the Transantarctic Mountains, or 
differential movement of individual fault blocks in the 
vicinity of the drillsite. Further chsonostratigraphic analyses 
must be undertaken for the CRP-2/2A Scientific Report 
volume in order to evaluate the stratigraphic frequencies 
inherent in this important ice-proximal Antarctic record. 

SEDIMENTOLOGY 

CLAST VARIABILITY 

20 503 clasts, ranging in dimension from granule to 
boulder grade, were logged and counted on the basis of 
both approximate grain-size and lithology in the Miocene- 
Oligocene section of CRP-2/2A core. 

The clast population is composed of seven major 
lithological groups which document a varied but local 

Sequence Number 

/'?K. 3.6 - Plot o f  cycle thickness v s  depth highlights long-duration. 
cyclical slacking paucrn ol'sequences. 

provenance (see Basement Clasts section), including: 
Cambro-Ordovician granitoids, Fen'ar dolerite, McMurdo 
Volcanic Group alkaline basalts, Koettlitz Group Ca- 
silicate rocks. Kirkpatrick basalts, McMurdo Volcanic 
Group pumice and sedimentary rocks (including both 
intsaformational and Beacon Supergroup sedimentary 
rocks). 

This section focuses on the main patterns of clast 
variability as derived from major variations in concentration 
and grain-size throughout the Miocene-Oligocene strata. 
Further information on the distribution pattern and 
preliminary petrologicaldataon the various clast lithologies 
are reported in Basement Clasts section of this report. The 
total number of clasts, here preferred to clast percentages 
which are strongly influenced by the size of single clasts, 
are plotted against the lithostratigraphical log in figure 3.1. 
Most lithological boundaries, as well as sequence 
boundaries, in the core are marked by significant variations 
in clast content. In particular there is a strong correlation 
between high clast concentrations and diamict units, a 
pattern already observed in CRP-1 (Cape Roberts Science 
Team, 1998b, 1998~) .  

Moreover, significant variations occur in the relative 
proportions of the main lithologies andlor the appearance 

cement or disappearance of particular lithologies (see Bau 
Clasts section) across lithological and sequence 
stratigraphical boundaries.  Minor to significant 
fluctuations in both the clast content and relative 
proportions among the different rock types also occur 
within each single litho-stratigraphical unit, in particular 
in the more clast-rich units. A detailed analysis of these 
small-scale compositional trends is in progress, whereas 
a broader subdivision of the whole clast population into 
seven petrofacies is proposed and discussed later in this 
report (Basement Clasts section). 

In diamict units the clast content averages 50-100 
clasts per metre, with values very close to 200 in Litho- 
stratigraphical Unit 12.1. In mud- or sand-dominated units 
the clast content is distinctly lower and usually <10, grain- 
size typically ranges from granule (the most abundant) to 
pebble. In diamict units, grain size ranges from granule to 
boulder (the latter very few and restricted to Units 12.1 and 
13. l ) ,  with granules and fine to coarse pebbles forming the 
most represented grain-size classes. A slight increase in 
grain-size within the pebble class and in the number of 
cobbles can be observed moving down-core, particularly 
below c. 300 m. 



7 2 Initial Report 

( ' I  .AST FABRIC 

introduction and Method 

Clastfabric has been used by many workers to assist in 
tlic interpretation of deist-rich scdiments, particularly in 
glacial environments, specifically to infer origins of 
deposits and define glacial flow directions (Domack & 
~ w s o n ,  1985; Dowdeswell et al.. 1985). Ten whole 
round (unslabbed) sections of core ranging between 18 
and 3 1 cmlong were collected from theMiocene/Oligocene 
interval of the CRP-2/2A core for the purpose of three- 
dimensional fabric analyses. Eight were from sandy 
diamictite units and two from poorly sorted sandstones 
with clasts. All of these samples are from just above 
interpreted sequence boundaries (see section on Sequence 
Stratigraphic Interpretation). The analysis was achieved 
by securing the core in an upright position in a simple 
supporting aparatus with a horizontal stage that was lowered 
over the core. The core was systen~atically disaggregated 
and the trend and plunge of the a-axis (long axis) of each 
clast measured and recorded on the stage. The number of 
measurements in each sample depended on the clast 
concentration but ranged from 13 to 30 clasts. None of the 
samples was oriented with respect to north, because no 
azimuth could be determined at the drill site. 

The trend and plunge data were plotted on Schmidt 
equal area, lower hemisphere stereonet projections. The 
data were then contoured using a small circle area of 1 % 
and contour intervals at2.0,S.O. 10.0 and 15.0%. Also, the 
Eigenvalue analysis method of Mark (1973) was applied 
to the data. This produces three 01-thogonal vectors 
(eigenvectors, V,> V-, and V-,). V ,  refers to the direction of 
maximum clustering and V3 the direction of minimum 
clustering. Associated with these vectors are normalized 
eigenvalues (Si,  S, and S^) which represent the degree of 
clusteringaround the corresponding vector and essentially 
summarise fabric strength. S ,  measures the strength of 
clustering about the mean axis V,  , and S3 represents the 
clustering about the V3 axis. These data are displayed in 
figure 3.7. Interpretation of eigenvalues requires great 
care if the data are multimodal, as vectors can plot between 
modes and interpretation is best when made in conjunction 
with other evidence. 

Results 

The stereonet plots display broad scatter in most samples 
and eigenvalues suggest only very weak preferred 
orientations and even random orientation. Principle 
eigenvalues (S,) range from 0.423 in the sandy diamictite 
sample at 441.22-441 .52 mbsf to a maximum of 0.617 in 
the deformed sandy diamictite sample at 490.10- 
490.39 mbsf. Typical S ,  values lie between 0.50 and 0.60. 
Figure 3.8 shows a plot of S , against S3 and compares data 
from CRP-2/2A with fields defined by Dowdeswell et al. 
(1985). This helps distinguish fabrics from different 
mechanisms of deposition. The samples from CRP-2/2A 
all show relatively low S ,  values and moderate to high S3 
values. Random orientations are characteristic of ice- 

aS[ed diamictons (Domack & Lawson. 1985) anil plof in 
the waterlain glacigcnic sediment field. Weak fabrics iirc 
siiggeslive of sediment Slows and can be inili~ccd in  
waterliiin sediment (hat has undergone post-deposi~ioniil 
sliimping (>I' flowage (Dowdeswell et al., 1985). No stronfi 
P I  c ~ > ~ ~ c s .  : indicative of  lodgement or melt-out (ills, iirc 

prcscnt in  the data. 
The dominanccof random and weakly oriented I'iihi'i~~. 

and the absence of any obvious subglacial fabric signatui'c 
in these samples. despite close proximity to the scqi icm~~ 
boundaries where evidence of grounded ice inigli~ Ix' 

expected, can be interpreted in one of two ways. I^'irstly, if 
the unit was deposited by grounded ice. any origi11:il 
subglacial fabric may have been modified and weakened 
by post-dcpositional deformation. Alters~atively. i t  niiiy 

indicate that subglacially formed deposits from groundcti 
ice are not preserved in these intervals and that the samples 
represent either waterlain sediment (sample 44 1.22- 
441.52 mbsf), or soft-sediment deformed watcrhiiii 
deposits and sediment flows (all other samples). Both of 
these possibilities are consistent with the clast shape data, 
which indicates most of the sediment has experienced 
subglacial transport but does not distinguish whether 1'in;il 

deposition was from ice-rafting or grounded ice. 

CLAST SHAPE 

Introduction and Method 

Clast shape can be expressed in terms of three 
independentproperties: form, roundness and surface texture 
(Barrett, 1980). These have been widely used i n  the 
analysis of clast- rich sedinients and are considered good 
indicators of transport mechanisms. The Miocene anil 
Oligocene interval of the CRP-2/2A core contains many 
clast-rich intervals, including conglomerates and diamict 
units suitable for clast shape analysis. Ten whole- round 
core samples ranging in length from 12 to 31 cm and one 
bulk sample were removed, one from each of the major 
clast-rich units. All samples are fromjust aboveinterpreted 
sequence boundaries (see section on Sequence Stratigraphic 
Interpretation). Samples from48.60-48.80,101.67- 101.85, 
232.80-233.04, 35 1.37-35 1.67, 372.15-372.46, 406.80- 
407.09,441.22-441.52 and 490.10-490.39 mbsf are from 
sandy diamictite units. Samples at 121.59-121.79 and 
5 18.32-5 18.62 mbsf are from clast-rich sandstone units 
and finally samples at 124,92-125.92 (bulk sample) and 
387.02-387.32 mbsf are clast- to matrix-supported 
conglomerates. These samples were systematically 
disaggregated to obtain whole (uncut by coring) clasts. 
The lithology of each clast greater than 0.5 cm in diameter 
was determined and grouped into broad categories. For 
whole clasts, the length of the three orthogonal axes (a, b 
and c) was measured. Roundness was assessed using the 
Krumbein visual roundness chart, which provided mean 
roundness and percentages of clasts in each of nine 
roundness classes. Clasts were also examined for surface 
features such as facets and striations. The number of 
observations varied depending on clast concentration and 
ranged between 13 and 50. 



clay sill sand arc 

101.67 - 101.85 mbsf 

121.59 - 121.79 mbsf 

232.80 - 233.04 mbsf 

Fig. 3.7 - Core log of CRP-2/2A showing equal area. lower hemisphere stereonet projections of trend and plunge of a-axis (long axis) of each clast 
(scatter and contoured) and eigenvalues for each sample. 

Roundness rounded 0.49-0.7; well rounded 0.7-1.0. The sandy 
diamictite samples 48.60-48.80 and 101.67- 101.85 mbsf, 

Roundness is presented as histograms in figure 3.9. in Lithostratigraphical Units 4.1 and 7.1 respectively, 
Krumbein roundness values correspond to Powers show broad distributions and the latter has a distinct peak 
roundness classes as follows: very angularO.O-0.17; angular in the 0.3 class. The poorly sorted, fine-to coarse-grained 
0.17-0.25; subangular 0.25-0.35; subrounded 0.35-0.49; sandstone with clasts at 121.59-121.79 mbsf in LSU 8.1 
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490.10 - 490 39 mbsf 

l r \\ 
l 

Fig. 3.7 - Continued. 

displays an unusual roundness distribution. Over 50% of distinctive rounded tail with one clast with a roundness 
the clasts are in the angular and very-angular class. This value of 0.8. This indicates that there may be components 
gives a low mean roundness of 0.29 but the distribution of supraglacial material and also fluvially reworked clasts 
also displays a high standard deviation of 0.16 due to the in the deposit. Also from LU 8 is the sandy conglomerate 
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sample 124.92-125.92 mbsf. The broad distribution is 
bimodal with peaks in the 0.2 and 0.4 classes and mean 
roundness of 0.32, which is comparable with that in the 
diamictite units. The sandy diamictite samples 351.37- 
35  1.67, 372.15-372.46 and 490.10-490.39 mbsf show 
deformation features and interestingly have slightly higher 
mean roundness values than the undeformed sandy 
diamictites. The conglomerate at 387.02-387.32 mbsf has 
the most normal distribution, with all roundness classes up 
to 0.6represented. The deepest sample at 5 18.32-5 18.62 mbsf 
is a poorly sorted, fine-to coarse-grained sandstone and 
shows a marked peak in the subangular class similar to the 
pebbly sandstone sample at 121.59-121.79 mbsf. 

Lithology, Facets and Surface Features 

Lithology is displayed as histograms in figure 3.9. 
These clearly illustrate the dominance of granite and 
dolerite in all samples. The most marked trend is the 
change in dominance of these lithologies down the core. 
The samples from the top sample at 48.60-48.80 down to 
and including the conglomerate sample at 124.92- 
125.92 mbsf in LSU 8.1 are dominated by granitoid 
lithologies (at least 65%) with dolerite second most 
frequent. Sample 12 1.59- 121.79 mbsf in LSU 8.1 contains 
19% volcanic clasts. This contrasts with samples in the 
lower interval which are dominated by dolerite 060%).  
Sedimentary and metamorphic clasts appear in several 
samples, typically less than 5%. 

The presence of surface features, such as striations, 
can provide good evidence of basal glacial transport. 
However, the development of striae is strongly dependent 
on lithology (Kuhn et al., 1993). A total of only three 
striated clasts were found in the samples, all fine grained, 
indurated mudstone. These were in the deformed sandy 
diamictite sample at 35 1.37-351.67, the conglomerate at 
387.02-387.32 and the sandy diamictite at 406.80- 
407.09 mbsf. It is interesting to note that sample 387.02- 
387.32mbsf is aconglomerate, suggesting that this material 
may be reworked glacial sediment. 

Facets are present on all lithologies in all samples, 
typical of sediment that has experienced subglacial 
transport. Percentages of facetted clasts range from a low 
of 23% in the sandy diamictite sample at 101.67-101.85 to 
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S tor CRP-212A core samples and 
environmental fields determined by 
Dowdeswel! et al. (1985) from 
Svalbarcl tillites. 

a maximum of 50% in -the sandstone sample at 5 18.32- 
518.62 mbsf. The conglomerate samples from 124.92- 
125.92and387.02-387.32mbsf show ahighpercentageof 
facetted clasts, 44% and 40% respectively, further 
suggesting that the sediment contains glacial material and 
that any fluvial rounding is limited. 

Summary 

The shape data from clasts in the eleven samples of 
sandy diamictite, poorly sorted, fine- to coarse-grained 
sandstone and conglomerate generally display broad 
roundness distributions and have average roundness values 
between subangular and subrounded. Granitoidlithologies 
dominate above 200 mbsf and dolerite dominates below 
this depth. The sandy diamictites have broad roundness 
distributions and have at least 23% facetted clasts, typical 
of subglacially derived sediment. The deformed sandy 
diamictites have a slightly higher mean roundness and one 
of these samples contains a striated mudstone clast. These 
characteristics suggest that these deposits have experienced 
subglacial transport and were deposited either by ice- 
rafting or grounded ice. 

The sandstone samples have peaks in the subangular 
class and at least 27% facetted clasts. The sample at 
121.59-121.79 mbsf also has several clasts in the rounded 
and well-rounded classes and suggests the deposit contains 
a mix of glacial (supraglacial) and fluvially influenced 
sediment, and is probably sourced from ice-rafted debris. 
The conglomerate samples show a broad range of roundness 
values but the sample at 124.92-125.92 mbsf has a low 
mean roundness. This suggests that only moderate (if any) 
fluvial influence and the sample at 387.02-387.32 mbsf 
contains one of the striated mudstone clasts indicating the 
sediment has a probable glacial component that has been 
little affected by reworking. 

HIGH-FREQUENCY CYCLICITY IN THE 
MAGNETIC SUSCEPTIBILITY RECORD FROM UNIT 1 1.3 

Introduction 

This section will address the search for periodicities 
that might have controlled deposition of the CRP-2/2A 
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Fig. 3.9 - Core log of CRP-2/2A showing summary shape statistics. roundness histograms and lithology histograms. 
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sequence and beenrecorded in the core. Cyclicity recorded 
in sedimentary successions is very important since it may 
give insight into the occurrence of periodic changes in 
depositional environment, as apossibleresponse to external 
forcing (Fischer et al., 1990; Fischer & Bottjer, 1991). At 
the time of writing a complete set of data is not available 
(such as physical properties series, sequence of 
sedimentological rhythms). Therefore, the results presented 
here are a pilot study to explore the possibility of a further 
search forcyclicity through theentireCRP-212A succession 
in a more continuous and complete fashion. Some spectral 
analysis techniques (Pestiaux & Berger, 1984; Fischer et 
al., 1990) were applied to a short array of data extracted 
from the low-field magnetic susceptibility analysis of the 
core. This set of analytical data demonstrates that magnetic 
susceptibility analysis is very appropriate and suitable for 
this purpose (Arai et al., 1996). 

Time Series 

The magnetic susceptibility was measured continuously 
along the core at the Drill Site laboratory, with an average 
sampling interval of 2 cm, using a Bartington MS-2 
magnetic susceptibility metre and a loop sensor of 80 mm 
internal diameter. The values were later corrected for 
loop-sensor and core diameter to obtain a normalized data 
series. The time series analysed in this study covers the 
magnetic susceptibility data for mudstone Sub-Unit 11.3 
(329.30-347.31 mbsf). 

Sub-Unit 11.3 constituted a continuous sequence of 
mudstone and very fine to fine sandy mudstone, with local 
fine and very fine sandy beds from mm to cm-scale. 
Bioturbation affected the succession only locally and at a 
small scale. Clasts (mostly basalt and granitoid) were 
rarely present. The character of the sedimentation appeared 
to be quite uniform throughout the entire interval, and 
weak carbonate cementation occurredonly in afew places. 
Sedimentological evidence, such as absence of re- 
sedimentation events and the continuity in the depositional 
style, suggests that no important hiatuses were likely to be 
present down the sequence. Considering the uniform 
lithology and the depositional characteristics of the 
mudstone interval, it is possible to argue that the 
sedimentation rate has remained relatively constant 
throughout, at least to a significant extent. 

In the few cases where the analysed segment showed 
irregularities due to fractures, unconsolidation or poor 
recovery of the core, the magnetic susceptibility was 
somewhat altered or measured with uncertainty, and thus 
some values were extrapolated through linear interpolation 
of the closest ones. Small basalt and granitoid clasts might 
have altered the original magnetic susceptibility signal, 
thereby introducing anomalously high values. Before any 
mathematical treatment of the time series, these spurious 
peaks were subtracted from the data set and the series was 
resampled with a constant rate. This results in a sequence 
of 901 equispaced data points covering the entire 
stratigraphical thickness of the unit. 

Before the processing, a visual assessment of the 
magnetic susceptibility data suggested that periodic 

components might be recorded in the time series. This i s  
clearly shown in figure 3.10 by the existence of viirioiis 
orders of long and short wavelength cyclicity hiiiullnl 
together in a more complex hierarchy. 

Spectral Analysis 

The best strategy in performing time series analysis o n  

a stratigraphical data set is to apply a combination ol' 
different spectral algorithms, each one performing a speci fic 
task with particular advantages (Pestiaux & Bergcr, 1084; 
Hinnov & Goldhammer, 1991; Reijmer et al., 1994). 
Following this procedure, problems concerningtl~(;  
treatment of stratigraphical data can be tested and 21 better 
control against possible mathematical artefacts o f t  he time 
series analysis can be obtained. 

To avoid any predictable alteration of the signal 
amplitude in parts of the function, and to obtain a high 
level of precision during processing, some conditions 
must bechecked before running theappropriate algorithms. 
First, the statistical properties of the time series should 
remain unaltered by shifts in the sampled interval origin 
(stationary condition). Then, theeffect of long-term trends, 
which can cause a shift of the real amplitude in parts of the 
series, shouldbecompensated for and eventually subtracted 
(linear trend and mean correction) (Diggle, 1990). Finally, 
the time series requires to be normally distributed 
statistically. 

Because each processing routine is sensitive to a 
specific character of the time series, this approach permits 
a better resolution of the major properties of the original 
signal. The time series is processed using two spectral 
estimators: the Blackman-Tukey (BT) and the Maximum 
Entropy algorithms (ME) (see Paillard et al., 1996). Using 
these techniques in conjunction allows a better 
reconstruction of the most important spectral features and 
therefore ensures a high degree of significance when 
interpreting the results. 

One of the most powerful and simple algorithms is the 
ME (Press et al., 1989), a routine designed to fit the sharp 
spectral peaks in the signal, giving a high-frequency 
resolution within the range of autoregressive models 
selected in the analysis together with a good control on the 
regularity of the quasi-periodic frequency. These 
advantages are sometimes diminished by the lack of 
statistical confidence estimate and some non-linearity in 
the evaluation of spectral lines,'and can therefore produce 
undesirable spurious results. To test the statistical 
significance of the spectral values, the ME method is used 
here in conjunction with the BT, a very stable procedure 
for processing time series (Blackman & Tukey, 1958). 
This algorithm estimates the autocorrelation function from 
the data series, weighted by a Tukey window to discard 
possible bias, and computes the Fourier transform to 
obtain the power spectrum. Its design enables an estimation 
of some a priori random-noise models, like those 
originating by low-order autoregressions (Hinnov & 
Goldhammer, 1991), which are likey to be incorporated 
into the time series when sampling stratigraphical data. 
The spectral peaks were tested against two orders of 
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Fig. 3.10- The low-field magnetic susceptibility of mudstone Unit 11.3, plotted versus depth. The high values of magnetic susceptibility induced by 
the presence of granitoid and basalt clasts are subtracted and the corresponding values linearly interpolated. The resultant time series was tested for 
periodicity by Blackman-Tukey and Maximum Entropy spectral analysis. 

autoregression and only the values passing the two noise 
levels were taken into consideration. Therefore the 
combination of the two techniques will ensure a good 
degree of validity in the following interpretation. 

Interpretation of the Spectral Peaks 

In the spectra analysed, the values on the y-axis indicate 
the spectral power (expressed in arbitrary units) while the 
x-axis refers to frequencies in cycleslmetre, from low- 
frequency (left) to high-frequency (right) periodicities. 
Peaks that were statistically significant (passing the 95% 
confidence level) and which exceeded the noise levels 
(given by the two first orders of autoregression) were 
converted in length of periodicity in cm and thus labelled 
with the appropriate value, while the others remained 
statistically meaningless and were disregarded. The results 
of the analysis carried out on the analysed unit displayed 
three major groups of periodicities. 

Using the Blackman-Tukey algorithm with a short 
length of the autocovariance series (15%) the highest 
power peaks can be easily estimated (Fig. 3.1la). The 
most prominent peaks above the noise levels were at 
426 cm, around 110 cm, and 60 cm. These values were 
similarly present when the same time series was processed 
by the MaximumEntropy routine (with the autocovariance 
series set at 7.5%, Fig. 3.1 lb): a dominant periodicity at 
423 cm and then, with progressively less spectral power, 
peaks at 107 cm and 60 cm. A very weak peak was present 

at 26 cm, but fell below the noise levels and therefore was 
regarded as no real periodicity, but as the product of 
highly-periodic quasi-random noise. 

The presence of these frequency lines was confirmed 
when the time series was processed with the same routines 
but with higher values of autocovariance, providing 
additional spectral information on these periodicities. In 
the BT spectra, run at 50% of the autocovariance series 
(Fig. 3.1 lc), some of the broad peaks displayed in the 
previous analysis were split into two components, as for 
the periodicities at 165 cm and 102 cm, and at 62 and 
55 cm. The strongest spectral line remained relatively 
constant at 441 cm. Similar components were resolved 
when the autocovariance was increased in the ME 
processing as well (to the value of 15%, Fig. 3.lld), 
revealing peaks at the corresponding values: 441 cm, 
156 cm and 94 cm, and a single peak at 59 cm. As before, 
a broad group of frequencies (around 26 cm) did not pass 
the noise levels, and was not taken into account in the 
spectral interpretation. 

Since the BT algorithm enables to test the spectral 
lines against the noise levels but lacks good resolution, 
which is conversely ensured by the ME, and since in 
the spectra many of peaks occurred at very similar 
frequencies, it is possible to summarize the most 
remarkable spectral features of the magnetic susceptibility 
in the mudstone Unit 11.3. Cyclic oscillations occurred 
with the following periodicities: 423-441 cm, 156-94 cm 
and 60-57 cm. 
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Fig. 3.11- a) Blackman-Tukey spectral analysis of the magnetic susceptibility time series (length of the autocovariance series is 15%). Thc peaks 
indicate the statistically significant broad groups of periodicities above the noise levels, and are expressed in cm by the corresponding labels. 
b) Maximum Entropy spectral analysis of the magnetic susceptibility series (length of the autocovariance series is 7.5%). This method provides a high 
resolution estimate of the spectral energy: the labelled peaks point to the most powerful single frequency lines, c) Blackman-Tukey spectral analysis 
of the magnetic susceptibility series (length of the autocovariance series is 50%). As in figure 3.11a the labelled peaks indicate only the statistically 
significant frequencies above the levels of noise. d )  Maximum Entropy spectral analysis of the magnetic susceptibility series (length of the 
autocovariance series is 15%). The labelled peaks refer to the strongest single frequency peaks. 

Discussion and Conclusion 

Spectral analysis techniques were applied to the low- 
field magnetic susceptibility from mudstone Unit 11.3 of 
CRP-2/2A to test the possibility of the existence of a cyclic 
signature within this interval. This methodology (Pestiaux 
& Berger, 1984; Fischer et al., 1990; de Boer & Smith, 
1994) proves clearly the existence of a regular and strong 
cyclic pattern in the magnetic susceptibility record of this 
interval and allows us to discard a stochastic mechanism 
as controlling its fluctuations. This should stimulate 
questions on the nature of the periodic forcing mechanism. 
The periodicities expressed in cm are compared each 
against the other and the relative ratios are calculated. In 
particular, when the major peaks are normalized to the 
highest frequency, the obtained ratios refer to hierarchies 
of decreasing wavelength from low to high frequency. The 
resulting relationships are summarized as follows. 

wavelengths 441-423 cm 156-94 cm 60 cm 
ratios 7.3-7.0 2.6-1.6 1 

-- 

The application of this method is of considerable 
significance because the frequency lines in the power 

spectrum now identify the ratios between the hierarchic 
levels of the cycles (Claps & Masetti, 1994). 

A very high degree of similarity exists between these 
ratios and those obtained from the Milankovitch orbital 
forcing periodicities (short term eccentricity, obliquity 
and precession cycles) and their main components, 
computed for the Cenozoic (Berger, 1984; Berger & 
Loutre, 1994). These are tuned to the precession orbital 
cycle and reported as follows. 

Milankovitch orbital cycles eccentricity obliquity precession 
duration 123-95 ky 54-41 ky 23-19 ky 
ratios 6.5-4.2- 2.8-1.8 l 

While the obliquity/precession ratio matches 
precisely with the peaks identified at 156-94 cm, it 
should be pointed out that the eccentricitylprecession 
ratio appears slightly lower than the ratio relative to the 
highest spectral peak. This may be induced by relatively 
small changes in the sedimentation rate occurring during 
the deposition of the mudstone interval. The presence 
of the three clear and significant groups of spectral lines 
with a very low level of noise and the positive relationship 
with the Milankovitch orbital ratios suggests that the 



magnetic susceptibility signal might hiive hecn controlleil 
by orhitnl l*orcing. 

Thistl~iti~~titativeapproach suggests that the fluctuations 
of the niagnetic susceptibility provide a very sensitive tool 
forrecoscling high-frequency periodicitics. I~iirtherdetailed 
analysis applied on other intervals of the CRP-2/2A, and 
cross-correlated with cyclicity in the sedimentary facies, 
could offer a broader understanding of  theeffcct ofexternal 
forcing mechanisms on the magnetic and sedimentary 
signals. 

DIAGENESIS 

INTRODUCTION 

This section describes the main diagenetic features 
recorded throughout the core from the CRP-2/2A drill hole. 
The goal of this preliminary investigation is to provide a 
comprehensive description of carbonate patches, carbonate- 
cemented concretions/nodules, veins, mineralization in 
fractures, in sedimentary dykes and burrows. 

Macroscopic observations and some preliminary 
investigations on thin-sections and smear slides (using a 
petrograpliical microscope) were carried out on 122 samples 
selected to show both lithological and diagenetic variation. 
Results from these studies are summarized below. The 
distribution of these main diagenetic features (over 625 m 
interval) is recorded in the summary lithological log 
(100 rnlpage in section 3 in the supplement to this issue). 

DESCRIPTION OF 
MACROSCOPIC DIAGENETIC FEATURES 

Lithostratigraplzical Sub-Unit 2.1 (5.54-21 . l6  nzbsf), 
Sub-Unit2.2 (21.16-26.80nzbsf). No cementation patterns 
were recognized in Quaternary strata consisting of 
"unconsolidated, massive, locally weakly statified, very 
poorly sorted, clast-rich sandy diamicton". The sparse 
fractures are open and do not show any mineralization. 
Pliocene strata consisting of diamicton and sand are 
unconsolidated and uncemented. 

Lithostratigraplzical Sub- Unit3.1(26.80- 47.79nzbsf). 
This unit contains few weakly carbonate-cementedpatches 
in its lower part below 33.50 mbsf. Carbonate cementation 
occurs within the in-situ brecciated interval in the lower 
part of the unit, below 37.80 mbsf. 

Lithostratigraphical Sub-Unit4.1(47.79-51.94 mbsf). 
The unit described as diamicton shows only sparse, weakly 
carbonate-cemented patches. 

Lithostratigraphical Sub- Unit 5.1 (51.94-72.84 ~nbsf). 
This unit is locally carbonate-cemented and intensely 
brecciated between 54.59 and 55.20 mbsf and in the lower 
part of theunit. Samples from 55.12,56.07 and 68.18 mbsf, 
consisting of mudstones and muddy fine sandstones, show 
a moderate degree of carbonate cementation and contain 
fossil fragments (pectinids, serpulid tubes) which show 
some dissolution patterns on the shells. 

Lithostratigraphical Sub- Unit 6.1 (72.84-80.70 mbsf), 
Sub-Unit 6.2 (80.70-90.67 mbsf), Sub-Unit 6.3 (90.67- 
96.85 nzbsf). Unit 6.1 shows no evidence of carbonate 

ccmcnlatioii. A siimpic ill SO. 10 mbsf prepared for fossil 
examin:it ion ;ippctirs locally strongly carbonate-cemented 
and contains partially corroded shell fragments. Unit 6.2 
contains scattered carbonate cemented patches and a 
prominent carbonatc-cemented noduleat adepthof 89.38- 
89.52 mbsfshowing an increase in cementation upwards. 
Unit 6.3 shows locally moderately carbonate-cemented 
zones and a calcite-fillcd hairline fracture composed of 
finely crystalline calcite ccmcnt at a depth of 95.27 mbsf. 
Units 6.1 and 6.3 arc strongly brccciated and contain fossil 
debris. 

Litl~o,strati~a~~liical Sub- Unit 7.1 (96.85-109.07nzbsf), 
Sub-Unit 7.2 (109.07-1 14.21 mbsf). No macroscopic 
evidence of diagenesis was noted in these units which 
consist of volcaniclastic lithologies. 

Lithostratigraphical Sub-Unit 8.1 (1  14.21 - 
130.27 mb.?f), Si.d~-Unit 8.2 (130.27-137.79 nzbsf), Sub- 
Unit 8.3 (137.79-153.38 n~b.$), Sub-Unit 8.4 (153.38- 
183.85 mbsf). A large carbonate-cemented nodule was 
recorded at 1 17.89- 1 18.09 mbsf, a few centimetres below 
a horizon of shell debris. Diffuse carbonate cementation 
occurs at 126.32 and 128.00 rnbsf. The incipientcarbonate 
diagenesis is marked by the development of  
microcrystalline calcitic cements occurring as patches 
(1 17.88,132.27 mbsf) and as infilling in hairline fractures 
(137.22 mbsf). Unit 8.2 consists of fine sandstones, 
carbonate cementation is diffuse, a 4 cm carbonate nodule 
occurs at 132.27 mbsf and hairline calcite-filled fractures 
occur in the lower part below 132.21 mbsf. In Unit 8.3 at 
a depth of 144.26-147.65 mbsf within the brecciated 
interval fractures are mostly open, some show calcite 
mineralization; a siltstone-filled sedimentary dyke was 
recorded at 146.88 mbsf and mineralization occurs along 
a microfault at 152.46 mbsf. In Unit 8.4 the fractures are 
partially mineralized as recorded at a depth of 153.87, 
163.12, 163.19, 173.42 and 176.22 mbsf; carbonate 
cementation occurs as patches around serpulid tubes in the 
lower part at 178.04-183.35 mbsf. 

Lithostratigraphical Sub- Unit 9.1 ( 1  83.35- 
185.94 mbsf), Sub- Unit 9.2 (185.35-193.61 mbsf), Sub- 
Unit 9.3 (193.61-250.40 mbsf), Sub-Unit 9.4 (250.40- 
262.mbsf). No carbonate cementation has been recorded 
in Unit 9.1. In Unit 9.2 carbonate patches, focused around 
shell debris, occur at 187.40 and 191.42 mbsf. In Unit 9.3 
a few mineralized fractures occur at a depth of 195.17 and 
195.59 mbsf; carbonate cementation in patches and 
concretions was recorded at202.94,210.20,241.70,244.80, 
245.50 and 249.65 mbsf. A sample from 210.20 mbsf 
consists of a pale coloured carbonate-cemented siltstone 
containing a few fragments of moderately-preserved shells 
and several moulds of large molluscan and serpulid tubes. 
The moulds seem to be filled by fine to drusy calcitic 
cements. The sample from 241.70 mbsf is a diamictite 
showing varying amounts of carbonate cementation within 
the muddy matrix. At 244.80 mbsf muddy sandstones 
appear carbonate-cemented and contain preserved bivalve 
debris. At 245.50 mbsf a few carbonate patches occur in 
laminated siltstones. At 249.65 mbsf cemented patches 
are developed within thick shell debris of well-preserved 
bivalves. Linings from some open fractures in siltstones 
were sampled at 247.90 and 248.02 mbsf in order to check 



[lie occurrence of mineralization; the composition seems 
to reflect the s~irroiinding poorly lithifiecl lithologies. 
Abundant pyrite infillings in burrows arc present in  sandy 
siltstones at different depths from 253.80 to 27 1 .OO mbsf 
ill association with some moderate carbonate-cemented 
patches. Carbonate cementation was recorded throughout 
the siltstones; strong carbonate cementation at 272.57. 
274.36, 277.92, 281.92, 285.24, 291.46, 294.16 mbsf 
(usually around shells) and a centimetric nodule at 
280.92 mbsf. Shells show different degrecs ofpreservation; 
the large gastropods from samples at 285.24,29 1.46 mbsf 
seem to be partially dissolved. 

Lithostrcitigr~iphical Sub- Unit 10.1 (295.58- 
306.65 11zbsf). No diagenetic features were recorded in the 
upper part, from 295.58 to 297.01 mbsf. From 297.01 to 
306.65 mbsf within a strongly deformed sequence of 
siltstonesldianiictites a few carbonate cemented patches 
are present at 297.42, 302.37 and 306.32 mbsf. 

Lithostratigraphical Sub-Unit  11.1 (306.65- 
315.59 m.bsf), Sub-Unit 11.2 (315.59-347.29 mbsf). 
Moderately-cemented carbonate patches were noted at 
308.30,310.80and315.85 mbsfwithinastrongly disrupted 
sequence of different lithologies. A centin~etric-wide 
sedimentary dyke at 315.66 mbsf contains pyrite 
mineralization. From 329.30 to 347.29 mbsf in a dark grey 
siltstonelsandstone sequence containing abundant shell 
debris, serpulid tubes and burrows, cai-bonatecen~entation 
occurs at 337.70, 341.86, 342.00 and342.11 mbsf around 
partially dissolved shells. Hairline vein-fills are common 
and pyrite was recorded throughout the sequence and as 
infilling in sedimentary dyke at 337.46 mbsf. 

Litlzosti-atigraphical Sub-Unit  12 .1  (347.29- 
442.99 mbsf). Complex interbedded sandy diamictites 
contain diffuse carbonate patches recorded at 357.28, 
364.50. 365.60, 373.90, 379.68, 380.62, 385.70, 397.30, 
401.47, 404.54, 405.10, 407.9 1, 408.12, 420.82, 423.13, 
423.78,426.66,430.14,432.51,435.17 and 435.69 mbsf. 
The carbonate cement seems to be developed as fringes 
around grains and within the matrix. Some open fractures, 
containing brownish linings, and calcite and mineral- 
filled (not calcite) fractures were recorded at a variety of 
depths throughout the sequence. 

Litlzostratigrapli ical Sub- Unit  13.1 (442.99- 
516.40 mbsf). The upper part of the sequence (from 442.99 
to 484.10 mbsf) mostly consists of siltstonelsandstone 
lithologies, containing abundant bivalves and gastropods, 
some in growth position. Shells show different degrees of 
preservation from well-preserved to moulds showing only 
some relicts of the original shell and the development of 
fine to drusy calcitic cementation (444.10,446.30,449.32 
and47 1.06 mbsf). Carbonatecementation occurs in patches 
at different depths at 450.70, 460.20, 460.43 and 
462.20 mbsf, increasing in size and degree of lithification 
below 467.80 mbsf; below this depth carbonate cementation 
increases forming (besides sparse patches) discrete well- 
cemented layers up to a few cm thick (at 469.06,471.39, 
474.59,475.08,482.34). A calcite-filled sedimentary dyke 
occuring at 51 1.32 mbsf shows different generations of 
carbonate cementation. Burrows are abundant and some 
show pyrite infilling (at 446.00, 468.66, 471.73 mbsf). 
Pyrite mineralization (associated with calcite cement) 

within several rum-thick sedimentary dykes occiirrs ; I (  

depths of'446.00.449.34 and459.58 mbsf. Below 48'). l 0  
5 16.40 nibsf, carbonate cementation is strongly developed 
in sandlsanclstone litl~ologies and forms millimclric ;nnl 
centiinctric nodules. The millimetric nodules arc up to 
4 m m  in size, poorly indurated and consist of carl~oni~tc 
cemented sand grains. The centimetric nodules riinw i i n  

size from 1 to 2 cm and show different stages o f  ecmcnt 
development. The millimctriccarbonate-cemented nodnItls 
occur within loose coarse sands at 484.65,485.62.490.70, 
497.52, 501.05, 501.90 and 504.00 mbsf. The carhoiiate 
cemented nodules (up to 2 cm) gradually increase i n  s i x  
and coalesce to form coherent layers as recorded at 48A.96, 
496. 89,497.10,501.20,501.71 and 504.32 mbsf. Wiiliiii 
the well-lithified sandstones, micronodules a r c  poorly 
defined. 

Lithostratigraphiccil Sub- Unit 14 .1  (51 6 . 4 0 ,  
535.45 mbsf). This unit is a complex sequence of pehhle 
conglonlei-ateslsandsto~ieslsa~idy siltstones showing patchy 
carbonate cementation within the upper part of the 
conglomerate and well developed carbonate-cemented 
nodules within sandstone lithologies in the lower part at 
525.28,532.11,532.77-535.45 mbsf. Sandstones at 528.40- 
53 1.20 mbsf show an unusual greenish colour related to 
the occurrence of chlorite formed by deuteric alteration o f  
mafic volcanic rocks. 

Lithostratigraphical Sub-Unit  15.1 (535.45- 
545.16 mbsf), Sub- Unit 15.2 (545.16-574.20 nzbsf), Snh- 
Unit 15.3 (574.20-584.75 n~bsf), Sub-Unit 15.4 (584.75- 
601.53 mbsf), Sub-Unit 15.5 (601.53-614.56 ~?zh,sf), Snh- 
Unit 15.6 (614.56-624.15 772bsf). The upper muddy 
sandstones (from 535.45 to 545.16 mbsf) are mostly 
deformed and contain diffuse carbonate andlor pyrite 
mineralizations within fractures and along faults (at 536.18, 
536.25 and 538.09 mbsf); some appear cut and displaced 
by later faults, reflecting multiple phases of deformation 
(at 539.07, 542.83 and 543.13 mbsf). Carbonate patches 
are common and pyrite micronodules, probably of biogenic 
origin, are dispersed within the matrix. The sequence 
appears strongly carbonate-cemented: coherent layers 4- 
8 cm thick, several hairline calcite-filling fractures and 
abundant calcite mineralizations were all recorded. 
Mineral-fillings are often cut and displaced by faults 
(579.28, 599.83, 602.27, 602.82 and 619.98 mbsf) and 
seem to be composed of fine to blocky to drusy calcite 
crystals (563.78, 565.70, 559.83, 602.82, 604.14 and 
606.08 mbsf); some mineralizationis within wide carbonate 
cementedpatches (602.27 mbsf). Pyrite occurs in fractures 
at different depths (596.90,602.20 nlbsf), and is associated 
with a fringe of carbonate cement at 606.11 and 618.98 
mbsf. 

SUMMARY OF RESULTS 

Carbonate cementation. Carbonate cementation is rare 
in the upper 150 mbsf of the core where it occurs as light- 
coloured centimetric patches, especially in coarse 
lithologies. Below this depth, carbonate cementation 
increases with lithification and becomes more extensive 
below 400 mbsf in all lithologies. It occurs in fossiliferous 
concretions/nodules containing shell debris; the incipient 



Fig. 3.12 - Close-ups from CRP-2/2A core showing some macroscopic diagenetic features (scale bar lcm). a )  shell debris of preserved and many still 
articulated bivalves (coquina, 249.70 mbsf): b)  large carbonate concretions containing pectinid shells. serpulid polichaete tubes and gastropod moulds, 
partially cemented by fine to drusy carbonate (210.20 inbsf): c) diffuse patchy carbonate cementation containing an articulated bivalve (1 95.40 mbsf): 
d) calcite-fills developed along microfa~ilts (447.18 mbsf): e )  open fracture in siltstone/sandstone sequence (338.20 inbsf); f) sedimentary dyke 
showing pyrite-fills associated with a thin light-coloured calcite rim (337.70 nibsf). 

diagenesis is indicated by corrosion and partial dissolution 
of the biogenic tests. Bivalves, gastropods and serpulid 
polychaete tubes show a wide variety of preservation 
stages ranging from well preserved, to partially dissolved, 
to solution moulds cemented by calcite (Fig. 3.12a, b &c). 
Heavily corroded tests may be internally cemented by 
blocky crystals of calcite; in some cases, the moulds are 
filled by fine drusy calcitic cement (solution-cavity fill). 

Millimetric and centimetric carbonate-cemented 
nodules were observed within coarse sandlfine-medium 
sandstone lithologies (Fig. 3.12d). The sandy millimetric 
nodules are a few millimetres in size and poorly indurated. 
In preliminary observations of thin-sections they seem to 
be entirely composed of carbonate-cemented well-washed 
sand grains and do not show any internal texture. They 
might be formed in areas of high-energy, as suggested by 
the sedimentary structures (see Description of Sequence), 
where sedimentation rates are low, but the origin of the 

carbonate has yet to be clarified. Centimetric carbonate- 
cemented nodules show preserved radiaxial textures around 
detrital grains consisting of tiny coal particles. Coal might 
act as nucleus for their formation, as previously recorded 
in glacio-lacustrinelglacimarine deposits where the 
formation of carbonate concretions are related to organic 
carbon-carbonate diagenesis (Lamothe et al.. 1983). 

Mineral-fills. In the upper 150 mbsf, where carbonate 
cementation is rare, fractures within the brecciated intervals 
are open; some show a thin soft brownish lining reflecting 
the same composition of the surrounding poorly 
consolidated matrix (Fig. 3.12e). Very thin calcite-filled 
veins (hairline) first occur below 90 mbsf and vary in 
orientation from horizontal to vertical with respect to 
bedding, ranging in size from less than 1 to 10 mm wide. 
They were observed especially in fine-grained lithologies, 
and are composed of finely mici-ocrystalline calcite cement. 
Below 300 mbsf, calcite mineral-fills are intensely 
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developed along fractures and microfaults (Fig. 3.12f); 
below 500 mbsf calcite mineralization appears to be 
composed of different generations of cementation. 

Pyrite. Pyrite is present as infilling in burrows (below 
250 mbsf) in siltstone lithologies and is moderately 
abundant in the intervals 251.80-271.00 mbsf, 446.00- 
472.15 mbsf, 535.45-560.00 mbsf, 597.00 mbsf and 
602.20 mbsf. Pyrite also occurs as infilling associated 
with a thin light-coloured calcite rim in 1 cm-wide 
sedimentary dykes in siltkind lithologies (Fig. 3.12g). 
Irregular patches and zones of pyrite-fills were recorded at 
differentdepths below 3lOmbsf, withindismptedintervals. 

Detailed investigations of the texture, ultratexture and 
composition of selected samples from CRP-2/2A drill 
hole will provide the necessary information to better 
understand thediageneticprocesses affecting the sequence. 

Previous studies described the diagenetic features of 
samples from the CRP-1 drill hole, located 800 m east of 
CRP-2/2A hole (Baker & Fielding, 1998) and from the 
CIROS-1 drill hole on the western edge of the Victoria 
Land Basin (Bridle & Robinson, 1990). Carbonate 
cementation associated with shell material occurring in all 
lithologies suggests a relationship between selective 
dissolution of aragonitic shells and precipitation of 
authigenic carbonate (Fig. 3.12a, b & c) as previously 
described in the core from CRP-1 drill hole by Claps & 
Aghib (1998). Calcite cementation occurring as mineral- 
fills in veins and fractures might be related to the migration 
of carbonate-rich waters, especially within disrupted/ 
brecciated intervals, and subsequent cementation 
(Fig. 3.12d). Carbonate precipitation might have a mixed 
marine-meteoric origin due to the infiltration of meteoric 
waters during period of glacial advance over the CRP-2/2A 
drill hole as suggested in the Miocene sequence from 
CRP-1 core (Baker &Fielding, 1998). Pyrite mineral-fills 
recorded below 300 mbsf in the CRP-2/2A core may 
represent anearly stage in diagenesis as previously reported 
at DSDP Site 603 in the eastern Atlantic Ocean, along the 
continental rise (von Rad & Botz, 1983). Pyrite recorded 
in dark mudstones (below 250 mbsf) as infilling burrows 
and as micronodules in palaeontological preparations may 
be related to bacterially-mediated redox reactions in 
organic-rich sediments (Berner, 1984). 

DEFORMATION 

INTRODUCTION 

Structural features, such as brecciation, soft-sediment 
folding and shear zones, were described from the sample 
half of the CRP-2/2A core prior to sampling, to obtain an 
overview of the down-core distribution and style of natural 
brecciation and soft-sediment deformation. In CRP-1 
brecciated intervals below massive diamictites, commonly 
accompanied by soft-sediment deformation, were 
interpreted as the effect of grounded ice (Passchier et al., 
1998). The identification of ice-grounding events is 
important, because it indicates the location of possible 
major erosion episodes, which form hiatuses in the 
stratigraphical record, and it contributes to the palaeo- 

climate record of the area. In addition, a rcprescntiil ioii of 
the deformation history of the core will improve the 
accuracy of palaeontological datum,  since deformation is 
associated with variable degrees of transport ancl reworking 
of sediments. An attempt was made to distinguish bet \VLYYI 

deformation caused by drilling, large-scale tcc~oiiic 
processes and glaciotectonics. 

In the core, both ductile and brittle scdimc.nt 
deforn~ation features occur. Brittle deformation can take 
place in consolidated and in unconsolidated sedi ments. In 
unconsolidated sediments, ductiledeformation is indicative 
of a water-saturated state of the sediment. The presence of 
visible deformation is caused by low strain of the sedi mcnl. 
At high strain the sediment will be homogenised to ii 

degree that deformation can only be observed in thin 
section (van der Meer, 1993). The presence of  prin1:iry 
sedimentary structures facilitates the identification of 
deformation features (sediments that were structureless 
when deposited, will still look structureless when 
deformed). The absence ofmacroscopic structural features, 
therefore, does not exclude deformation of the sediment. 

CRP-2/2A is located in a tectonically active rift-mar" in 

setting in a glacially dynamic environment, which suggests 
both large-scale tectonic and glaciotectonic processes 
could cause deformation of the sediment. Typical 
environments where low strain deformation occurs arc 
tectonically unstable sloping environments with high pore 
water pressures in the sediment, proglacial ice-contact or 
subglacial environments with a thick deforming bed 
(Boulton, 1996). High strain deformation is localized i n  
thin zones and is recognized as extensive shearingof 
sediment. Shearing takes place in faults and in thin 
deforming beds beneath glaciers (Alley et al., 1997). 

In addition to the deformation features, clastic dykes 
are present in the core. Clastic dykes are described from 
both extensional tectonic (e.g. Bergman, 1982), terrestrial 
subglacial (e.g. Larsen & Mangemd, 1992) and glacimarine 
environments (e.g. Von Brunn & Talbot, 1986). 

PROCEDURES 

Breccia types, microfaults, soft-sediment deformation 
features and shear zones were identified on the cut core 
face and described. In claystones, brecciation may be 
obscured by clay being smeared on the cut surface of the 
core (e.g. -94 mbsf). Extra care was taken in examining 
claystones to identify deformation. Drilling-induced 
deformation was also recognized and eliminated from the 
analysis. In the core, concentric grooves on horizontal 
fracture surfaces point to spinning of segments of core 
around a vertical axis. Rotation of segments of core is also 
likely to be the cause of some loose rubbly intervals within 
brecciated segments. In this case, the brecciais a geological 
feature and the rubble is the result of drilling. 

Breccias (Fig. 3.13) were classified according to the 
definitions presented in Passchier et al. (1998). Both 
normal and reverse microfaults were observed in the core, 
normal faults being more abundant (Fig. 3.14). Soft- 
sediment deformation features described are: folding, 
rotated clasts, convolute bedding and chaotic sediment 
mixing. Three types of shear zones were recognized: 



Fig. 3.13 - Brccciated fine sandstone at -45 mbsf. The brecciation is of 
chaotic type (see Passchier. 1998). 

Fig. 3.14- Normal microfaulti~i~ between -76.2 and 176.35 mbsf. Note 
soft-sediment deformation at the bottom of niicrofaulted zone. 

1) small-scale cataclastic shear zones consisting of 
intraformational abraded pebbles and granules within 
cemented fine sandstones (Fig. 3.15), 2) soft-sediment 
folding progressing into bedding attenuation (Fig. 3.16), 
and 3) augen-like structures in lithified very fine-grained 
sandstones. 

DESCRIPTION OF DEFORMATION ABOVE -297 mbsf 

Above -297 mbsf, deformation is confined to discrete 
intervals. The uppermost record of localised in situ 
brecciation in the core is at -1 1 mbsf. in a Quaternary 
diamicton. The strata above this level contain cemented 
intraclasts, of which some are subrounded, possibly 
indicating transport. Below the Quaternary. brecciation of 
the CRP-2/2A core occurs, similar to CRP- 1, mainly in 

Fig. 3.1.5 - Small-scale cataclastic shear-zone, with a large intraclast ol' 
a ~~iicrolaiiiinatecl facies (111) and other intrafoi-mational pebbles and 
21-anulcs at 66.76-66.83 mbsf. The ~llicrolaminated facies is not present 
above o r  below the shear zone. Note in situ crackle breccia bclo\v thc 
shear zone and the sharp contact with the host rock. 

F i f .  3.16 - Possible shear zone in very fine sandstone at -581.4 mbsf. 
Note increasing strain upward in the picture. expressed by a transition 
from soft-sediment folding at the bottom to horizontal shear laminae at 
the top. 

sandstones and siltstones. Brecciation intensifies at 
-38 mbsf and decreases below -150 inbsf. Soft-sediment 
deformation and n~icrofaults are common throughout the 
core below -40 mbsf. 

Between 44.91 and 47.87 mbsf chaotic breccias, folds 
and thrusts point to extensive deformation of the sediment 
(Fig. 3.16). Between -50 and -7 1 mbsf the sediments are 
heavily fractured. Breccia textures can be described as 
jigsaw-puzzle fit (crackle breccias), interrupted by chaotic 
and rubbly zones. Fractures are mainly open, but SEM 
studies of open fractures from CRP-1 have shown that a 
thin fill may be present which cannot be identified with the 
unaided eye (Baker & Fielding, 1998). A small-scale 
cataclastic shear zone consisting of a -5 cm wide interval 
of abraded material was identified at 66.76-66.83 mbsf 



(l-'ig. 3.15). The breccia is developed in mudstone and 
sandstone below a massive, clast-poor diamicton. The 
bottom of the diamicton is dissected by sandstone- and 
siltstone-filled veins with a subhorizontal to inclined 
orientation. The core is locally fractured between -7 1 and 
-93 mbsf, but these fractures may be induced by coring. 

The sediment is again deformed between 93.85 and 
98.64 mbsf. Deformation consists of crackle breccias in 
mudstone and zones ofs~ibanpilar fine sandstone clasts in 
I finesandstonematrix. Laminae in adiamictite below this 
hrccciated zone are possibly a result of soft-sediment 
fokling (tectonic lamination). 

Another deformed interval of core occurs between 
120.15 and 135.74 mbsf. The deformation consists of 
crackle breccias with angular clasts and soft-sediment 
deformation. Planar fractures with steep dips occur within 
this interval. Between 120.15 and -131 mbsf the 
deformation is discontinuous and consists mainly of soft- 
sediment foldingalternating with bioturbated zones. 
Between -13 1 and - 132 mbsf in si tu fracturing of the core 
has resulted in a jigsaw puzzle fit of large angular clasts. 
Another brecciated zone begins at 134.74 and abruptly 
terminates at 135.74 mbsf. 

Further breccias occur between - 145 and - 150 rnbsf. 
The textures are chaotic and associated with clastic 
intrusions of sands into fractured mudstone. At the bottom 
of this interval is a >5 cni wide sandstone dyke, whose true 
width cannot be determined because it is cut by the edge 
of the core. The infill is a partly cemented, structureless, 
poorly sorted fine to medium sand with dispersed coarse 
to very coarse sand. The mudstone is brecciated along a 
near-vertical contact with the sandstone dyke. 

Local decimetre-thick crackle breccias occur between 
- 150 and - 163 mbsf. These await further workto determine 
whether they are natural breccias or drilling-induced. 
Between 176.2 and 196.9 mbsf isolated microfaults, zones 
of soft-sediment deformation and clastic intrusions are 
present. 

Between 183.35 to 185.95 mbsf is a shear zone 
identified from the presence of folded laminae and a 
pressure shadow behind a clast (Fig. 3.17). The shear zone 
developed in a mudstone and has sharp contacts with the 
overlying mudstone and the underlying partly stratified 
diamictite. 

Vertical fractures are afurther interesting feature below 
a diamictite at -245 nibsf. Apart from these fractures, the 
interval between -245 and -298 mbsf shows minimal 
deformation. 

DEFORMATION OF SEDIMENT BELOW -297 mbsf 

The character and intensity of deformation of the core 
changes markedly at -297 mbsf. In  situ brecciation is 
scarce below this level, but microfaulting. clastic intrusions 
and other soft-sediment deformation are common 
throughout the lower part of the core. Aclastic dyke cross- 
cuts a calcite-cemented patch at -297.4 mbsf and a 
cemented patch is faulted at -468.7 mbsf. 

The uppermost deformed interval extends from -297 
to 308 mbsf. The diamictites at the top of this interval show 
folding and tectonic lamination. whereas the sandstones 

Fig. 3.17- Sheared medium sandstone at -183 mbsf. Note sharp conl:ic[ 
at the top of the sandstone and the pressure shadow to the left ol'llic clasi. 

are deformed in a brittle fashion with abundant steeply 
dipping normal microfaults and some breccia. At 
-306 mbsf the bottom of a diamict contains a diamiut 
intraclastand is sheared below it (Fig. 3.18). Theunderly in" 
mudstone is brecciated with rubble breccia grading down 
into in situ brecciation. At -311 to 315 mbsf i\ thick 
sedimentary mudstone brecciaoccurs. Between -3 15 and 
327 mbsf microfaults and clastic dykes are abundant 
through a complex of interbedded lithologies. From -327 
to -501 mbsf, deformation in mudstone units is limited to 
microfaulting. The dianiictites and sandstones show signs 
of soft-sediment folding, sonietimes overprinting of two 
folding events can be recognised (e.g. -382 mbsf). A 
possible shear zone is present at the bottom of a diamictite 
at -362 mbsf, associated with a clastic dyke with a diainict 
infill. Partly pyritized sandy mudstone dykes occur at 
-447 mbsf (Fig. 3.19). These dykes range in width from 
several mm to about one cm and the walls are lined with 
finer-grained material. 

The bottom part of the core between -501 and 
614.15 mbsf includes structures described as convolute 
bedding, load casting, mineral-filled veins, some local 
bi-ecciation and shearplanes. Some clastic dykes are offset 
by faults (e.g. -535-540 mbsf). Abundant microfaults, 
pebbles with rotational structures, breccias and many 
clastic injections occur between -524-527 mbsf and 
between -543 and 552 mbsf. A very fine sandstone 
between 579.02 and 580.99 mbsf is strongly lithified and 
shows mm-scale augen-like structures, which cannot be 
explained by any sedimentological process. The same 
type of augen-like structures occurs between 608.7 and 
610.7 mbsf and between -614 and -614.2 mbsf. The 
sandstones are folded and sheared, with clastic intrusions 
and microfaults in this lowermost interval of deformed 



Fig. 3.18 - Sheared diamictite at -306 mbsf. Note rotated clast at the 
bottom of the picture, boudinage and intraclast at the top. 

sediment running from -578 mbsf to the bottom of the 
hole at 624.15 mbsf. 

DISCUSSION 

Sandstones at the bottom of the hole may be highly 
sheared between -614 and -614.2 mbsf , between 608.7 
and 610.7 mbsf, and between -579 and -581 mbsf 
(Fig. 3.16). Thin-section analysis of the structures is 
expected to reveal what process caused the augen-like 
structures in these intervals. In general, between -297 
and -614.15 m, deformation of the sediments resulted in 
soft-sediment folding in the diamictites and brittle 
deformation of sandstones and inudstones. Diamictites 
have low permeability, retain water, and therefore behave 
ductilely under stress, whereas sandstones and mudstones 
(mostly siltstones) show brittle failure due to lower pore- 
water pressures. The deformation of diamictites, 
sandstones and mudstones may have occurred at the same 
time, but the differences in competence of the materials 
resulted in different deformation styles. This mechanism 
is illustrated by structures between -306 and -308 mbsf, 
where increasing strain upward towards the bottom of the 
diamictite suggest that a connection may exist between 
soft-sediment shearing of a diamictite and brecciation of 
the underlying mudstone. This arrangement of structures 

Fig. 3.N - Clastic dykes at -447 mbst'. Note iextural difference between 
material along wall and in the centre of the  large dyke. 

could be the result of grounded ice overriding the 
diamictite. 

A fault cross-cuts a calcite cemented patch a t  
-468.7 mbsf, and a clastic dyke cuts though a cemented 
part of the core at -297.4 mbsf, suggesting that some 
brittle deforn~ation postdates the lithification of the 
sediments. At this point it is not possible to interpret the 
origin of all microfaults. Possibly at least two deformation 
episodes affected the strata below 297 mbsf: an early 
episode when the sediment was still ~~nconsolidated, and 
another episode when the sediments were lithified. Possible 
processes, which could result in deformation of 
unconsolidated sediments and clastic intrusions include 
mass-movement, iceberg calving and scouring, and 
subglacial deformation beneath grounded ice. Faulting 
and clastic intrusions into extension fractures in lithified 
material may be caused by tectonics associated with uplift 
of the rift margin and the development of the basin. 

The shear zone at 183.35 mbsf (Fig. 3.17) may be a 
result of either mass-movement or subglacial shearing. 
Either way, it is most likely that sediment has been 
removed and that there is a gap in the record. The clastic 
dyke associated with brecciation at -145 to -149 mbsf is 
overlain by amassivefine-grained sandstone with dispersed 
clasts. The brecciated fabric of the mudstone and the 
sandstone infill of the dyke suggest that high fluid pressures 
in the sand caused the mudstone to fracture. Possibly the 
injection was a single short-lived event, because there is 
no apparent stratification of the infill and some rip-up 
clasts from the mudstone are still nearly in place. Similar 
structures have been described from extensional tectonic 
(Bergman, 1982), glacio-marine (Von Brunn & Talbot, 
1986) and subglacial environments (Larsen & Mangerud, 
1992). 

Fractured core between 130 and 13 1 mbsf may be 
attributed to grounded ice, although fractures between 
134.74 and 135.74 mbsf may be drilling induced. A 
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(liiimictite is present above the brecciated sandstone with 
a g-adational contact between the two at 130.27 mbsf. Thc 
hrccciated intervals at -93-98, -50-71 and 44.9 1 - 
47.87 mbsf show similarities to breccias observed in CRP- 1 ,  
which were interpreted as the result of groundcd ice 
(Passchier et al.. 1998). 

SUMMARY 

The preliminary description of deformed intervals of 
core suggests that soft-sediment shearing and brecciation 
occurs at least down to 552 mbsf. Sheared and brecciated 
strata are also present at -44-47, -50-71, -93-98, -130, 
- 183-185. -306-308, -362, -382 and -524-527 mbsf. 
Aiigen-like structures suggest that more shear zones may 
occur at -580, -609 and -614 mbsf. Emplacement of 
clastic dykes includes rapid multiple event injections 
resulting in graded or laminated infills, and single event 
in.jections of sand. 

Some deformation is associated with grouiick~d iw 
close to or over-riding the location of the drill silr. 
However, especially in the lower part of {tic uii'i- 

dcformation is complicated by multipledeformation cvi.>ii~s, 
I t  is also possible that, for certain intervals of tin- rorc, 
extcnsional tectonics in the basin coincided witli icr 
gro~indingevents. Thecross-cutting relationships hrl \vci.~~i 
diagenetic features. faults and soft-sediment def'oriiiiitioii 
need to be evaluated in more detail using Corescan i m;ipi.-s 
of the cut surface to determine the sequence and siyk- of 
deformation events. Perhaps, orientation of the core will 
lead to a reconstruction of stress fields. using the sirilic iiiiil  
dip of fractures and faults as determined from whole-corr 
scans. Thin-section studies of possible shear zones ainl 
sheared diamictites will help to define the stress reyinir 
during deformation, and the grain-size, fabric. i in (1  

composition of the clastic material in dykes. Both types of 
data will help to constrain interpretations of the deformakion 
features in the core. 



4 - Petrology 

INTRODUCTION 

Prclin~inary petrological characterization of-the Lowcr 
Miocene to Lower Oligocene('?) sedimentary sequence of 
CRP-21214 is aimed at detecting the iiiost relevant features 
related !o  the evolution of a basin which previous studies 
have shown received discharge mainly from the adjacent 
region of the Transantarctic Mountains (TAM) through 
local polar outlet glaciers (Barren et al., 198 1 ; Barrett et 
al.. 1995; Armienti et al.. 1998; Bellanca et al., 1998; 
Srnellic. 1998). 

Distinctive markers for the history of the sediment 
transport into the basin are represented by the relative 
abundance of detritus coming from the crystalline basement, 
sandstones of the Beacon Supergroup, Ferrar dolerites and 
Kirkpatrick basalts and alkaline rocks from the McMurdo 
Volcanic Group (MVG). All these possible sources were 
easily detectable in the sedimentary sequence with the 
limited analytical techniques available during the drilling 
phase. The methods which were adopted include counting 
and identifying all clast types, microscopic examination of 
rock thin-sections and smear slides of sandstones. 
characterization of organic co~npounds and X-Ray 
Diffraction analysis of the silt and clay fractions. These 
methods have allowed us to reach some general conclusions 
which, although needing further confirmation from more 
detailed studies, seem to offer a coherent description of the 
evolution of the sedimentary pile. 

Mineral ratios were measured in fast-track whole-rock 
samples to look for variations related to provenance. 
Preliminary data on tectosilicate ratios are presented in the 
section on X-Ray Mineralogy, and a section on Clay 
Mineralogy is devoted to the origin of clay minerals and 
theirrelations with possible sources and climatic evolution. 
The section on Organic Geochemistry deals with the 
content of organic matter in relation to zones of high 
primary productivity and reworking of detrital coal. The 
modal compositions of sandstone layers are discussed in a 
section on Sand Grains. 

Granitoids of the Granite Harbour Intrusive Complex 
(GHIC) are dominant in the crystalline basement (Allibone 
et al., 1993b) and green hornblende is their most abundant 
mafic phase. Since this mineral is almost entirely supplied 
by the GHIC, its was carefully checked throughout the 
core (Sand Grains section). Appraisal of the variation in 
exposure of the source units during the erosion of the 
TAM, the recycling of (Cenozoic?) sedimentary units, 
and the input from younger volcanic rocks was undertaken 
by counting clasts larger than 2 mm (Basement Clast 
section). 

Volcanic debris from the MVG may have been carried 
to the sedimentation site by a variety of processes, including 

direct air-fall, current transport, or as debris incorporated 
in local glaciers discharging close to Cape Roberts. Dating 
of volcanic ash levels from CRP-2/2A confirms that 
Cenozoic volcanisin in  the area is olderthan was previously 
thought from data o n  land (Sand Grain section). The 
discovery of tephra layers up to 1.2 m thick, dated 
isotopically by the ~lOAr/^Ar method, provides potentially 
important time markers for the region. The age obtained 
(21.44 k 0.05 Ma) rcprcscnts the oldest and most precise 
isotopic age for any tephra in the Ross Sea region (see 
Chronology section, Summary chapter). 

BASEMENT CLASTS 

The term "basement clast" is used here in a broad 
sense, to refer to the granule to boulder clast population 
which wasprobably derivedfrom thepre-Tertiary basement 
presently exposed in the Transantarctic Mountains west of 
the CRP drill sites. Clast variability data describing down- 
core content and grain-size variations of clasts from the 
Miocene-Oligocene strata of CRP-2/2A are summarized 
in the Clast Variability section. This section will focus on 
a preliminary petrographical characterization of the 
crystalline and other basement rocks and on the most 
significant variations in clast type and relative proportions 
among the different lithological groups. Sampling, 
macroscopic observations and preliminary petrographical 
analyses were performed following the same procedure 
and sample management adopted for the CRP-1 core 
(Cape Roberts Science Team, 1998c, 1998d). 

RESULTS 

Petrographical and distribution pattern data were 
collected on 20 503 clasts. Each was described on the basis 
of both dimension and lithology (see Clast Variability 
section). The clast population is dominated by granules 
and fine to coarsepebbles, but also includes minor cobbles 
and rare boulders. The pebbles become slightly coarser 
and the proportion of cobbles increases down-core, 
particularly below c. 300 mbsf. 

A major change in the distribution pattern of the clast 
types also occurs at c. 3 10 mbsf, with granitoid-dominated 
clasts above and mainly dolerite clasts below (Fig. 4.1). 
Moreover, compositional and modal data suggest a further 
division into seven main detrital assemblages or petrofacies 
(PI to P7). The main compositional features and trends 
within each petrofacies are summarized below. Relevant 
preliminary petrographical data on granitoids and rare 
clasts of metamorphic rocks are also included (see Volcanic 
Clasts section). 
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Fig. 4.1 - Proportion of major clast types (Granite Harbour Intrusive Complex. GHI, and Ferrar Supergroup dolerites, FD) plotted against depth. 
PI-P7 = main detrital assemblages or petrofacies. The first occurrence and distribution of minor lithologies are also shown. 

P I  (26.70 to c.150 mbsf). In this petrofacies, 
granitoids are generally more common than dolerite (c. 
80-60%), but the proportion of dolerite increases 
slightly with depth. Other lithologies are distinctly 
much less common and impersistent. They include: 
vesicular basalts (six occurrences: at c. 36, 77-80, 94, 
122,132 and 140- 144 mbsf), pumice (forming the only 
clast type at 109-1 14 mbsf (Volcanic Clasts section), 

but also occurring as a few scattered clasts at c. 101, 
116,122,132 and 141-143 mbsf) and rare metamorphic 
rocks, mainly very fine-grained, thinly layered Ca- 
silicate rocks (at c. 79, 88, 115, 124 and 142 mbsf). A 
preliminary petrographical examination of P I  
granitoids indicates that they consist mainly of grey 
medium to coarse-grained biotite monzogranite, fine- 
to medium-grained quartz-diorite and quartz- 



monzonilc. minor leucocratic biotite granite, biotitc- 
I~ornbli.-nde granodiosite and rare granitic porphyry. 

P2 (from c. 150 to c. 185 mbsf). The second assemblage 
is ~11ariic~~:rized by low clast concentrations, with dolcritc 
formin"lic dominant lithology and a very low proportion 
of granitoids. Theonly additional rocktypes arerepresented 
by a few clasts of intraformational sedimentary rocks 
(quartL-rich sandstone, black volcaniclastic siltstone). 

P3 (from c. l85 to c. 250 mbsf). The third petrofacies 
has subcqual proportions of dolerite andgranitoids (mainly 
pink biotite monzogranite), but it also includes minor 
vesicular basalt (at c. 178, 194, 198 mbsf) and pumice 
clasts (at c. 194 mbsf). 

P4 (from c. 250 to c. 310 mbsf). At c. 250 mbsf, there 
is a sharp lithological and modal change. Down-core, the 
assemblage shows a slight increase in the proportion of 
granitoid clasts and a decrease in dolerite. P4 granitoids 
are mainly pink monzogranite, minor grey monzogranite 
and rare pink granitic porphyry. Vesicular basalt and 
sedimentary rocks are also major components; they are 
persistent but abundances fluctuate sharply. The 
sedimentary rocks are mainly intraformational clasts of 
grey and black siltstone, but also include a few possible 
Beacon Supergroup sedimentary rocks (well consolidated 
black siltstone with calcite veins at c. 292, and quartz 
arenite at c. 293 mbsf). Rare pumice clasts also occur 
between c. 259 and 265 mbsf. 

P5 (from c. 310 to c. 440 mbsf). Excluding avery clast- 
poor  section between c. 330 and 345 mbsf 
(Lithostratigraphical Sub-Unit 1 1.3), the clast assemblage 
in P5 is similar to P3, but contains dissimilar scarce and 
impersistent volcanic clasts of non-vesicular, olivine-free 
basalts (Jurassic Kirkpatrick basalts, see Volcanic Clasts 
section) and rare clasts of gneiss and Ca-silicate (at c. 360 
and c. 385 mbsf). Clasts of intraformational black siltstone 
or sandstone are also present. Granitoid pebbles in P5 
consist mainly of pink or grey biotite monzogranite but 
pink to orange microgranite and granitic to monzonitic 
porphyry are also widespread and abundant, particularly 
below 362 mbsf. 

P6 (from c. 440 to c. 575 mbsf). This petrofacies is 
characterized by a broad peak in granitoid clast abundances 
at c. 475-500 mbsf (with potential for further subdivision 
into two sub-assemblages), and a highly variable content 
of non-vesicular Kirkpatrick basalts (mainly concentrated 
at c. 530-540 and 560-570 mbsf). Rareclasts of Ca-silicate 
rock and gneiss occur at c. 524, 559, 565 and 570 mbsf. 
Sedimentary clasts present include intraformational 
siltstone, minor Beacon Supergroup(?) quartz arenite (at 
c. 562, 566 and 573 mbsf) and dispersed coal (mainly 
occurring below c. 486 mbsf). P6 granitoid clasts are 
mainly grey to pale-pink biotite monzogranite and minor 
biotite-hornblende granodiorite. Pink to orange felsic 
porphyry is also present throughout P6. 

P7 (from c. 575 to 625 mbsf). This assemblage shows 
significant fluctuations in the proportions of granitoids 
(mainly grey and pink monzogranites) and dolerite clasts, 
although the gi-anitoids generally decrease down-core 
antithetic to the proportions of non-vesicular Kirkpatrick 
basalts, and a few sedimentary clasts (mainly coal and 
Beacon Supergroup(?) quartz arenite). 

PROVENANCE 

Similar to previous drill holes (MSSTS- 1 ,  CIROS- I ,  
CRP- 1 )  o n  the western edge of the Victoria Land Basin 
( B t m U ,  l 986, 1 989; George, 1989; Hambrey et al., 1989; 
Cape Roberts Science Team, 1998a, 1998d; Talarico & 
Sandroni, 1998), the CRP-212A drill hole provides evidence 
of a multi-component source for the supply of granule t o  
bo~~Idcr  clasts to theTertiary sedimentary sequences in the 
McMurdo Sound. This varied provenance closely 
rcsemblcs the present-day on-shore rocks of the  
Transantarctic Mountains in southern VictoriaLand, which 
include: 1) granitoidand amphibolitefacies metasediinents 
of the Early Palaeozoic Ross Orogen, 2) quartz arenites, 
minor black siltstones and coaly strata of the Devonian- 
Triassic Beacon Supergroup, 3) dolerite sills and lavas 
(Kirkpatrick basalt) of the Jurassic Ferrar Supergroup, and 
4) alkaline volcanic rocks of the Cenozoic McMurdo 
Volcanic Group. 

Peliminary petsographical characterization ofCRP-212A 
clasts indicates that all these major geological units 
contributed clasts to the Miocene-Oligocene strata. As in 
the Quaternary-Pliocene sequence (see Introduction 
chapter), most of the crystalline basement pebbles were 
derived from the Cambro-Ordovician Granite Harbour 
Intrusive Complex, which is the dominant component in 
the local basement (Gunn &Warren, 1962; Allibone et al., 
1993a, 1993b). The Miocene-Oligocene strata also contain 
metamorphic rocks ( e .g .  Ca-silicate rocks) which are 
known to be a common metasedimentary lithology in the 
amphibolite facies Koettlitz Group south of Mackay Glacier 
(Grindley & Warren, 1964; Findlay et al., 1984; Allibone, 
1992). 

Compositional and modal data indicate the presence of 
significant fluctuations in the relative proportions of the 
main lithologies (in decreasing order of abundance: 
granitoids, Fen-as dolerites, McMurdo Volcanic Group 
basalts, Kirkpatrick basalts, Beacon sedimentary rocks). 
In particular they point to an important lithological change 
at c. 3 10 mbsf indicating a relatively abrupt change from 
a mainly crystalline basement source to one dominated by 
Ferrar Supergroup lithologies. 

The presence of significant modal and compositional 
variations down-core provide a clear evidence of an 
evolving provenance. When these data are integrated with 
additional provenance information obtained from 
concurrent geochemical, petrological and sedimentological 
investigations, the distinction of the seven main detrital 
clast assemblages has significant implications for 
unravelling the complex interplay between tectonic, 
volcanic and glaciomarine sedimentary processes during 
the formation of the Victoria Land Basin and uplift of the 
Transantarctic Mountains in Oligocene-Miocene time. 

VOLCANIC CLASTS 

Volcanic clasts thought to be related to activity of the 
Cenozoic McMurdo Volcanic Group (MVG) were 
collected from levels above 280 mbsf. They are generally 
vesicular and vary in composition from alkali basalts to 



trachytes, although a few fragments of syenitic 
composition are also present. By contrast, below 320 mbsf'. 
aphyric or sub-aphyric volcanic clasts become abundant. 
I lowever, they are all non-vesicular basalts containing 
pigeonite and abundant quench-crystallized ilmenite 
and they are considered to be related to lava flows of 
Jurassic age (Kirkpatrick basalts). Volcanic clasts of both 
types were taken for chemical analysis to investigate 
their compositional variations throughout the CRP-212A 
core. 

Volcanic clasts of the McMurdo Volcanic Group were 
examined in more detail because of their relationship with 
the development of the Ross Sea rift. They derive from 
alkaline magmas and are readily recognised by the 
occurrence of olivine in the groundmass of mafic lavas 
and strongly-coloured fen'omagnesian phases (aegirine, 
arfvedsonite) in evolved rocks. The samples vary in size 
from 1 to 5 cm. Bulk sediments enriched in tephra, and 
hand-picked pumice fragments, were also collected for 
chemical investigation. Volcanic glass and mineral grains 
are particularly common throughout LSU 7.2 (see below), 
and at 193.45 and at 280.10 mbsf. 

Petrographical examination of 10representative clasts 
reveals the occurrence of lavas varying in composition 
from alkali basalt to trachyte, but alkali basalt and hawaiite 
are most common. Alkali basalt (CRP-212A 203.75 mbsf) 
is characterized by the presence of olivine phenocrysts, 
completely altered to bowlingite, and bytownitic 
plagioclase microphenocrysts. This clast also contains 
partly resorbed xenocrysts of quartz with a clinopyroxene 
reaction rim, a textural feature that is commonly observed 
in MVG basic rocks. The complete alteration of olivine in 
this sample may account for the scarcity of olivine in 
CRP-1 (Smellie, 1998) and CRP-212A sediments. 
Hawaiite and mugearite lavas mostly have fluidal textures 
with plagioclase and augite phenocrysts. The optically 
determined composition of plagioclase (labradorite) 
matches that of crystals derived from the MVG to the sand 
fraction of CRP-1 (Armienti et al., 1998). One basaltic 
clast shows an outer rim of tachylitic glass with small 
plagioclase microcrystals. The rim closely resembles 
opaque fragments found in the uppermost 280 m of 
CRP-2/2A and throughout CRP- 1 (Cape Roberts Science 
Team, 1998b, p. 47, Fig. 120.  Felsic varieties (trachyte 
and syenite) differ in the degree of crystallinity. They are 
characterized by the occurrence of sanidine andlor 
anorthoclase microphenocrysts commonly accompanied 
by zoned green aegirine-augite microphenocrysts; fayalitic 
olivine also occurs in a syenite clast at 258.88 mbsf. 

Parts of the sequence are rich in volcanic components 
(e.g. LSU 7.2, LSU 9.2 at 193.45 mbsf and LSU 9.8 at 
c. 280 nibsf). They contain abundant fresh, crystal-poor 
glass that is commonly highly vesiculated pumice. Glass 
is generally associated with grains of a wide variety of 
volcanic rocks. 

LSU 7.2 - TEPHRA LAYERS 

Special attention was devoted to LSU 7.2, between 
108 and 114 mbsf, that contains seven main layers of 
tephra (Fig. 4.2). Four samples were taken at different 

levels for "('Ar/'^Ar isotopic dating. Individual 1)innic-r 
fragments from different layers were also ha~~I-pielii.~d l'or 
whole-rock chemical  analyses to establisl i  any 
compositional variation. 

Tcplira are scattered throughout LSU 7.2. Thi 11 beds of 
fine sandstone and siltstone separate pumice-rich I-n~ds, 
Some layers have dispersed pumice with a very variahk~ 
concentration. Many of the pumice lapilli, i n c l ~ ~ d i n ~ o m r  
in the 1.2 m-thick layer, are well rounded. The 1 .2  m-tliick 
layer and the layer at bottom ofLSU 7.2 (Fig. 4.2), cotidiin 
a high proportion of fine glassy tuff matrix. 

Four samples wereexaminedpetrographically : Sample 
CRP-212A 1 1 1.28 mbsf is a poorly bedded, poorly sortcil 
lapillistone formed of pumice lapilli that range i n  si1.c 
from about 10 mm to less than 1 mm, together with 5% 
admixed lithic clasts. The pumice lapilli consist of 
colourless glass and are supported by a fine-sand 11i;itri x ol' 
quartz and feldspar fragments with abundant brown "lass 
shards, green hornblende and pyroxene. Sponge spiculcs 
and diatoms are common. 

Samples CRP-2/2A 1 11.77, and 112.25 mbsf (from 
the 1.2 m-thick bed) and CRP-212A 1 14.12 inbsl' come 
from beds of tephra dominated by poorly sorted pumice 
lapilli (70-80%) set in a matrix of very fine grained vitric 
ash. The lapilli are almost crystal-free, highly vesicula~ed 
and colourless. The deposits also contain scattered crystals 
of alkali feldspar, aegii-ine-augite and sporadic N;I- 
amphibole (arfvedsonite). The paucity of comaginatic 
plagioclase feldspar, the sporadic occurrence of ;ingiil;ir 
quartz (from the basement of the volcano?) and association 
with anosthoclase, aegisine-augite and arfvedsonite suggest 
that the pumices have a peralkaline trachytic or plionolitic 
composition, like other rocks commonly found in MVG 
andin CRP-1 core (Armienti et al., 1998). Small accessory 
fragments (< l  mm) of altered volcanic rocks and 
holocrystalline trachyte are also common. 

Origin of Tephra Layers in LSU 7.2 

The absence of detrital sand gains.  that would occur 
within the matrix if the layer had suffered redeposition 
within the basin, suggests that the 1.2 m-thick layer 
(Samples CRP-2/2A 11 1.77, 112.25 mbsf) and that at 
114.12 rnbsf are not reworked deposits. However, at the 
very top of the 1.2 m-thick bed, small pockets of silt-size 
crystals and brown glass suggest that it is slightly reworked 
or redeposited. In the remaining bulk of the layer, the 
proportion of ash matrix is high (20 to 30%) for a water- 
deposited tephra andis possibly due to the high vesiculation 
ofpumice that made it sinkas slowly as the ash. Preservation 
of delicate grading within these ash-rich tephra layers also 
argues against its redeposition after mobilisation in the 
sedimentary basin. Similar arguments also apply to the 
layer at the bottom of LSU 7.2. 

Some subdivisions proposed in the 1 :20 core log for 
the 1.2 m-thick layer, on the basis of grading and grain- 
size variations, could be simply linked to different settling 
velocity of larger particles in the water column more than 
to pulsation in eruptive activity. The rounded shapes of 
some lapilli suggest that the pumice fragments spent some 
time as floating rafts prior to sinking. 
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rounded shape of the pumice fragments. Moreover, the 
large abundance of particles of about 6 m m  of diameter in 
the bulk of the layer suggests that a much lower column 
was responsible of the deposition of the tcphra layer. This 
implies that the volcanic source was even closer than our 
calculations based on smaller pumice sizes suggest. An 
unknown volcanic centre may have been responsible for 
the activity, possibly within 60 km of Cape Roberts 
drilling site. 

The ages of all four samples overlap at k 20 and ;irr 
considered to be analytically indistinguishable. The early 
Miocene mean age of 21.44k0.05 Ma is considered 10 1x8 
an accurate age determination for the eruption, or srri('s of 
eruptions, that produced these tephra layers. There is n o  
obvious source for the re,jccted much older crystal S, wliosr 
ages range between 159 and 393 Ma. Their sourcc(s) in;~y 
have been of Palaeozoic age, with partial age resetti n g c i ~ ~ c  
to incorporation of the small crystals in a hot niagmalic 
column. 

Age of LSU 7.2 Tephra Layers 
SUMMARY 

A total of 98 single feldspar crystals were extracted 
from four samples from LSU 7.2, from depths between 
l 1 l .58 and 114.15 mbsf (Fig. 4.2). Following neutron 
irradiation at Texas Agricultural and Mechanical Nuclear 
Sciencecenter, samples were analyzed by W.C. McIntosh 
and L. Peters using the"OA~/-"~Al- laser fusion method in the 
New Mexico Geochronology Research Laboratory at New 
Mexico Institute of Mining and Technology. Procedures 
were the same as those described by McIntosh & 
Chamberlin (1984). All ages were determined relative to 
the Fish Canyon Tuff sanidine inter-laboratory standard 
with an assigned age of 27.84 Ma (Deino & Potts, 1990). 
Of the 98 crystals analysed, ten were found to be older 
xenocrysts. After rejecting those and an additional four 
crystals which gave poor data, the remaining 84 crystals 
yielded precise, tightly grouped age data with high 
radiogenic yield, typically 99% or higher (Fig. 4.4). Mean 
ages calculated from analysis of those 84 crystals are as 
follows (all errors quoted at Â 20): 

CRP-212A-111.58- 1 14.15 (mean) n=84 21.44Â±0.0 Ma 

The study of volcanic clasts and tephra layers in  11ic 
CRP-2/2A sequence allows us to suggest that: 
- volcanic clasts above 280 mbsf belong to the  activity 

of some volcanic centre of the McMurdo Volcanic 
Group. Volcanic clasts from below 350 mbsf ;ire 
derived from Kirkpatrick basalt lava flows; 

- volcanic tephra layers in LSU 7.2 (at 11 1.56- 1 12.78 
and 113.86-1 14.21 mbsf) are not reworked, and their 
isotopic age (21.44 k 0.05 Ma) is a likely age for their 
eruption and deposition; 

- the height of the eruptive column responsible for the 
deposition of the tephra was probably less than l7 kin. 
A local source is suggested, possibly within 60 kin of 
the drilling site. 

CLAY MINERALOGY 

X-ray diffraction (XRD) analyses of clay minerals 
were performed on 29 fast-track samples distributed 
throughout the CRP-2 and CRP-2A cores (Tab. 4.1). After 
sieving the samples through a 63 pm mesh, the clay 
fraction was isolated from the silt fraction in large settling 
tubes by the Atterberg method with the settling time based 

,. 
v- - 

==as= - - - - 
CRP-2/2A 1 1 1.58 to 114.15 mbsf - 

-=- 

20.0 21.0 22.0 23.0 
A g e  (Ma) 

Fig. 4.4 - Probability distribution diagram of single-crystal laser-fusion analyses from CRP-2/2A-112.58-114.15 mbsf feldspars. Upper panel shows 
individual analyses with k l o  error bars: lower panel shows cumulative probability distribution curve. Hollow symbols denote analyses rejected from 
mean age calculations. (Analyses by W.C. McIntosh, New Mexico Geocronology Research Laboratory). 



Tab. 4.1 - Estimates of the relative abundance of t h e  main clay mineral groups smcctitc. illite. 
chlorite and kaolinite in the clay fraction ol'scdimi.'n~s I'roin ('RP-2/2A core. 

-p--. 

Sample (~nbsf) Smectite - . 
Illit c Chloritc Kaolinitc 

. . . 

28.90 X X X X X 

36.24 x  X X x  x  x x x x x x x x x x  X X X X X 

47.41 x x x x  x x x x x x x x x x x x  x x x x  (X) 
57.32 X X X X x  x x x x x x x x x x x  x x x  x  
71.13 X x  x  x x x x x x x x x x x x  x x x x  X 

75.60 X x x  X X x  x x x x x x x x x x  x x x x  (X) 
96.71 x x x x x  x x x x x x x x x x  x x x x  x  

130.73 X x  X X X x x x x x x x x x x x  x x x  X 

158.38 X X X X X x x x x x x x x x x  X x  X X X 

177.89 X X X X x x x x x x x x x x x  x x x x  X 

195.57 X x x  X x x x x x x x x x x x  x x x x  X 

215.60 X X X X X x x x x x x x x x x x  x x x  x  
236.25 x  X X X x x x x x x x x x x  x x x x x  X 

260.04 X X X x x x x x x x x x x x  x x x x x  X 

292.09 X X X X X X x  X X x x x x x x x  x x x  x  
316.44 x x x x x x x x x  x  x  x  x  X X X X X X X 

338.82 x x x x x x  x x x x x x x x x  x x x x  X 

358.24 x  X x x  x x x x x x x x x x x  x x x x  x  
390.25 x  X x  X X x x x x x x x x x x  X X X X (X) 
412.25 x x x x x x x x  x x x x x x x x  X X X X 

444.78 x x x x x x x x  x  X x  X X X x  x x x x  X 

465.06 x  X x  X X x x x x x x x x x  x x x x x x  (X) 
486.19 x x x x  x x x x x x x x x  x x x x x x  X 

524.41 X X X X x x x x x x x x x  x x x x x x  x  
543.87 x x x x  x x x x x x x x x x x  x x x x x  
564.58 X x  X x  X x  x x x x x x x x x  x x x x  x  
584.48 X x  X x  X X X x  X x x x x x x x  x x x  X 

604.50 X x  X x  X x  X X X X x x x x x  x x x x  x  
623.67 x x x x x x x x x x x  x x x x  x x x x  x  

Note: the number of crosses is proportional to the abundance of the clay minerals. 

on Stoke's Law. 5-10 m1 of a 50% MgCl* solution was 
added to the clay suspension (up to 5 litres) in order to 
charge the clay minerals and make them sink by 
agglomeration. Subsequently, excess ions were removed 
by double centrifuging in de-ionised water. 

The clay fraction was then dispersed in about 15-20 m1 
water. The clays were mounted as texturally orientated 
aggregates by dropping about 1 m1 of the clay suspension 
onto cardboard discs and evaporating the water. The 
cardboard discs were then mounted with double-sided 
adhesive tape into aluminium sample holders. The mounted 
clays were solvated with ethylene-glycol vapour for about 
18 hrs immediately before the X-ray analyses. 

The XRD measurements were conducted on a Rigaku 
Miniflex automated diffractometer system with CuKa 
radiation (30 kV, 15 rnA). The samples were X-rayed in the 
range 2-30 '28 in steps of 0.01 O20 with a measuring time of 
two seconds per step. The X-ray diffractograms were 
evaluated on an Apple Macintosh Personal Computer using 
the "MacDiff" software (Petschick, unpublished freeware). 

The study concentrated on the presence and abundance 
of the main clay mineral groups smectite, illite, chlorite 
and kaolinite, based on the integrated areas of their basal 
reflections at c. 15-17 A (smectite), 10 A (illite), 7 and 
3.54 A (chlorite), and 7 and 3.57 A (kaolinite). Only rough 
estimates, rather than precise percentages are given, 
because the separation of the clay fraction and the textural 
orientation of the clay aggregates on the mounts were 
incomplete. 

In general, the clay mineral assemblages of the CRP-2/2A 
core are dominated by illite, with chlorite and smectite 
being common and kaolinite occurring in trace amounts 
(Tab. 4.1). Non-clay minerals, quartz, plagioclase feldspar 

and K-feldspar are present in high concentrations in the 
clay fraction of all samples: amphibole concentrations, 
however, are low. Such an assemblage also dominates the 
lower Miocene sediments of core CRP-1 (Ehrmann, 1998b) 
and long intervals within the Oligocene-lower Miocene 
sediments of cores from CIROS-1 and MSSTS-1 
(Ehrmann, 1997, 1998a). 

Illite and chlorite are typical detrital clay minerals. 
They cannot form in the normal marine environment but 
are the products of physical weathering and glacial scour. 
Illite and chlorite are therefore typical of the recent high 
latitudes. They are derived particularly from crystalline 
rocks, such as those that are widespread on the East 
Antarctic craton and in the Transantarctic Mountains. 
Chlorite is a characteristic mineral for low-grade, chlorite- 
bearing metamorphic and basic rocks, but is not resistant 
against chemical weathering and transport. Illite tends to 
be derived from more acidic rocks and is relatively resistant 
(Biscaye, 1965; Griffin et al., 1968; Windom, 1976). Both 
clay minerals could also be derived from the sedimentary 
rocks of the Beacon Supergroup (La Prade, 1982), which 
overlie the basement in the western part of the 
Transantarctic Mountains. 

In general, high smectite concentrations are mostly a 
product of chemical weathering and form by hydrolysis 
under climatic conditions between warm-humid and cold- 
dry, inenvironments characterized by very slow movement 
of water (Chamley, 1989). Therefore, smectite formation 
in the recent Antarctic environment is usually only a 
subordinate process. However, another source for smectite 
is the weathering of volcanic rocks and thus, high smectite 
concentrations have been reported from glacimarine 
sediments in areas with volcanic rocks in the hinterland 



(Kl-irn~ann et al., 1992; Ehrniann, 1998b), showing that 
those rocks can provide considerable amounts of smectite, 
even under a polar climate. 

In the case of the CRP-212A sediments, the smectite 
probably is derived from a source local to McMurdo 
Sound, which is characterized by basaltic volcanic rocks 
that occur over a wide area between Ross Island and 
Mount Morning (McMurdo Volcanic Group). The oldest 
known surface samples of this area are dated at 19 Ma 
(Kyle, 1990). According to magnetic surveys, many more 
volcanic centres of similar size but unknown age exist on 
the present Ross Sea continental shelf, beneath the Ross 
Ice Shelf and the West Antarctic ice sheet (Behrendt et al., 
1994. 1995), and could have contributed to the CRP-212A 
smectites. Weathering of Ferrar dolerite or Kirkpatrick 
basalt in the Transantarctic Mountains is a further possible 
origin for the smectite in the CRP-212A sediments. 

The clay mineral assemblages in the upper c. 290 m of 
core CRP-212A show only minor down-core fluctuations 
(Tab. 4.1). Generally, illite is the dominant clay mineral 
with concentrations of roughly 50-60%, whereas both 
chlorite and smectite concentrations fluctuate probably 
between 15% and 25%. Such an assemblage is typical for 
a sediment source in the Transantarctic Mountains, where 
physical weathering of basement rocks and sedimentary 
rocks of the Beacon Supergroup provide large amounts of 
both illite and chlorite. Such a source therefore seems to 
have dominated throughout the time represented by the 
upper c. 290 m of the CRP-212A core. 

Below c. 290 mbsf, the clay mineral record allows a 
subdivision into two major assemblages. One assemblage 
is the illite-dominated assemblage described above. The 
other assemblage is characterized by distinctly enhanced 
smectite concentrations but relatively low illite 
concentrations. Two short intervals with enhanced smectite 
concentrations can be identified at c. 290-320 mbsf and 
c. 410-450 mbsf (Tab. 4.1). In these intervals the smectite 
contents seem to increase to c. 40-45%, at the expense 
mainly of illite but also of chlorite. At the moment, it is not 
clear what caused the increase. Theoretically it could be 
caused by the enhanced input of smectite from a source in 
the McMurdo Volcanic Group to the south, either by ice 
or by suspension in ocean currents. Similarly, in the core 
from CIROS- 1, two upper Oligocene intervals with high 
smectite concentrations were also ascribed to a southerly 
source (Ehrmann, 1998a). However, the investigations of 
the gravel and sand fractions showed no major input of 
volcanic components from the McMurdo Volcanic Group 
below c. 290 mbsf. A source in the Fessar dolerites and 
Kirkpatrick basalts in the Transantarctic Mountains is also 
possible, if that source is not strongly diluted by weathering 
products of the crystalline basement and the sedimentary 
sequences of the Beacon Supergroup, which mainly provide 
illite and chlorite. Fessar dolerite and Kirkpatrick basalt 
are constituents of the gravel and sand fraction of the 
sediments. Theoretically, the enhanced smectite 
concentrations could also indicate somewhat warmer and 
more humid conditions on the Antarctic continent, resulting 
in more intense chemical weathering, although diamictites 
and other glacimarine sediments were deposited at the 
drill site during that time. 

l 'hc  l~iostratigrapl~ical investigations (see 
Palaeontology chapter) indicate that the CRP-212A a m -  
penetrated into lowermost Oligocene sediments. I-iiit did  
not  reach the Eocc~icIOligoccne boundary. If oiir rotigli 
ancl preliminary data on the clay mineral asse~nbl~ip,es ai'r 

correct, then they could support this biostratigriiphiciil 
dating. Thus, in the lowermost part of CRP-212A. below 
560 inbsf, the smectite concentrations steadily iiicre;isr 
from c. 20% to c. 55%. 

Just above the EoceneIOligocene-boundary ii very 
distinct change in the clay mineral composition from :in 

older smectite-dominated to an younger illite-cloi~iiiiat~~d 
assemblage is well documented in the deep-sea record of 
the Southern Ocean (Ehrmann & Mackensen, 1002: 
Ehrmann et al., 1992) and also in the core from GIROS.. l 
(Ehrmann, 1997, 1998a). In the deep sea, that transition 
can be dated to 33.7-32.7 Ma (time scale of Berggrcn ei ;il 
1995). The higher smectite concentrations in the lowerniosi 
Oligocene andEocene sediments ofthe CIROS- 1 core iiiid 
of deep-sea cores were interpreted to reflect c11cmic;il 
weathering under a temperate and humid climate o n  the 
Antarctic continent, when large parts of East ant arc tic:^ 
were probably ice-free, but several glaciers reached the 
coast of McMurdo Sound and icebergs calved into the scii 
and contributed to the glaciomarine sedimentation. 
However, it is also acknowledged that the smectite 
maximum observed in the lowermost part of the CRP212A 
core could be caused by a change in the source area. 

X-RAY MINERALOGY 

In order to provide a general characterization of the 
bulk mineralogy of pre-Pliocene sediments from CRP-2/2A, 
26 "fast-track" samples were analyzed using a Rigaku 
Miniflex+ X-ray diffraction (XRD) system at the Crary 
Science and Engineering Center. The materials were 
analysed, and the diffraction patterns were processed with 
JADE 3+ software, using procedures described in the 
Initial Report volume for CRP-1 (Cape Roberts Science 
Team, 1998c, p. 84-85). 

Sample locations and the minerals identified in each 
sample are listed in table 4.2. Quartz and plagioclase 
feldspars are the dominant phases in each sample, with 
lesser amounts of K-feldspars present in most samples. 
The occurrence and diversity of K-feldspars decrease 
down-core, however. Other minerals show low intensity 
peaks on the XRD patterns, suggesting low abundances, 
and occur discontinuously in the pre-Pliocene section; 
these include some expected detrital phases (illitel 
muscovite, augite, diopside), and other phases that are 
identified with less confidence and may be products of in 
situ alteration (analcime, phillipsite). 

The data generated by these analyses cannot be used 
quantitatively to determine the abundances of the various 
minerals present. However, comparing the intensities of 
two XRD peaks (one chosen for each mineral of interest) 
can provide a useful qualitative indicator of the variations 
in relative abundances of those two phases through a 
stratigraphical section. The same peak area ratios have 
been calculated for samples from CRP-212A as were used 



Depth 
(nibsf) 

28.89 

71.23 

96.77 

130.80 

158.48 
177.90 

195.68 

2 15.70 
236.25 
260.00 

292.30 
316.45 

339.98 

358.35 

390.21 
412.27 
444.76 

465.04 

486.32 
507.81 

524.39 
543.85 
564.68 
584.59 

604.46 

623.63 

Tub. 4.2 Minerals identified by X-ray dit'l'raction analysis in hulk 
sample-, I'roin CUP-212A. 
- 

Minerals Present 

qii:irtz. albite. anorthite. anortlioclasc, or~hoclasc, 
nicrocline, augite, cliopside 
tlnartz, albite, anorthite, microclinc, sanidinc, orthoclasc, 
imgitc, diopsidc 
tpiartz, albite, anorthite, anorthoclasc. microclinc, augitc, 
iiiuscovite 
quiirtz, albite. anorthitc, anorthoclasc, ~iiici-oclinc, augitc, 
muscovite/illite 
quartz, albite, anorthite, microcline. ortlioclasc. diopsidc 
quartz, albite, anorthite. microcline, sanidinc, Augite, 
cliopside, muscovite/illite 
quartz, albite, anorthite. anorthoclasc, iiiicrocliiic, sanidine, 
orthoclase. niuscovite/illite 
quartz, albite, anorthite, sanidine, microcline, muscovite 
quartz, albite, anorthite, sanidine(?), orthoclase, muscovite 
quartz, albite. anorthite, microclinc. sanidine(?), orthoclase, 
muscovite 
quartz. albite, anorthite, microcline, sanidine, muscovite 
quartz, albite, anorthite, microcline, orthoclase, 
~nuscovite/illite, gismondine(?) 
quartz, albite. anorthite. anorthoclase, microcline, 
orthoclase, muscovite 
quartz, albite, anorthite, microcline, anorthoclase(?), 
m~~scovite ,  diopside 
quartz, albite, anorthite, anorthoclase, muscovite/illite 
quartz, albite, anorthite 
quartz. albite, anorthite, microcline, 01-thoclase, 
niuscovite/illite, gismondine(?) 
quartz, albite, anorthite, microcline, muscovite/illite, 
:isinondine(?) 
quartz, albite. anorthite, anorthoclase(?), muscovite 
quartz, albite, anorthite, muscovite/illite, gismondine(?), 
chabazite(?) 
quartz, albite. anorthite, muscovite/illite, gismondine(?) 
quartz, albite. anorthite, muscovite/illite, gismondine(?) 
quartz, albite, anorthite, muscovite/illite, gismondine(?) 
quartz, albite, anorthite, microcline, muscovite/illite, 
gismondine(?), phillipsite(?), analcime(?) 
quartz, albite, anorthite, muscovite(?), gismondine(?), 
analcime(?) 
quartz, albite, anorthite, orthoclase, muscovite/illite(?), 
sismondine(?) 

to determine total feldsparlquartz and K-feldsparlquartz 
ratios for the Initial Report of CRP-1 (Cape Roberts 
Science Team, 1998c, p. 84-85). The resulting 
stratigraphical profiles of feldsparlquartz and K-feldspar1 
quartz peak intensity ratios are shown in figures 4.5 and 
4.6, respectively. 

The general structures of the feldsparlquartz ratio 
profile (Fig. 4.5) and the K-feldsparlquartz ratio profile 
(Fig. 4.6) are similar, with values decreasing down-core 
to relatively low and uniform values below c. 300 mbsf. 
One potential reason for these compositional variations is 
a change in sediment grain-size, since feldsparlquartz 
ratios tend to decrease as grain-size decreases (Blatt, 
1992). Such a grain-size control does not appear to have 
been a major influence on these curves, however, because 
all of the samples were taken from the finest lithologies 
available: muddy fine sandstones, sandy mudstones, and 
the matrix of muddy to fine sandy diamictites. As aresult, 
the grain-size of the bulk sediment analyzed does not 
appear to vary significantly between samples, thereby 
minimizing the possibility that the patterns observed in 

Average FeldsparIQuartz Ratio 
0 .? 0 4 0 6 0 8 

. - - - 

Fig. 4.5 - Stratigraphical profile of feldsparlquartz XRD peak intensity 
ratios for bulk sediments from CRP-212A. Each ratio plotted is the 
average of three separate peak intensity ratios. The feldspar considered 
in these ratios is predominantly plagioclase. 

Average K-spar1Quartz Ratio 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

Fig. 4.6- Stratigraphical profile of K-feldspar1quartzXRD peakintensity 
ratios for bulk samples from CRP-212A. Each ratio plotted is the average 
of four separate peak intensity ratios. 
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figures 4.5 and 4.6 are primarily a result of grain-size 
chiinges down-core. 

A second possible explanation for the patterns seen in 
fiaures 4.5 and 4.6 is a change in sediment provenance 
during the period of deposition. The possible role of 
changing source contributions can be evaluated by 
comparing the variations in bulk mineralogy. sand fraction 
composition (see Sand Grains section) and coarse clast 
composition (see Basement Clasts section) down-core. 
This comparison indicates relatively consistent patterns of 
variation in all three compositional indicators. which aids 
in  interpretation of the bulk mineralogical data. Above 
c. 300 mbsf, both the feldsparlquartz and the K-feldspar1 
quartz ratios are relatively large, although decreasing 
clown-core. For most of this interval (to c. 280 nibsf). the 
sand fraction consistently contains components derived 
from the McMurdo Volcanic Group (MVG), as well as 
green hornblende, interpreted as being derived from the 
Granite Harbour Intrusive Complex (GHIC). The coarse 
dasts in this interval support the latter interpretation, as 
material derivedfrom the GHIC is generally more abundant 
than other clast types. As aresult, the high total plagioclase 
abundances and the high K-feldspar abundances relative 
to quartz in the bulk sediment are consistent with a 
sediment provenance dominated, through most of this 
interval, by two feldspar-rich sources (the MVG and the 
GHIC). At c. 285 - c. 300 n~bsf ,  however, the absence of 
MVG-derived sand suggests that the GHIC are the sole 
source of feldspars. In addition, the predominance of 
plagioclase over K-feldspars in the bulk sediment is 
consistent with plagioclase supply from both the MVG 
and the GHIC, whereas K-feldspars are derived primarily 
from the GHIC. 

Below c. 300 mbsf, all three compositional indicators 
(bulk mineralogy, sand composition, and coarse clast 
composition) show a consistent pattern of change. Both 
the total feldsparlquartz ratio and the K-feldsparlquartz 
ratio decrease and remain relatively uniform, green 
hornblende and MVG detritus are replaced by Kirkpatrick 
basalt andlor fine-grained dolerite in the sand fraction, and 
Fessar dolerite clasts are generally more abundant than 
GHIC clasts. These changes all point to a shift in sediment 
provenance, from crystalline basement and the MVG to 
Beacon Supergroup sources. Recycling of quartz-rich 
Beacon Supergroup sedimentary rocks supplied detritus 
with lower total feldsparlquartz and K-feldsparlquartz 
ratios. That signal of Beacon sedimentary recycling is 
probably more evident in the bulk mineralogy (and sand 
grain population) than in the coarse clasts because of 
strength differences between Beacon sedimentary rocks 
and the Kirkpatrick basaltlFerrar dolerite. 

SAND GRAINS 

This section describes the results of an initial 
investigation of the sand fraction in CRP-2A samples. It 
was undertaken to determine the range of sand-size mineral 
and lithic grains present, to estimate their relative 
proportions, and to provide initial information on 

provenance and temporal variations. Previous studies i i ~  

the area dcscribcd sand grains and provenance o f  samples 
from the MSSIS- 1 ancl CIROS- 1 drill holes, botli s i~ii i~tc~l 
c. 80 kin to the south, ;incl CRP- 1 .  situated about 800 111 eiis~ 
ofCRP-212A (Bamtt et al., 1986; George, 1989; SincIIic, 
1998). These investigations reported a varied provenaiwi.' 
resembling the local rocks of the Transantarctic Moiinliii i1.s 

in southern Victoria Land, including granitoid and 
metamorphic rocks of an Upper Precambriaii-lo\vi,>r 
Palaeozoic 'basement', quartzose sedimentary rocks ol' 
the Devonicin-Triassic Beacon Supergroup, sills. tlyki's 
and lavas of the Ferrar dolerite and Kirkpatrick  basal^, ancl 
alkaline volcanic rocks ofthc Cenozoic McMurdo Voiciinic 
Group. 

METHODS 

The study is based on examination of c. 130 unstained. 
covered smear slides, obtained at c. 5 m intervals i n  the 
CRP-212A core. Unlike the investigation of samples i n  
CRP- 1 (Cape Roberts Science Team, 1998b), CRP-212A 
samples were neither washed nor ground prior to smearing, 
thus minimising the secondary crushing of grains iinil 

avoiding unsystematic loss of biotite. However, sandstones 
below c. 500 mbsf were found to be strongly cemented and 
were difficult to sample in some cases without caiising 
extensive breakage of detrital grains. The types and 
proportions of the major sand grains present initially were 
estimated visually. Seventy one samples were then selected 
for modal point counts, and 100 grains per sample were 
counted, exclusive of matrix. The point-count data arc 
summarized in table 4.3. Both sets of modal estimates 
were used in the treatment of the data set, although more 
reliance was placed on the point-counted data for 
interpretations, and only those data are used in the diagrams 
accompanying this section. The point-counted results 
described here are not true detrital modes (cf. the Gazzi- 
Dickinson method; Dickinson, 1970) and the data should 
be regarded as qualitative. 

Unlike CRP-1 samples, the CRP-212A samples 
examined are predominantly very fine- and fine-grained 
sandstones (60% of the sample set), with 30% of sandy 
siltstoneslvery silty sandstones and only about 10% of 
coarser samples (to medium sand size). Because detrital 
modes were not obtained on any of the siltstones or very 
matrix-rich very fine sandstones, the grain size of the 
majority of samples was more or less uniform (i.e. 85% of 
counted samples were very fine and fine sandstone), and 
undesirable effects of grain size variation were avoided 
(c$ Ingersoll et al., 1984; Smellie, 1998). 

The different mineral and lithic grain types recognised 
and their inferred provenance are described in Cape Roberts 
Science Team (1998b, p. 46). For the visual estimates, the 
mineral grains were divided into simple petrographical 
types (e.g. colourless grains (quartz andfeldspar), pyroxene, 
amphibole, volcanic glass, opaque grains), whose 
proportions could be determined relatively easily and 
reliably. For the modal counts, quartz and feldspar were 
separately identified, and there were also separate counts 
for brown andcolourless glass. The opaque grain category 



is a ~nixtiirr o f  several grain litliologies, incl~iding: opaque 
oxide (c.,i;. (?) magnetite). extensively oxidised glass and 
lithic grains, feldspar densely charged with opaque 'dust'. 
and co;il y Fragments. 

RESULTS 

The samples are dominated by colourless grains of 
quartz ;ind feldspar, whose total proportion varies between 
65 ancl 92%. The grains are variably abraded, mainly sub- 
a n g ~ i l i i r l s ~ ~ b - r o ~ ~ ~ i d e d .  but rounded grains are also 
commonly present and show a significant increase in 
abundance below c. 300mbsf. Orthoclaseis tlieconimonest 
feldspar present, and other K-feldspars are minor. They 
are commonly charged witli very fine opaque 'dust' that 
either gives crystals a reddish coloration or the grains are 
largely opaque. Plagioclase is also ubiquitous, mainly 
sodic in composition (albite-andesine) but accompanied 
by calcic plagioclase (labradorite-bytownite) and showing 
minor sericitic clay alteration. 

Among the coloured mineral grain population, two 
pyroxene minerals are commonly present: 1) abraded 
translucent green pyroxene (augite, pigeonite and 
hyperstheiie) with prominent cleavage, a variable 
proportion of exsolved opaque oxide andlor fine parallel 
exsolution lamellae, and 2) angular grains of transparent 
very pale green or colourless clinopyroxene (augite). 
Although often petrographically distinctive, the two types 
grade in appearance into one another and no attempt was 
made to distinguish them quantitatively. They are rarely 
accompanied by trace amounts of titanaugite and aegirine 
or aegirine-augite. Amphibole is also ubiquitous, mainly 
a green to brownish green pleochroic hornblende, but 
including trace amounts ofbrown hornblende, (?)kaersutite 
and very rare (?)aenigmatite. Mica grains are represented 
by brown or rarely green biotite with a distribution mirroring 
that of amphibole (see below). The pyroxenes are a major 
component of most samples and typically form 7-20% of 
the mode. Amphibole varies between 0 and 4%, whereas 
biotite mainly occurs in trace amounts. 

Volcanic glass is common above c. 280 mbsf, almost 
disappearing below that depth; it last appears in a sample 
at 469 mbsf. It is mainly poorly to non-vesicular, witli 
blocky shapes and is fresh (very rarely (?)palagonite- 
altered) and predominantly angular; abraded glass is 
conspic~io~is in a few samples. Brown (basaltic?) and 
colourless (evolved - trachytic?) glass are ubiquitous; red 
glass is also present but less common. Glassy lapilli 
composed of very finely vesicular, colourless long-tube 
pumice are common and conspicuous in LSU 7.1 and 7.2 
(note: all subsequent unit references are to litho- 
statigraphical sub-units), and form a thin 'layer' at 
c. 280 mbsf. The pumice is essentially identical in 
appearance to that forming the tephra layers in LSU 7.2 
(Volcanic Clasts section). 

Opaque grains are present but are very poorly 
characterized owing to extensive opaque oxide alteration. 
They are mostly sub-rounded. After quartz, feldspar and 
pyroxene grains, they are the next most common grain 
type, usually varying between 2 and 12% in the mode, and 

se;~'liini_' a maximum of 22%. In addition to detrital coal 
and ( ? )  iiiapictite, grains ol'tacl~ylite "lass. partly glassy 
to holocrystallinc lavas, dolerite and granitoids were also 
identilted (although granitoids were counted as their 
constituent minerals; of. Dickinson. 1970). The opaque 
grain total counts also include pyroxene and K-feldspar 
grains almost totally replaced by opaque oxide. Lava 
grains above c. 280 iiibsf are predominantly unaltered. 
althoi~gh pains of altered lava occur to the base of the 
cored sequence. 

Common accessory minerals include pinkgarnet. zircon 
and sphene, and rare epidote, zeolite and detrital calcite. 
Silicic microfossils (diatoms and sponge spicules) arc 
ubiquitous clown to c. 350 mbsf, but are virtually absent 
below that depth in the samples examined. 

Most of the sandstone samples contain less than 20% 
matrix or cement and some are essentially matrix-free. 
Cements are common and include micritic carbonate, 
coarser carbonate (especially in diagenetic nodules; see 
Diagenesis section), and (below c. 5 10 mbsf) tentatively 
identified gypsum and anhydrite. 

MODAL VARIATIONS 

Quartz (Q) contents are relatively low and variable 
above c. 100 mbsf (17-51%; Tab. 4.3). They show a see- 
saw variation down the sequence below that depth, with 
maxima at 190 mbsf (61-70%) and 400-425 mbsf (74- 
75%), and minima at 243 mbsf (38%) and 440 mbsf (49%; 
Tab. 4.3). Below 500 mbsf, Q contents show a steady 
increase, from c. 5 1 to 87%, but values apparently stabilise 
at c. 80-85% from 575 mbsf to the base of the sequence. 
Feldspar (F) shows a broadly antithetic variationcompared 
with quartz. F contents are relatively high and variable 
above 100 mbsf (15-42%), becoming essentially constant 
between 100 and 500 mbsf except for several minor 
excursions to lower values (less than 15%) at c. 190-200, 
300-3 10 and 400-425 mbsf. From 500 mbsf, F contents 
diminish to c. 8- 10% at c. 570 mbsf, then remain rough1 y 
constant to base. 

A consequence of the roughly antithetic Q and F 
variations is that Q/F ratios are essentially constant for a 
large section of the sequence, only varying between 1.7 
and 2.5 between about 250 and 500 mbsf (Fig. 4.7). 
However, a minimum occurs between 50 and 150 mbsf, 
and another (less obvious) between 210 and 250 mbsf. By 
contrast, a striking feature of the QIF ratios is the presence 
of several excursions to high QIF values at 190-200,290- 
3 10,365-375 and 400-425. They correspond to peaks and 
troughs observed in the distribution of Q and F values. 
Finally, Q/F ratios show a remarkable sustained trend to 
much higher values (reaching 10.4) starting at c. 486 mbsf. 

Modal data for total pyroxene (P) are very scattered 
(generally between 6 and 32%), possibly reflecting the 
low total counts (for 100 grains), but they show an obvious 
modal peak between 35 and 42 mbsf, corresponding to 
values of 20-32%. A second peak is defined at c. 147 mbsf 
(22%). 50-ni averaged values suggest that P contents 
fluctuate only slightly downcore, but there is a significant 
trend to much lower values commencing at c. 500-550 mbsf 



Tab. 4.3 - Empirical detrital modes of sand grains in CRP-212A sediments and sedimentary rocks. The data arc based on counts of 100 gains only (excluding matrix and cement), using unstained smear slides, and they 
are qualitative. 

Sample depth --- 
(mbst) 

Grain size 
----h- 

poorly sorted VF SD 
silty VF SD 

poorly sorted VF(-F) SD 
F SD 
F SD 

poorly sorted F(-M) SD 
F SD 
F SD 
F SD 

silty VF SD 
silty VFSD 

poorly sorted VF SD 
silty VF SS 

VF SST 
silty VF SST 
(F-)VF SST 
VF-F SST 

VF(-F) SST 
VF SST 
VF SST 

VF-F SST 
well soited M SST 
well sorted M SST 

silty VF SST 
silty VF SST 

well sorted VF SST 
muddy VF SST 

well sorted F-VF SST 
well sorted F SST 
well soited F SST 
well sorted F SST 
well soiled F SST 

muddy-silty VF SST 
VF SST 
VF SST 

well soitcd VF SST 
well sol tcd VF SST 

F SST 

Quartz Feldspar 

29 
26 
19 
28 
20 
24 
15 
21 
32 
21 
23 
22 
42 
26 
25 
24 
25 
27 
34 
27 
28 
2 1 
20 
15 
20 
29 
23 
27 
26 
2 1 
17 
29 
22 
15 
13 
30 
26 
26 

Pyroxene Amphibole 
. -.--p 

12 2- 
13 l 
12 2 
15 0 
32 2 
23 2 
28 4 
24 0 
l l 2 
17 3 
9 l 
13 3 
17 2 
8 l 
8 2 
16 0 
21 l 
22 l 
12 l 
12 2 
18 2 
6 0 
l l 0 
16 1 
17 0 
6 1 
12 0 
12 0 
7 l 
9 0 
14 0 
l l l 
17 l 
13 0 
22 0 
12 0 
6 0 
9 0 

.--.pp-- 
~l~~~ 0paq1-le and Other 

lithic grains grains 

. -. - 
Matrix ( 4 0  ) and Notes 
cement (%) , , - 

3 1 brown & green biotite;?aenizinatite:spicules;garnet;zircon 
38 brown biotite biot;zircon;carbonate;gill-net:zeolite:spicules 
25 brown biotite:aegirine'?;spicules:diatoms;zircon:sphene 
12 epidote? 
l brown biotite 

18 spicules 
1 1  kaersutite?;in~~scovite?;spic~~les;garnet 
l 1caersutite;epidote;garnet 
2 kaers~~tite?;garnet;spliene/carbonate 
3 1 brown biotite?;aegirine?;Ti-a~~gite;spicules;diatoms;spliene 
30 hypersthene;Ti-augite;brown biotite;diatoms;spicules 
44 aegirine?;Ti-a~~gite;spic~~les;diatoms 
47 kaersutitc?;brown biotite 

garnet 
Ti-a~~gite;hypersthene:sphene;garnet:zircon 
liypersthene;diatonis:gamet;.tircon:sphene 
hypersthene;sphene:zircon;garnet 
hypersthene;garnet 
hypersthcne;diatoms 
brown biotite:garnet;spicules:dialo~ns 
brown biotite;garnet;diatonns;spic~~les 
liypersthene;kaers~itite;green&brown biotite:diatonis:spic~iles 
1'i-augite;hypersthene;green&brown biotite:garnet:diatoms 
brown bioti1e;garnet;sphene 
hypei-st11eiie;bi-own biotite;diatonis:garnet 
hypersiliene:garnet;diatoms;sphcne 
brown biotitc;spic~~lcs;diatoins 
Ti-augite;browii biotite;sarnet 
hypersthene;kaersutite;brown biotite;zircon;garnet 
brown biotite:spic~~les:diatoiiis 

"W met brown b i o t i t ~ . ~ ' ~  
kaersu1ite:brown biotite 
gill-net 
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Fie. 4.7 - Summary diagram showing selected 'empirical detrital modes' for sand-grade samples from CRP-212A. illustrating variations of major 
compositional features with depth in the sequence. See text for description. Abbreviations: Q - total quartz: F - total feldspar. Samples with high Q/F 
ratios. believed to be dominated by Beacon-derived sand grains, are also indicated (encircled). 

and decreasing to 1 % at the base of the core. By contrast, 
amphibole shows a simple down-core trend of falling 
values. from c. 4% at 40 mbsf, becoming essentially 
absent below c. 300 mbsf (Fig. 4.7). However, amphibole 
is present in trace amounts in many samples to the base of 
the core. Biotite seems to show a similar distribution 
pattern to amphibole, but there are no quantified modal 
data since it usually occurs in trace amounts. 

Modal data for glass grains show a small but distinct 
peak corresponding to Pliocene LSU 2.2, and two much 
broader peaks between 46 and 150 and 200-280 mbsf 
(Fig. 4.7). Below 280 mbsf, glass is practically absent, 
occurring only as isolated (one or two) grains in a few 
samples down to a depth of final appearance at 469 mbsf. 
Within the broad glass-rich zone at 46-150 mbsf, the glass 
distribution shows a stronglithofacies control. It is abundant 

in beds of sandstone but absent or minor in the sandy 
matrices of diamictites. 

Although modal values for opaque grains are very 
variable, at least three maxima are evident in the data set, 
corresponding to depths of 0-134, 200-308 and below 
490 mbsf. The two upper maxima correspond closely to 
the two most prominent zones of peak glass abundances. 

PROVENANCE 

There are no grain types in the sandstone samples 
examined that are unique to CRP-212A; all are well 
documented from similar modal studies of samples from 
cores previously recovered from other sites in McMurdo 
Sound (MSSTS-1, CIROS-1, CRP-1; Ban-ett et al., 1986; 
George, 1989; Smellie, 1998). Similar provenances, 



comprising granitoid and (volunietrically minor?) 
metamorphic 'basement' rocks, predominantly quartxose 
sandstones of the Beacon Supergroup, Ferrar dolcrite and 
Kirkptitrick basalt, and alkaline lavas and tcplira from the 
McMurdo Volcanic Group, cire inferred for all sites. 

Variations in the QIF ratios are a clear indication of an 
evolving provenance. Between 625 and 500 mbsf, the 
sequence is characterized by variable but upward- 
diminisliing, high QIF ratios diagnostic of a source 
dominated by Beacon Supcrgroup sandstones (with very 
high Q/[-' ratios; Korsch, 1974). The trend to lower QIF 
ratios :it 500 mbsf, which are then remarkably constant 
between 500 and c. 280 mbsf (except for the three narrowly- 
defined QIF 'peaks', described above; Fig. 4.7), indicates 
that a different lithological source has contributed to the 
provenance of the CRP-2/2A sandstones, which the 
observed grain and clast types indicate were likely 
'basement' rocks (mainly granitoids and metamorphic 
rocks: see also Basement Clasts section). However, the 
intermittent presence of quartz-rich sandstones with high 
Q/F ratios (indicated in Fig. 4.7) suggests that Beacon 
Supergroup detritus temporarily dominated the local 
sediment supply, and these influxes are also characterised 
by an increased proportion of Beacon-derived rounded 
quartz grains (cf. Barrett et al., 1986; George, 1989; 
Smellie, 1998). Above 280 rnbsf, the QIFratios show two 
'dips' to lower ratios, 230. The locations of these features 
coincide with episodes of enhanced input of volcanic 
detritus, which diluted quartz but buffered feldspar, thus 
diminishing the Q/F ratios. At the end of each volcanic 
episode, QIF ratios returned to values characteristic of a 
basement-dominated supply. Broadly comparable results 
are also shown by XRD analyses (see section on X-Ray 
Mineralogy), although the FIQ ratios used in that study 
(Fig. 4.5) do not clearly reproduce the pronounced ratio 
changes below 500 mbsf demonstrated by the sand grain 
modes reported here, possibly because of the fewer samples 
used in the XRD study. 

The presence of fresh unabraded volcanic glass and 
tephra layers (e.g. at 112 mbsf; Volcanic Clasts section) is 
evidence for active volcanism coeval with sedimentation. 
The periodic influxes of volcanic debris (e.g. in Pliocene 
LSU 2.2, and at 46-150 and 200-280 mbsf) are evidence 
for significant volcanic episodes (cf. Smellie, 1998). As in 
CRP-1 (Armientiet al., 1998; Smellie, 1998), thevolcanism 
was bimodal (basalt-trachyte) during all three documented 
episodes. The lack of a correlation between the glass-rich 
beds in CRP-2/2A and equivalent stratigraphical levels in 
CRP-1, situated only 800 m away, and the observed 
lithological control on the distribution of glass in CRP-212A 
indicate that input of the glass is overwhelmingly by 
sedimentation rather than by pyroclastic processes, which 
would be expected to yield a much more uniform and 
widespread distribution. A local volcanic source is likely, 
and was possibly situated within a few tens of km of the 
drill site. The prediction by the Cape Roberts Science 
Team (1998): that the glass detritus and the proportions of 
the compositional types may be good proxies for volcanism 
throughout the McMurdo Volcanic Group at any instant, 
is thus weakened. From the presence of fresh glass grains 
at 469 mbsf, volcanism was underway in the area during 

early Oligoccne dines. af least. The sparse presence of  
glass between 469 and 280 mbsfs~tggests that the volcanic 
source(s) may have been relatively distant or else any 
glass-rich sediment bypassed the CRP-2/2A site during 
that dcpositional period. Conversely, the sudden volcanic 
influx at c. 280 mbsf indicates the inception of activity a t  
a local volcano proximal to the drill site in late Oligocene 
times. I t  is spcculatcd that the same volcano may have 
been responsible for the volcanic episode recorded by 
high glitss abundances at 46- 150 mbsf, which also probably 
erupted the multiple pumice layers in LSU 7.2, dated by 
W.C. Mclntosh as 21.4 Ma (Early Miocene; see Volcanic 
Clasts section). 

ORGANIC GEOCHEMISTRY 

Some basic organic geochemical measurements were 
undertaken as part of the initial core characterization 
effort and to provide preliminary information regarding 
organic matter provenance, as well as the environments of 
deposition and early diagenesis. This effort comprised 
measurements of the C and N contents of 70 whole-rock 
samples and examination of some solvent-soluble organic 
matter extracted from one sample. 

METHODS 

Samples were collected at 5-10 m intervals and were 
intended to be representative of the major lithologies 
penetrated by CRP-212A. The sampling was biased to 
sediments and rocks with finer grain-sizes and well- 
preserved laminations. Although efforts were made to 
sample only the matrix of the diamictite and conglomerate 
units, some granule and pebble-sized clasts were included. 
An "oily overprint" was noted in the core logs at a number 
of intervals below 500 mbsf. Several of these intervals 
were sampled and one (CRP-2A-523.45-523.48) was 
selected for preliminary examination of solvent-soluble 
organic matter in the Crary Science and Engineering 
Center at McMurdo Station. 

All samples, with the exception of CRP-2A-523.45- 
523.48, were freeze-dried to remove excess water, ground 
and homogenized in a Spex 8000 MixerIMill, and stored 
in 15 m1 glass vials. All glassware used in sample 
preparation was cleaned with a commercial detergent 
followed by sequential rinses with 1 % hydrochloric acid, 
methanol (BakerHPLC Solvent, lot J12293), and dichloro- 
methane (Fisher Scientific, GC Resolv, lot 962656). Three 
sets of elemental analyses (Tab. 4.4) were performed 
using a Carlo-Erba NA 1500 analyzer and acetanilide as a 
standard: 1) total carbon (TC) and total nitrogen (TN) 
measurements were made on whole-rock samples, 2) total 
organic carbon (TOC,.,.) was measured using the low- 
temperature vapour acidification technique outlined by 
Hedges & Stern (1984), and 3) total organic carbon 
(TOCuT) was also measured using a high-temperature 
vapour acidification technique. The high temperature 
acidification was performed by placing a known mass of 
the powdered whole-rock samples in silver capsules. The 
capsules were then loaded in holes that had been drilled in 





125  m i l l  section of 25 mm teflon rod. Hach section ol'td'lon 
rod could accommodate three capsules. The teflon rod and 
capsules wereplacedinsidea 15 ml wide-mouth tel'lon bottle 
with I 2 rnl of concentrated HC1 acid. The tcl'loii containers 
were scaled with a screw closure, loaded into a stainless 
steel pressure vessel and placed in an oven at 150Â° for 12 
hours. The samples were removed after the pressure vessel 
had cooled and placed in a oven to dry at 55'C. 

Only ( '  and N data are reported here. The Carlo-Erba 
NA1500 did not function properly Airing the pro,jcct 
period and whole-rock C, N and S data from all samples 
will be reported in the Scientific Results volume. 

Sample CRP-2A-523.45-523.48 was crushed i n  the 
SPEX 8000 mixer/mill, weighed and placed in a cellulose 
extraction thimble. The sample was extracted for 24 hours 
using :in axeotropic mixture of toluene (Fisher Scientific 
Optima. lot 962474) and methanol in a Soxhlet apparatus. 
The sample was then extracted for an additional 24 hours 
using ~Iichlorometha~~e. Whereas the metl~anol/toli~ene 
solution changed from colourless to light yellow over the 
course of the extraction, the dicliloromethane remained 
colourless throughout the 24 hour extraction. The ~nethanol/ 
toluene solution was placed in a separating funnel and a 
hydrophobic phase was isolated using water that had been 
purified in a Barnstead 4-stage purification system. The 
aqueous phase was transferred to another separating funnel 
where a second hydrophobic phase was isolated using the 
dicl~oloromethane solution obtained in the second 
extraction. The hydrophobic phases were evaporated to 
dryness under partial vacuum using a rotary evaporator. 
The resulting liquid was transferred to a 1 m1 glass vial 
using dichloromethane and dried to a constant mass. This 
C,% fraction was analyzed on aHewlett-Packard 5890 gas 
chromatograph equipped with a J&W Scientific fused 
silica capillary column (30 m x 0.32 mm) coated with DB-5 
(0.25 Fm film thickness). The flame ionization detector 
and injector were regulated by thermostat to 300Â°C whereas 
the oven temperature was controlled at 38OC for 3 minutes 
followed by an increase to 290Â° at 4OCIminute and 
isothermal conditions for an additional 60 minutes. 

RESULTS AND DISCUSSION 

TOC values obtained from the CRP-2/2A core are low. 
Only ten of the TOCLT and three of the TOCm 
measurements obtained exceed0.5% (Tab. 4.4). Although 
the precision of the measurements is quite good there is 
clearly a slight problem with accuracy: a number of the 
samples have TOCLT values that exceed the TC values by 
amounts in excess of the assigned errors. The problem is 
most pronounced in samples with very low TOC and TC 
values (Tab. 4.4). Two of intervals with the highest TOC 
values correspond to zones with abundant biogenic 
sediment: 1) a zone containing abundant diatoms centred 
on 250 mbsf, and 2) a zone containing abundant diatoms 
and calcareous nannofossils centred on460 mbsf (Fig. 4.8). 
The correlation between higher TOC values and greater 
amounts of biogenic debris is not universal, however. A 
number of zones with abundant biogenic sediment do not 
exhibit elevated TOC values; most notable among these 

Diatom 
Abundance 

Nannofossil 
Species 
richness 

Fig. 4.8 -Comparison of values of total oreanic carbon determinedusing 
low temperature ( T O C )  and high temperature ( T O C )  vapour 
acidification. and T O C j T N  compared with the abundance of diatoms. 
and the nannofossil species richness of the CRP-2/2A core. 

are the zones of high diatom abundance in the upper 150 m 
of CRP-2/2A (Fig. 4.8). Although TOC values of samples 
obtained from below 300 mbsf are, in general, higher than 
those obtained at more shallow depths (Tab. 4.4, Fig. 4.8). 
the slight decrease in TOC values up-section does not 
correspond to a similar decrease in the amount of biogenic 
debris. 

T0C:TN ratios arehigh throughout the section. Organic 
matter with T0C:TNratios significantly greater than 10 is 
derived largely from land plants and coals, whereas aquatic 
organisms have much lower T0C:TN ratios (Bordovskiy. 
1965). The high T0C:TN ratios observed in the CRP-2/2A 
core are strong evidence that the preserved organic matter 
comprises a mixture of detrital coal and aquatic organic 
matter. The T0C:TN ratios decrease slightly in the high 
TOC sections observed at 250 mbsf and 460 mbsf and are 
interpreted as evidence that the preservation of greater 
amounts of organic carbon is related to the greater 
abundances of biogenic debris in these sediments and 
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/Â¥'Ã‡ 4.9 - Chromatogram of solvent-soluble organic matter obtained from Sample CRP-2A-523.45-523.48. The peaks labeled C .  C , .  and ( ' ,  liiivr 
becn tentatively identified as the alkanes n-tetradccane. 11-pentaclecane. and 11-hexadecane. 

rocks. On the other hand, the T0C:TN ratios of samples 
obtained from below 300 mbsf areelevated slightly relative 
to those in the upper portion of the core, and are evidence 
that detrital coal is more abundant in the lower portion of 
the core than it is from 0 to 300 mbsf. 

Two types of TOC measurements were undertaken to 
assess the contribution of refractory carbonate phases to 
the carbon content of the rocks. Although the results from 
the CRP-1 core were imprecise (Cape Roberts Science 
Team, 1998c; p. 87), no apparent difference between TOC 
and TC was observed. Later work established the presence 
of siderite in samples from the CRP-1 core (Baker & 
Fielding, 1998). Siderite is a refractory carbonate phase 
that requires months to dissolve when subjected to low 
temperature acidification (Rosenbaum & Shepard, 1986; 
p. 1 148). The high-temperature vapour acidification 
technique was developed in an attempt to quantify the 
abundances of labile carbonate (largely calcite) and 
refractory carbonate in the CRP-212A core. A few samples 
contain significant amounts of labile carbonate reflecting 
the presence of the calcite-cemented concretions and 
layers observed in the core. Examples include CRP-2A-221.3 1- 
221.33, a rock that has a TC value of 2.2%, whereas the 
TOCLT value is only 0.32%. With one exception, the 
values of TOCL-,- are significantly higher than the values of 
TOCuT for identical samples. If the different values of 
TOCLT and TOCm are caused by the presence of siderite 
or other refractory carbonate phases, then one can calculate 

the amounts of labile carbonate and refractory carbonate 
present by difference. The relationship between the TOCi,.i. 
andTOCuT values is evidence that siderite is present in  tlie 
CRP-212A core and, combined with the low TOC v, '1 l lies, 
is evidence that the diagenetic environment at the drill site 
was largely post-oxic (Berner, 1981). 

SampleCRP-2A-523.45-523.48 didnot fluoresce under 
ultraviolet light. It did, however, yield a small amount o f  
bitumen. That sample, comprising 36.60 g of sand iind 

shale, produced 3.6 mg of bitumen for a bitumen ratio o f  
27 mg bitumenlg organic carbon. Although the amount o f  
bitumen recovered is small, it is significantly larger than 
the amounts recovered during processing of CRP- 1 core 
(Kettler, 1998). A chromatogram of the total extract 
(Fig. 4.9) has a number of large peaks and a relatively 
small unresolved complex mixture (UCM). Interpretation 
of the chromatogram is complicated by a tailing solvent 
peak. The alkane hydrocarbons n-tetradecane (n-Cn), 
n-pentadecane (n-C,;), and n-hexadecane (n-Cl6) are 
tentatively identified by comparison of retention times 
with a standard mixture. The small size of the UCM and 
the abundance of compounds with apparently lower 
molecularweights than n-C,,, are evidence that the bitumen 
has not been severely degraded by microbial activity or 
water-washing. The apparent predominance of odd- 
numbered alkanes over the even-numbered alkanes 
(Fig. 4.9) is evidence that this bitumen has a low thermal 
maturity. 



5 - Palaeontology 

INTRODUCTION 

Six groups of fossils were examined during the 
preliminary investigation of the CRP-2/2A pre-Pliocene 
sequence: diatoms, calcareous nannofossils, foraminifers, 
marine palynomorphs, terrestrial palynomorphs, and 
marine invertebrate macrofossils. Each of these fossil 
groups provides important biostratigraphical and palaeo- 
environmental data for the analysis of the recovered 
sequence. Marine diatoms provide the principal data for 
biostratigraphically dating the core material. Calcareous 
nannofossils and marine palynomorphs provide additional 
biostratigraphical control. Biostratigraphical dating 
provides age control for the sedimentary rock sequence in 
CRP-2/2A, allows regional correlation to other sections 
in the Victoria Land Basin and the Southern Ocean, and 
helps constrain the calculation of sediment accumulation 
rates. 

All six fossil groups provide valuable information on 
the palaeoenvironment of the Ross Sea and surrounding 
continental areas near Cape Roberts. Planktic diatoms and 
marine palynomorphs are important monitors of neritic or 
mesotrophic surface water conditions in the geological 
past, while calcareous nannofossils indicate when 
oligotrophic oceanic waters invaded the site. In 
consequence, these planktic microfossil groups provide 
information on relative water depth, nutrient availability, 
turbidity, and water temperature. Benthic foraminifers and 
invertebrate macrofossils indicate past seafloor conditions 
including temperature and substrate character. Terrestrial 
palynomosphs yield a record of the vegetation on the 
continent adjacent to the site of CRP-2/2A, as well as 
indicate the age of existing sedimentary rocks that are 
being eroded on the mainland. 

Changes in fossil assemblages through time may be the 
result of evolutionary changes in the organisms, 
environmental changes that force ecological restructuring 
of the biota, or shifts in preservational regime. All of these 
factors are clearly at work in the fossil succession in 
CRP-2/2A. A sequence of formal or informal zones for 
each microfossil group is illustrated in figure 5.1, and a 
brief introduction to the fossil groups is given below. 

Diatoms are the most abundant fossil group in CRP-2/2A 
sediments. In certain intervals, diatoms constitute as much 
as 30% of the sedimentary rock. However, in most samples, 
diatom abundance is not more than about 5% of the silt and 
sand-dominated sediment, and some intervals are barren 
of diatoms. High sediment accumulation rates andgenerally 
good diatom preservation provide the opportunity to 
develop a detailed biostatigraphy for the late Palaeogene- 
early Miocene period for the Ross Sea, although several 
major disconformities are present. CRP-2/2A diatom 
assemblages are dominated by planktic assemblages, which 

are belter biostratigraphical markers than benthic taxa. 
The diatom assemblages, however, are dominated by  
neritie taxa, rather than open-ocean pelagic taxa, which 
form the basis of Southern Ocean deep-sea biostratigraphy. 
Diatoms provide ages of c. 20 Ma below the Plio- 
Pleistocene/Miocene unconformity at c. 26 mbsf. The base 
of the Miocene cannot be confidently identified based o n  
diatoms, but is suggested to be at c. 130 mbsf and is 
associated with an unconformity. Similarly, the upper/ 
lower Oligocene boundary is probably within a barren 
interval between c. 300 and 412 mbsf. Lower Oligocene 
sediments are recognized, based on diatom assemblages, 
from c. 412 mbsf down to at least c. 484 nibsf. Diatom 
assemblages below 484 mbsf cannot be confidently 
assigned to either Lower Oligocene or uppermost Eocene 
at present. 

Foraminifera, representing 28 genera and 45 species, 
occur in 73 of the 135 samples examined from the upper 

Diatoms 

(Plio-Pleist ) 

T praefraga 

=ragilariops!s / 
D antarcsicus 

/ tennis 

Kisselevieila /- 

L ornata 

Trochosira A 

E irregularis 

Pollen 
Spores 

Te'-restrial 
'alynomorph 

Unit I 

Terrestrial 
'alynomorph 

Unit I1 

Forams 

Plio-Pleist ) 

Foram 
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Forain 
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Foram 
unit Ill 

Foram 
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Fig. 5.1 - Summary diagram of tentative CRP-2/2A z,onation schemes 
from diatom, calcareous nannofossil, marine palynomorph. terrestrial 
palynomorph. and foraminifer stratigraphy. Shaded areas represent 
intervals of poor preservation. barren samples. or gaps in sample spacing. 
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1':ilaeogene through Lower Miocene section of CRP-212A 
from c. 34 to c. 624 mbsf. All assemblages contain only 
calcareous benthic taxa, and  neither planktic nor 
tggl~~tinated benthic forms were observed. Four major 
loniminiferal units were delineated for the succession, and 
ascribed to local biofacies shifts. The units may reflect 
long-term bathymetricchanges from inshoreenvironments 
in early Oligocene to mid or outer shelf and then outer 
shelf or upper bathyal in early late Oligocene. Inshore 
conditions apparently returned during the late Oligocene- 
early Miocene. 

Calcareous nannofossils in the CRP-2A succession 
record episodes of hemipelagic sedimentation marking 
times when open oceanic surface waters penetrated into 
the Victoria Land Basin. One major, and several minor, 
pulses of oceanic surface water invasion are indicated 
during the Upper Oligocene Dictyococcites bisectus Zone 
from c. 144 to 397 mbsf. Another episode of oceanic 
incursion is evidenced by nannofossil assemblages from 
c. 412  to 481 mbsf,  where at  least  two upper 
biostratigraphical zones are represented. A long barren 
interval, from c. 482 to 613 mbsf, overlies two nannofossil- 
bearing samples just above the base of the hole. 

Well-preserved marine palyno~norphs were recovered 
from most samples from the upper Palaeogene through 
Miocene section. Species richness is moderate to high. 
The majority of specimens are considered to be in situ and 
many have not been described formally. Three marine 
palynological units are recognized (Fig. 5.1). Unit I is 
dominated by prasinophyte algae, mainly Leiospheres 
and Sigmopollis, and represents an extension of the 
assemblage recovered from below 99.01 mbsf. Marine 
palyno~norphs Unit I1 is marked by the presence of the 
dinoflagellate Leje~uwcysta sp 1. Unit I11 assemblages are 
characterized by the acritarch Leiofusa, the dinoflagellate 
Pyxidinopsis sp. and several species of Lejeiinecysta. 
These  units probably reflect  changes  in the  
palaeoenvironment. The assemblages recovered from CRP- 
212A continue to fill in a gap in the knowledge of marine 
palynomorph biostratigraphy between the well-established 
Palaeogene Transantarctic flora and the Recent. Several 
species of dinoflagellates, notably Lejeiinecysfa spp., may 
provide several biostratigraphical datums for the Ross Sea 
area. 

Terrestrial palynomorphs are very rare throughout the 
upper part of the core, above c. 306 mbsf. This is interpreted 
as the result of both sparse contemporaneous vegetation in 
the surrounding landscape and dilution by rapid sediment 
accumulation. The rare spores and pollen reflect a long- 
lived tundra vegetation that survived in coastal lowlands 
in harsh periglacial conditions. Below 306 mbsf, 
palynomoiyhs are relatively more diverse and common, 
although total numbers remain very low. They reflect a 
low diversity woody vegetation that included several 
species o f N o t 1 1 o f ~ s  and podocaspaceous conifers, along 
with other angiosperm taxa and cryptogams. The 
assemblages inlowermost CRP-2A never reach the species 
richness and abundance seen in the Eocene sedimentary 
rocks documented from the lower part of CIROS- 1 or the 
McMurdo Sound erratics. Recycled palynomorphs, of 

pi~ohiihle Koccne, Jurassic-Cretaceous, and Permian 
r171.i .) , .  \sic , , . agc, are also recognized. Permian-'l'riassir 
paly~io~i~orplis derived from the Beacon Si~pesgsoi i~~ ;ii.r 
most t ih~i~dii~it  below 306 iiibsf. 

INTRODUCTION 

Diatoms provide one of the primary biostrati~:ipliiciil 
and palaeoenvironmental tools for interpreting the CRP-2/2A 
core. I n  addition todiatoms, silicoflagellates and ehridiiins 
(both siliceousflagellates), anclaclirysophytecyst provide 
supporting biostratigraphical information. Upper 
Palaeogene through Lower Miocene diatom assemblages 
are recognized from c. 28 mbsf to the bottom of the hole 
at 624.15 mbsf. and this intervalis dividedinto 10 te~itiilive 
biostratigraphical zones. A large number of taxa in this 
interval are previously unknown or undescribed, many of 
which have been informally recognized in Ross Sea cores. 
Threeundescribed, but taxonomically distinct, taxa provide 
tentative zonal boundaries. The CRP-212A core will provide 
age constraints on these and other taxa for the Ross Sea, 
which will permit age calibration of previously-drilled 
Antarctic cores. 

METHODS 

All samples were prepared for siliceous microfossils 
as strewn slides of raw sediment, following standard 
procedures. As necessary, selected samples were reacted 
in H 0 ,  andlor HC1 to help remove organic and carbonate 
cements, respectively. Additional samples were prepared 
further by separating the > l 0  pm fraction using nylon 
screens. Several samples were sieved with 20 urn and 
25 pm stainless steel mesh sieves, and diatoms in about 15 
samples were prepared with density separation techniques. 
using a sodium polytungstate solution prepared at 2.2 
specific gravity. Relative diatom abundance, represented 
graphically on figure 5.2 and in table 5.1, was determined 
L 

from strewn slides of unsieved material. Stratigraphical 
occurrence and abundance data are based on detailed 
analysis of more than 50  diatom-bearing samples, plus 
cursory examination of 250 additional samples. 

RESULTS 

Siliceous microfossils occur in variable abundance 
through the recovered stratigraphical succession of CRP-212A 
(Fig. 5.2). Diatoms are most abundant in fine-grained 
lithologies, except in intervals that have undera "one 
significant diagenesis. More than 150 diatom species and 
species groups, plus 11 silicoflagellates, 7 ebridians. 2 
endoskeletal dinoflagellates, and one biostratigraphically- 
useful chrysophyte cyst are recognized in the initial 
examination of CRP-212A samples. Radiolarians were not 
observed in the recovered sequence. 

CRP-212A Initial Report siliceous n~icrofossil data 
(Fig. 5.3) include many informal taxonomic designations. 
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B 1 5 3 3 . 4 3  
R 1 5 3 7 . 2 5  
T 1 5 3 8 . 4 6  
T 'i40,73 
T 5 4 2 . 0 4  
B I 543.81 
T 1 5 4 5 . 1 8  
B 1 5 4 8 . 5 7  
B 55 1.29 
B 1 5 5 4 . 7 0  

T 560.33 
T 1 562.31 
R 1 5 6 4 . 6 3  
B , 565.50 
T 565.98 
B 1 5 6 7 . 5 0  
T 'Â 570.02 
R i 575.15 
R 1 5 7 7 . 6 7  
T 580.53 
B 583.51 
B 584.54 
T 1 5 8 5 . 5 8  
T i 585.84 
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F 1 5 9 7 . 4 4  

599.25 F 1 6 0 1 . 3 5  
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C 1 6 0 4 . 4 0  
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C 1 611.10 
C 613.35 
C 614.03 
C 619.19 
C 620.50 
C 622.3 1 
C 623.03 
C 623.76 
C 624.03 

Note: all depths are in metres below sea floor (mbsf). 

Samples 25.25 through 57.32 mbsf, above the solid line, are from hole CRP-2. 
Samples from 53.19 through 624.03 mbsf, below the solid line, are from hole CRP-2A. 
"Top" refers to upper depth of sample interval, and "Bottom" refers to lower depth of sample 

B = barren. T = trace, R = rare. F = few. C = common, and A = abundant. 

interval (in mbsf). 
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Initial Report o n  CRP-212A 

Tnh. 5.2 - Definition of boundaries for tentative diatom zon;ition ol'('lRP-2/2A and cli;iracteristic taxa of each '/.one 

Zone Boundaries (:RI'-2/2A 
depth -- (inbsf) 

Thalassiosira praefraga Top. L 0  Thalas.siosii~a pi'ai:/'Â¥ci,q Not represented 
Total Range Zone Base. F 0  T/iala.s.~io.sirii pi'c~e/j.(i,qii 36.25 

Fragilariopsis sp. A Top. F 0  T11ala.s.siosira piie/j.aqu 36.25 
Partial Range Zone Base. F 0  Fragi1ariopsi.s sp. A 57.42 

Dactyliosolen aizturctic~ts Top. F 0  Fragilario[~.si.s sp. A 57.42 
Partial Range Zone Base. F 0  Dactyliosolen (iiitarrticiis 75.56 

Ikebia tennis Top. L 0  Ikehia tennis 
Partial Range Zone Base. L 0  Kisselei~iella sp. A 

Kisseleviella sp. A Top. L 0  Kisseleviellu sp. A 
Partial Range Zone Base. L 0  Lisitzinia ornata 

Lisitzinia ornata 
Total Range Zone 

Troelzosira sp. A 
Partial Range Zone 

Eurossia irregzilaris 
Partial Range Zone 

Top. L 0  Lisitziiiia ornata 
Base. F 0  Lisitziniu ornata 

Top. L 0  Troeliosira sp. A 
Base. Not defined. 

80.65 A^peitia oligcaenica 
130.90 Ikehia tennis 

Rocella sp. cf. praeiiitida 

130.90 Aularodisciis hrownei 
259.21 Cymatosira sp. A 

Kisseleviella sp. A 
Stephanogonia sp. A 

259.21 Aiilacodisciis brownet 
266.38 Cymatosira sp. A 

Kisseleriella sp. A 
Stephanogonia sp. A 
Trinacria sp. A 
Triiiacria sp. B 

Cpatosira sp. A 
Kisseleviella sp. A 
Kisseleviella sp. B 
Roima sp. A 
Stephanogonia sp. A 
Trinacria sp. A 
Trochosira sp. A 

Top. L 0  Enrossia irregi/laris 412.27 
Base. L 0  Rliizosolenia oligocaenica 444.96 

Rhizosolenia oligoeaeniea Top. L 0  Rhizosolenia oligocaenica 444.96 
Total Range Zone Base. F 0  Rhizosolenia oligocaenica 483.93 

Skeletone~nopsis barbadensis Top. L 0  Skeletonernopsis barbadensis 543.81 
Partial Range Zone Base. Not defined. 

Eurossia irregiilaris 
He~nialiliis dissimilis 
Kannoa hastata 
Kisselei~iella sp. C 
Kisselei~iella sp. D 

Asterolan~ra punetifera 
Eiirossia irregularis 
Gor~iotI~eci~iii% decoratum 
Goniotheciitin odontella 
Hemiaulus dissimilis 
Hemiaiil~~s polycystino~~iii?~ 
Kai~noa hastata 
Kisselei,iella sp. C 
Kisseleviella sp. D 
Rliizosolenia sp. D 
Pyxillu reticulata 
Rhizosolenia oligocaenica 
Stephanopyxis eoceniea 
Tlzalassiosira 

i ~ a ~ ~ s e ~ l m e d i a c o m e x u  

Note: F 0  = first occurrence. and L 0  = last occurrence. 

Asterolampra piiiictifera 
Eiirossia irrep~laris 
Heniiaulus dissimilis 
Hei~iiuiilus polycystinorum 
Kannoa hastata 
Kisseleviella sp. C 
Pyxilla reticulata 
Roiixia granda 
Skeletonemopsis barbadensis 

Ikebia tennis is not abundant in this interval, but is 
consistently present through the Ikebia tennis Zone. This 
stratigraphical interval also contains several, distinct ash 
beds, of varying thickness. No significant diatom 
assemblage changes were noted through the ash-bearing 
section. Diatoms are well-preserved within the volcanic 

glass-bearing interval (1 14.2 to 109.1 mbsf), probably due 
to the high silica availability in the sediments, which may 
have buffered pore waters and reduced the dissolution rate 
of diatom fmstules. 

The Kisseleviella sp. A Zone is a partial range zone 
defined from the L 0  of Lisitzinia ornata (at 259.21 mbsf) 



up to tlie 1,O of Kisseleviellci sp.A (at 130.90 iiihsf). The 
a s s e m b l ~ e s  in this interval are characterized by variable 
diatom abundance and preservation. Ki.s.selcviellci sp. A, 
however, is present in all samples containing rare to 
abuncliint diatoms and comprises a significant component 
of the assemblages. The L 0  of StepI~(i~~o<qo~li(~ sp. A is 
noted within this zone and may provide a datum to further 
subdivide (his zone. 

Kissi.'lcviella sp. A is an undescribed taxon which 
occurs i n  CRP-2/2A, MSSTS- 1, and CIROS- 1 .  Illustrated 
specimens, designated as Ki.s.seleviel10 caiina by Harwood 
(1986. p. 86, PI. 6, Figs. 12-15) from several intervals in 
the MSSTS-l have a similar lanceolate form to what we 
have designated as Kisseleviella sp. A in this report. We 
believe that Kisseleviella sp. A is taxononiically distinct 
from morphotypes in the strict definition of Kisseleviella 
carin(i (sec Akiba & Yanagisawa, 1986). A re-examination 
of several samples from the CIROS- 1 core shows that the 
Kisseleviellci species above theunconformity at c. 366 mbsf 
are of the Kisseleviella sp. A type (of CRP-2A), whereas 
another Kisseleviella form, more closely related to 
K. ca~.ina (sensu stricto) occurs in the lowest Oligocenel 
uppermost Eocene, below the unconformity in CIROS-1. 

The Lisitzi~zia ornata Zone is a total range zone that is 
tentatively defined in the present study from the F 0  of 
Lisitzinici m u t u ,  at 259.21 mbsf, up to its LO, at 
266.38 mbsf. Diatoms are abundant and well-preserved 
within this short interval, but Lisitzinia ornata is rare. 
Distinctive diatom taxa that also occur in this zone include 
Trinacria sp. A and Trinacria sp. B. 

The Lisitzinia or11ata Total Range Zone as defined in 
the present study differs from the Lisitzinia ornafa Partial 
Range Zone proposed by Harwood (1986) and applied in 
deep-sea sediments on ODP Leg 120 (Harwood & 
Maruyama, 1992). In these studies, the Lisitzinia ornata 
Partial Range Zone is defined by the F 0  of Lisitzi~zia 
ornata at the base and the F 0  of Rocella gelida as the top 
(Harwood, 1986). Rocella gelida was not observed in 
CRP-2/2A, and, consequently, cannot be used as a zonal 
marker. We, therefore, use the total range of L. ornata. 

The top of the Trochosira sp. A Partial Range Zone is 
defined by the L 0  of Troclzosira sp. A (at 271.02 mbsf). 
The base of this zone is not defined due to an underlying 
thick interval of poor preservation and low diatom 
abundance from 302.65 to 412.27 mbsf. Distinctive taxa 
within the Trochosira sp. A Zone (271.02 to 292.09 mbsf) 
include Kisseleviella sp. B and Rouxia sp. A. The first 
occurrences of Hemiaulus sp. A, Stephanogonia sp. A, 
Trinacria sp. A, and ' 'Tigeris spp. A & B occur at 
292.08 mbsf, suggesting the presence of an unconformity 
at or below this depth in the interval of poor preservation. 

The Eurossia irregularis Partial Range Zone is 
tentatively defined from the L 0  Rlzizosolenia oligocaenica 
(at 444.96 mbsf) up to the L 0  of Eurossia irregularis (at 
412.27 mbsf). Diatoms in this interval are poor to 
moderately preserved and present in low abundance. The 
LOS of Hemiaulus dissimilis and Kisseleviella sp. D occur 
at the top of this zone at 412.27 mbsf and provide further 
support for a significant unconformity between c. 300 and 
4 12 mbsf. The diatom assemblage in this zone is similar to 
that of the underlying Rlzizosolenia oligocaenica Zone 

(see below) but is distinguished by tlie absence 01- 
R. o//~qocapii'u~(i. 

Hie Rliizosolciii~~ oligocacnicu Total Range Zone i s  
dcfincd from the 1:O of Rhizo.sol(wia oligocaenica (at 
483.93 mbsf) up to ilie 1,O of Rhiwsolenia oligocaenicn 
(at 444.96 mhsf). This interval contains common and 
well-preserved diatoms. The topof this zonemarks theLO 
o f  several taxa (sec }:ig. 5.3) which indicate a possible 
unconformity between 444.99 and 443.90 mbsf.  
Alternatively, these last occurrences may be areflection of 
poorer preservation i n  the overlying Eurossia irregularis 
Zone. The assemblage composition, however, i s  
significantly different from that above the level of poor 
preservation at c. 300 mbsf. The bottom of the Rlzizosolenici 
oligocaenica Zone is underlain by a interval of poor 
preservation from 486.28 to 533.44 mbsf, suggesting the 
F 0  of Rhiwsolenia oligocaenica may be truncated. 
Distinctive taxa that are stratigraphically limited to the 
Rl~izosolenia oligocaenica Zone include Goniothecium 
odontella, Goniothecium decorc~tim, Rlzizosolenia sp. D ,  
and Tlzalassiosira nansenii/mediaconvexa transitional 
forms. 

The Rhizosolenia oligocaenica Total Range Zone, as  
defined in the present study, differs from the Rhizosolenia 
oligocaenica Partial Range Zone, originally proposed by 
Gombos & Ciesielski (1983) andredefinedby Harwood & 
Masuyama (1992). The Rlzizosolenia oligocaenica Partial 
Range Zone is defined by the F 0  occurrence of 
Rlzizosolenia oligocaenica up to the F0 of Cavitatus 
jouseanus (Harwood & Maruyama, 1992). The F 0  of 
Cavitatus jouseanus is not applied as a datum in CRP-2A 
due to taxanomic uncertainties and discontinuous 
occurrence. 

The top of the Skeletonemopsis barbadensis Partial 
Range Zone is defined by the L 0  of Skeletonemopsis 
barbadensis at 543.81 mbsf. The base of this zone is not 
presently defined because of poor preservation below 
564.66 mbsf; the lowermost 50 m of core (565.50 to 
624.03 mbsf), beneath the Skeletonemopsis barbadensis 
Zone, contains only rare, recrystallized and non-age- 
diagnostic diatoms. The Skeletonemopsis barbadensis 
zone contains moderately preserved diatoms in low 
abundance. The assemblage within this interval is of low 
species richness but is otherwise similar to the that in the 
R. oligocaenica Zone. The assemblage is distinguished by 
the presence of Archaeosplzaeridium tasmaniae (a 
chrysophyte cyst), Rouxia granda, and Skeletonemopsis 
barbadensis, which are confined to this interval. 

AGE AND STRATIGRAPHICAL CORRELATIONS 

Correlation of key taxa in CRP-2/2A with palaeo- 
magnetic chrons, and with occurrences in other McMurdo 
Sound cores is presented in table 5.3. Most of the taxa 
present in CRP-212A are rare in the deep-sea pelagic 
record, and most open-ocean taxa common in deep-sea 
sediments are rare in CRP-212A. Consequently, few of the 
zones proposed above can be confidently tied to the 
magnetostratigraphically-calibrated Southern Ocean 
diatom records. However, direct correlation with deep-sea 
diatom datums (Harwood & Masuyama, 1992) is possible 
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28.3O to 24.1" 266.38 to 259.21 Not prcscnt in CRP- 1 l-I/lHÃˆ B / lli'2M 
(C9r to C6Cr) 309.3s (CIROS-1) 

222.04 10 187.2 1 (MSSTS- 1) 

Asteroinphal71.~ symmefriciis 28.7Oto IS.3O Lowest confirmed L20 at 84.00 (CRP- 1 )  H / H Ã ˆ / H & M / l l  
(C10n.211 to C5En) occurrence at 236,25 179.32 10 149.26 (CIROS-l) 

222.58 io 61 .S2 (MSSTS- 1) 

Cavita/us.jo~isean~~.s 30.9' to 14.6' 292.09 to 7 1.13 147.69 to 99.02 (CRP- 1 )  H / H *  / B  / 1 l i t  M / 
(C 1211 to C5ADr) 359.63 to 1 10.26 (CIROS-1) Y & A /  Hi  

222.58 to 50.88 (MSSTS-I) 

Asterolampra pinicfifera L 0  a1 27.0' (C9n) Highest confirmed 500.14 to 382.70 (CIROS- 1) H * / H & M  
occurrence at 444.96 

-. . (C13n to C12r) 
. ..--.p 

Note: Ages are calibrated to the Berggren et al. (1995) time scale. Ages indicated with nare datums derived from Southern Ocean cores. and  hose 
indicated with + are datums derived from North Pacific cores. Information is compiled from the following sources: H = Harwood (1986). l l'% = 
I-Iarwood (1989), B = Balduaf & Barron (1991). H&M = Harwood & Maruyama (1992). A+ = Akiba et al. (1993). Y&A = Yanagisawa & Akiha 
(1 998), and H+ = Harwood et al. (1 998). 

with at least l 0  taxa (Tabs. 5.3 & 5.4). Age calibrations are 
based on correlation with the magnetostratgraphical records 
of ODP legs 120 (Harwood & Maruyama, 1992), 119 
(Baldauf & Barron, 199 l), and several North Pacific cores 
(Yanagisawa & Akiba, 1998). Many stratigraphically- 
useful neritic taxa are also known from Northern 
Hemisphere high-latitude records (Schrader & Fenner, 
1976; Scherer & KO$, 1996). We have recalibrated the 
reported ages of the first and last occurrence datums from 
these ODP legs to the Berggren et al. (1995) timescale. 

Diatoms in the upper part of CRP-2/2A can be correlated 
with the Lower Mrocene section of CRP-l, though not 
completely. The best datum for correlation between CRP-1 
and CRP-2/2A is the First Common Appearance Datum 
(FCAD) of Thalassiosira praejkga, which occurs at 
102.24 mbsf in CRP-1 and at 36.24 mbsf in CRP-2. This 
datum defines the base of the Thalassiosira praefragc~ 
Zone (Fig. 5.3, Tab. 5.2). In the North Pacific, this datum 
occurs at 20.3 Ma, in Chron C6r (Yanagisawa & Akiba, 
1998). Proposed correlation points between CRP-1 and 
CRP-2/2A are presented in table 5.4. 

Dactyliosolen antarcticus is an extant species in the 
Southern Ocean and has a reported first occurrence in 
Chron C8n, c. 26.5 Ma (Harwood & Maruyama. 1992). 
This diatom occurs from 118.56 mbsf to the top of the 
Miocene section of CRP- 1, and occurs from 75.52 mbsf to 
the top of the Miocene section of CRP-2A. The Southern 
Ocean calibration for the first occurrence of this taxon 
provides a maximum age for sediments at c. 75 mbsf and 
above. Dactyliosolen antarcticus, however, probably has 
a younger first occurrence on the continental shelf 

The top of the Cavifatus rectus Zone in CRP-I occurs 
at 147.48 mbsf (Harwood et al., 1998), but this zone is not 
recognized in CRP-2/2A. suggesting that arelatively short 

disconformity may exist in the lower Miocene section of 
CRP-2/2A, removing this zone. The duration of  the 
C. reetuszone in the Southern Ocean is currently unknown. 
The absence of Ikebia tennis in the C. re.ctus Zone in  
CRP-1 (Harwood et al., 1998) suggests that this 
unconformity is above 80.65 mbsf in CRP-2/2A. Sediments 
below 80.65 mbsf in CRP2A are, therefore, interpreted as 
being older than the base of CRP- 1. 

The ̂ AS/~~AS dates on the ash (21.44k.05 Ma)  in the 
interval from 11 1 .S8 to 1 14.03 mbsf help constrain the age 
of the proposed Ikebia teiiiiisZone (80.65 to130.90 nibsf). 
Calculation of accumulation rates from an age-depth plot 
in this interval will enable a precise age determination for 
the L 0  of Ikehia tennis. 

At present, the position of the Miocene/Oligocenc 
boundary in CRP-212A cannot be assigned with confidence 
based on diatoms. A significant change in the diatom 
assemblageis recognizedbelow 128.52 mbsf, which appears 
to mark a significant disconformity. Kisseleviella sp. A is 
common in assemblages below 130.90 mbsf and absent in 
assemblages above 128.52mbsf. Kisseleviella sp. Aoccurs 
in MSSTS-1 from 50.88 mbsf to the base of that core at 

Tab. 5.4 -Tentative correlation of CRP-2/2A to CRP- 1 based on diatom 
assemblages. 

CRP-2/2A CRP-1 
(fast-track sample depth (interval of possible correlation 
in mbsf) in mbsf) 

36.25 to 26.30 102.25 to 59.58 (LSU 5.8 to 5.2) 

47.41-47.5 1 (poor preservation) ? 

57.32-57.42 141.80 to 103.39 (LSU 6.3 to 6.1) 

75.56 to 71.13 No correlative assemblage present 
-. 



222.58 mbsf and in CIROS- 1 from c. 366 to 145.15 mhsl'. 
The l,( 1 ol' this taxon in CIROS- 1 and in CRP-2/2A may 
provide a good point of correlation, but its L 0  may be 
trunc;itcd by disconformities in each hole, thereby limiting 
its usef'ulness as a time marker between holes. 

The lisitwiia ornata Zone in CRP-2A (259.21 to 
266.38 nibsf) represents a strong pulse of biosiliceous 
sedimentation on the continental shelf, which can be seen 
in diatom abundance data on figure 5.2. The total range OS 
L. onw~ti  i 11 the deep sea is calibrated to the palaeomagnetic 
time scale, ranging from Chrons C9r to C6r (28.3 to 
24.1 Ma). The last occurrence of L. ornata is confined to 
C8n (25.8 Ma) in most cores from the Southern Ocean 
(Harwood & Maruyaina. 1992; Baldauf & Barron, 199 1) .  

Lixilzii~ia ornafa is apelagic species that was probably 
excluded ecologically from the Antarctic continental shelf, 
except cluri ng intervals of enhanced exchange withpelagic 
water masses. Consequently, the L. o~-izafc/ Zone in CRP-2A 
most likely represents only a part of the total range of the 
taxon in  the deep sea. This taxon is known to occur in one 
sample in CIROS-l at 309.38 mbsf and may represent a 
correlative assemblage to that within the L. ornata Zone of 
CRP-2A. Lisitzinia ornaia also occurs in MSSTS-1, 
scattered through 100 nl of core, from 122.87 to 
222.58 mbsf. 

The Tt~oclzosim sp. A Zone is not calibrated with 
biostratigraphical datums tied to the magnetic polarity 
time scale. Diatom preservation is poor, and abundance 
low, in the interval 3 16.48 mbsfto 390.21 mbsf, preventing 
biostratigraphical interpretation of the base of the 
Trocl~osira sp. A Zone and the top of the underlying 
proposed E~irossia irregularis Zone. The Eiirossia 
irl-eguiaris Zone, which is recognized below 412.27 mbsf, 
is assigned a stratigraphical position of Lower Olia ~ocene ,  
based on the presence of Ez~rossia spp., Hemiaulus 
dissimi~ilis, and Ka1111oa hastata. These taxa have not been 
reported in Upper Oligocene sediments in the Southern 
Ocean. 

The Upper/Lower Oligocene boundary cannot be 
identified with confidence in CRP-2A. The interval 
between c. 300 and412 mbsf, which represents abrecciated, 
microfossil-poor interval. The boundary may lie in the 
Trochosira sp. A Zone or within the underlying diatom- 
poor interval. A distinct change in lithology at c. 300 mbsf 
may represent an unconforinable boundary between the 
Upper and Lower Oligocene. 

Rliiwsolenia oligocaenica occurs in CRP-2/2A from 
444.96 to 483.96 mbsf in an interval rich in biosiliceous 
material. The total range of R. oligocaenica is widely 
recognized in the Southern Ocean, with a reported range 
from 30.1 to 33.5 Ma, in Chrons C12r to C13n. The 
Southern Ocean first occurrence of this taxon, however, is 
not well calibrated due to poor diatom preservation andlor 
poor palaeomagnetic results in most holes, but is not 
reported to occur below C13n. The first occurrence of 
R. oligocaenica in the Southern Ocean commonly marks 
the onset of continuous high diatom productivity in the 
earliest Oli* oocene. 

The lowermost interval with well-preserved diatom 
assemblages in CRP-2A occurs between 564.66 and 

Tills. .?..S - Silici.'ous microl'ossil 18x2 with ranges reslrictcil to intervals 

Note: taxa indicated with an asterisk were not observed in CRP-2/2A. 
Rcported late Eoccnc to earliest Oligoccne ranges from CIROS-1 arc 
reported in Harw-ood (1989) and Harwood & Bohaty (in press) and arc  
based o n  the Wilson ct al. (1998) age model. 
('I') Kannoa liastata was identified as Ikehia tennis in the CIROS-1 core 
(Harwood. 1989). (2) Kisse/eviel/a forms below 366 mbsf in CIROS- l 
(designated as Kisseleviella cariiia by Harwood (1989)) may represent 
I new species. taxonomically separate from Ki.sse/ei:iella carincl 
Sl~esl~ukova-Poretzkaya. 

543.83 mbsf and is designated the Ske1eio11e11iopsi.s 
hcli.hadensis Zone. The occurrence of Rhiwsolenia 
oligocaenica in this zone is equivocal, due to PI-eservational 
limitations. Skeleionemopsis barbadensis ranges from the 
Middle Eocene to up to the lower part of the Rliizosolenia 
oligocaenica Zone in the Southern Ocean (Gombos & 
Ciesielski, 1983). This assemblage is difficult to date 
biostratigraphically, because of a paucity of well- 
constrained n~arkers. 

The Rliizosolenia oligocaenica and Skeletonemopsi.s 
bc/rbac/ei~sis Zones of CRP-2A share some of the floral 
elements of the diatomassemblage below the unconformity 
(c.  366 to 500 mbsf) in CIROS-1. However, many taxa 
characteristic of CIROS-l (Tab. 5.5; Harwood, 1989) and 
lowermost Oligocene/uppeimostEocene sediment of Prydz 
Bay, East Antarctica (Basson & Mahood, 1993) do not 
occur in CRP-2A. Theseinclude, among others, Hemiaulus 
caracferistic~~s, Sphynctolitliuspac(fic~is, and Kisseleviella 
carina (sensii Harwood, 1989, PI. 4, Figs. 35-37; Ban-on 
& Mahood, 1993, Pl. 5 ,  Fig. 11; and Hajos, 1976, PI. 25, 
Figs. 5-9). The lowermost assemblages in CRP-2A also 
lack typical Late Eocene diatoms, such as Disiepl~a~zosira 
archiiectz~ralis.  Consequently, we interpret the  
R. oligocaenica Zone in CRP-2A (444.96 to 483.93 mbsf) 
as Lower Oligocene (Chron C 12r), and the S. barbadensis 
Zone (543.81 to 564.66 mbsf) as Lower lower Oligocene 
or Upper upper Eocene. 

PALAEOENVIRONMENTS 

Throughout the interval recovered in CRP-2/2A, the 
diatom record is strongly dominated by neritic planktic 
diatoms, with Stephanopyxis spp. the most abundant taxa. 
The diatom record of CRP-2/2A indicates deposition well 
below sea-level, and almost entirely below thephotic zone 
(>-50m water depth), based on the rare occurrence of 
benthic diatoms. Fragments and rare whole specimens of 
large, bottom-dwelling diatoms, such as Istli171ia and 
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/\/~i~cl~noidiscus, occur throughout the diatom-bearing 
intervals in low abundance. We consider these to be 
~och thonous ,  as are smaller benthic taxa that occur 
relatively commonly, including Cocconeis spp. and 
R/ii~bdonema spp. 

Benthic diatoms may be in situ in the interval 110- 
l 12 mbsf, in association with volcanic deposits (40Ar/^Ar 
dated as 21.44 Ma). Diatom assemblages in these samples 
include a very large and distinctive diatom, referred to as 
"Genus and Species uncertain A" in the lower Miocene 
section of CRP-l (Harwood et al., 1998). The low 
abundance of bebthic diatoms in CRP-2/2A contrasts with 
CRP-1 and CIROS-1, both of which include intervals with 
significant abundance of benthic diatoms, which typically 
indicate shallow-water deposition ( 4 0  m) (Hai-wood, 
1989; Harwood et al., 1998). An alternative hypothesis 
worthy of consideration is the possibility that benthic 
diatoms are excluded from parts of the stratigraphical 
section due to high sediment input and turbid waters. A 
high suspended sediment load would have limited light 
penetration, and a highly mobile bottom may have limited 
colonization by many benthic diatom taxa. 

SUMMARY 

The CRP-212A core provides a detailed stratigraphical 
record forthe Antarctic continental shelf, despitenumerous 
disconformities. The diatom assemblages suggest high 
sediment accumulation rates throughout the recovered 
successions, especially between c. 80 and c. 300 mbsf. 
Several distinct neritic diatom assemblages are identified 
through the core, and numerous F 0  and L 0  datums 
provide a basis for a detailed diatom biostratigraphical 
zonation. Major diatom assemblages in CRP-2/2A are 
confined to distinct stratigraphical intervals and are 
interpreted as being bounded by unconformitites, based 
on deep-sea ranges of selected taxa. It is not possible to 
define firm age boundaries at this time, but using the 
diatom assemblages, we consider the interval from 
26.9 mbsf to c. 130 mbsf to be Lower Miocene and the 
interval from c. 130 to 300 mbsf to be Upper Oligocene. 
The interval from c. 412 to 483 mbsf is Lower Oligocene, 
and from 483 mbsf to the base of the hole is considered 
lowermost OligoceneKJpper Eocene. 

FORAMINIFERA 

INTRODUCTION 

A total of 135 samples, including 32 "Fast-track", 99 
routine and 4 macrofossil matrix samples, covering the 
interval from 34.28 to 623.77 mbsf, were selected for 
foraminiferal study from CRP-212A cores and processed 
and examined at Crary Science and Engineering Center. 
Seventy-three were found to contain foraminifers, and 
yielded a fauna of c. 28 genera and c. 45 species. Specimen 
preservation was generally good, with test microstructures 
only slightly altered by leaching or recrystallization, but 
ranged from very good to poor. 

Miocene and Oligoccne strata in CRP-212A comprisr 
a c. 600 111 thick sequence of diamictite, muddy sandsionr. 
sandy or silty mudstone and conglomerate, cncompassi~i;; 
the interval from 26.79 mbsf (metres below sea-floor) to 
624.15 mbsf (Bottom of Hole). Top of the Miocene is 
placed at the unconformable contact between I ,SO 2.2 
(Pliocene) and 3.1 (26.79 mbsf in CRP-2; 27.14 inhsf i n  
CRP-2A) of the standard litl~ostratigraphical classi I h t  ion 
(see Description of Sequence section, chapter 3 )  f o r  thc 
drill hole. TheOligocene-Miocene boundary is detertniticvl 
to lie at c. 130 m, near the base of LSU 8.1, and the  I ,owcr 
Oligocene-Upper Oligocene boundary is at c. 440 in. ne;ir 
the base of LSU 12.4 (see Chronology section, chapter 7).  
Boundary determinations rest primarily on diatom ;md 
nannofossil evidence. The Eocene-Oligocene botitldiii'y 
had not been reached upon termination of drilling. 

MATERIAL AND METHODS 

Sample selection emphasised fine-grained sediments. 
mostly sandy or silty mudstones, as the most likely to 
contain foraminifers. There was no attempt to sample all 
the lithologies present. Samples, most weighing 50- 100 g 
(undried) and representing c. 5 cm of core, were processed 
using standard techniques, and the resulting residues wet- 
sieved into >S00 pm, >l25 pm, >63 pm and <63 urn 
fractions. After drying, the first three fractions were 
examined for microfossils, and the last reserved for oilier 
non-palaeontological studies. All fossil material, including 
sponge spicules, diatoms, shell fragments, etc., observed 
during picking was recorded, but samples lacking 
foraminifers are referred to here as "non-fossilifero~~s". 

Most foraminifers were found in the 125-500 pm 
residue, and systematic search therefore focussed on this 
fraction. Small samples were picked entirely, but for large 
samples, the >l25 p material was subdivided, using a 
microsplitter, to provide at least two well-covered picking 
trays (9 X 5 cm; usually 114 to 118 of total residue) for 
examination. This defines the minimum criterion for 
determining a sample to be non-fossiliferous. In addition. 
all of the >S00 pm - 2 mm residue was scanned for large 
specimens, and a small portion of >63 pm material was 
searched for minute species. Some large miliolids (sec 
below) were removed by hand from surrounding matrix. 

CRP-2 and CRP-2A samples overlap by about 6 m at 
the top of LSU 5.1, but all contain similar faunas and are 
included in a single sample suite. 

BIOSTRATIGRAPHY 

Four characteristic foraminiferal assemblages, defined 
by their taxonomic composition and overall character, 
occupy successive parts of the CRP-212A sequence, and 
appear in most cases to show a clear relationship to the 
boundaries of lithostratigraphical units (see Fig. 5.4). 
These units are considered to reflect changes in biofacies 
and lithofacies at the CRP-212A site, and therefore to be of 
only local significance. All assemblages comprise only 
calcareous benthic taxa; neither planktic nor agglutinated 
species were recorded in the Oligocene- Miocene section 



Fig. 5.4 - ldistribution of Foraminiferal Units, selected foraminiferal 
species, and other fossil material in the CRP-2/2A drill hole. 

of CRP-212A. Figure 5.4 shows the distribution of the 
faunal units in the CRP-212A section, along with the 
ranges of significant foraminiferal species. 

Foraminiferal Unit I (26.91-193.75 mbsf) 

Samples from this interval, which includes LSU 3.1 to 
LSU 9.2, generally contain either sparse, low diversity 
foraminiferal faunas, or are non-fossiliferous. Seventy 
samples were examined, and 38 contained foraminifera. 
Elplzidium 17zagellanicunz and Cribroelplzidium sp. are the 
most typical and persistent taxa, and appear in most 
assemblages. Although richer faunas occur at a few levels, 
typical assemblages contain five or fewer individuals, and 
three or fewer species. The maximum observed abundance1 
diversity was 60 specimens110 species at 71.13 mbsf. 
Nonionella iridea displays a short interval of persistent 
occurrence between c. 56 and c. 76 mbsf; and Epistominella 
exigiia has scattered occurrences down hole from 
c. 95  mbsf. 

Persistently non-fossiliferous intervals occur at c. 36- 
41 mbsf, (LSU 3.1, medium to fine sandstone), and c. 107- 
123 mbsf (LSU 7.1,7.2 and 8.1 ; sandstone, diamictite and 
lapillistone). 

The Miocene - Upper Oligocene boundary occurs 
within Unit I at c. 130 mbsf (see Chronology section, 
chapter 7), but no significant change in foraminiferal 
assemblages was noted near this level. 

Foraminiferal Unit I1 (193.95-342.42 mbsf) 

The top of Foraminiferal Unit 11, which probably 
coincides with the boundary between lithostratigraphical 
LSU 9.2 and 9.3, is marked by the highest occurrences of 
Cassid~ilinoides bradyi (193.95 mbsf), and Eponidesbradyi 
(just below at 195.57 mbsf). Bothcharacterizeassemblages 
down to 342.42 mbsf, where the next faunal change 
occurs. As compared to the overlying unit, foraminiferal 
abundance and diversity are higher, and samples are more 

consistently fossilifcrons (23 of 35 samples). Common 
species within this interval includeEpistomkella exigun, 
Melonis bcii'leediiiiin, Aininoelphidiella spp. and  
Clihroelphidimii sp, 

Foraminifera arc relatively common down t o  
C. 260 nibsf, with typical samples yielding 10-50 
specimens, representing 4-9 species. The lower part, from 
c. 260 mbsf to c. 340 mbsf has sparser assemblages, 
commonly with only one or two species. There is a 
substantial barren interval from c. 275 to c. 320 mbsf. The 
lower boundary of Unit II lies near the base of LSU 11.3. 

Diatom and calcareous nannofossil data indicate that 
Foraminiferal Unit I1 is entirely Late Oligcene in age. 

Foraminiferal Unit I11 (342.42 - c. 486.19 mbsf) 

Highest occurrences of Cassiclulinoides braziliensis at 
342.42 mbsf and a large, unnamed Fursenkoina sp., c. 3 m 
below at 345.50 m, mark the top of Foraminiferal Unit 111, 
and the two species are the most common taxa within it. 
Epistominella exigua and Eponides h d y  have sporadic 
occurrences. Eleven of 20 samples contained sparse to  
moderate foraminiferal assemblages, consisting of three 
to six species. Isolated, large miliolid individuals were 
observed in the core at c. 345,460 and 466 mbsf. 

The upper part of Foraminiferal Unit I11 is poorly 
developed, but more diverse and abundant assemblages 
occur in its lower third. There is an abrupt increase in 
abundance and diversity below c. 440 rnbsf., the level 
thought to represent the Upper Oligoccne-Lower Oligocene 
boundary (see Chronology section, chapter 7). There is a 
major barren interval from c. 347 to c. 435 m, which 
includes all of LSU12.1 and 12.2 (diamictite and 
sandstone). The base of the unit lies c. 6 m above the base 
of LSU 13.2. 

Foraminiferal Unit IV: Impoverished (486.19- 
624.15 mbsf) 

The top of Foraminiferal Unit IV is placed at a non- 
fossiliferous sample c. 4 m below the lowest occurrence of 
Cassid~ilinoides braziliensis, The Unit commences near 
the base of LSU 13.2 and continues to the base of the 
drilled section in LSU 15.6. Rocks within the Unit are 
well-indurated and difficult to disaggregate. Only one 
(564.58 mbsf) of the eight samples examined yielded 
foraminifers: a single, moderately preserved, specimen of 
Fursenkoina sp. (of Foraminiferal Unit 111). Despite the 
virtual absence of smaller foraminifera, isolated single 
specimens of large, apparently well preserved, biloculine 
miliolids (probably Pyrgo spp.) were observed in the core 
at c. 599 and 620 mbsf. Their presence may indicate a 
specialised, perhaps hypersaline, environment unsuitable 
for other species. 

PALAEOENVIRONMENT 

All of the four Foraminiferal Units described above 
contain calcareous benthic foraminiferal faunas of 
moderate to very low diversity, and lack both planktic and 



agglutinated benthic foraminifera. These factors s~~ggest  
that all four assemblages reflect various i~lsliore l~enthic 
cii\lironments, which wereisolatedfromocea~~iccirc~~l~~tio~~ 
and affected by various events and processes, e.g. re(iuced 
s~~litiity, involving meltwater. 

Progressing from Foraminiferal Units IV to 11, the 
f':~iinas suggest a long-term deepening trend, as indicated 
by increasing foraminiferal abundance and diversity 
(although with second-order reversals) followed by a 
return, as reflected by the Unit 1 fauna, to more inshore 
environments. 

The sparse fauna of Unit IV, with scattered large 
niiliolids, is consistent with a shallow water (hypersaline?) 
environment, above wave base (c. SO m?), as suggested by 
s~dimentolo~ical evidence (see Facies Analysis section, 
cI1:ipter 3). Foraminiferal Unit 111 assemblages probably 
reflect increased, mid- to outer- shelf (100-200 m) water 
depths, especially from c. 440-485 mbsf. Still further 
deepening, to perhaps outer-shelf or upper-slope depths 
(200-300 m), may indicated by the more consistent and 
diverse faunas of Unit 11. Foraminiferal Unit 1 marks an 
abrupt return to low diversity, spasse faunas characterized 
by the shallow water taxa, Elphidium and Cribroelplzidi~inz. 
A near-shore setting is likely, but apparently there is no 
sedimentological evidence that the site was above wave 
base. 

AGE AND CORRELATION 

All foraminifei-S from CRP-212A have either long or 
poorly known ranges, and no age-diagnostic species were 
encountered to permit external cosselation. Although the 
CRP-212Afaunas are less diverse andlack planktic species, 
they bear a general resemblance to Oligocene and Miocene 
faunas from lithostratigraphical Unit 2 (especially 2B to 
21) atDSDP Site270 (Leckie & Webb, 1985). Foraminiferal 
Units I1 and I11 are comparable to the Globocassiduli~za- 
Cassidulinoides-Trochoelphidiella Assemblage Zone from 
the lower part of DSDP270, while Foraminiferal Unit I 
resembles the Episto~ni~zella-Elphidiunz-No?zio7zella 
Assemblage Zone from the upper part of that drill hole. 
CRP-212A faunas also seem closely related to faunas in 
Units 5, 7, 8, 9 and 15 in CIROS-l, but significantly, no 
fauna equivalent to the lowermost CIROS-1 fauna, from 
Unit 21 (Webb, 1989, p. lOS), was encountered in 
CRP-212A. 

Only Foraminiferal Unit I assemblages are represented 
in the nearby CRP-l drill hole (Cape Roberts Science 
Team, 1998~) .  

CALCAREOUS NANNOFOSSILS 

Calcareous nannofossils occur thsoughout the Southern 
Ocean in pre-Miocene sedimentary rocks deposited in 
pelagic and hemipelagic settings where the bottom was 
above the carbonate compensation depth (CCD). 
Conditions during the Cretaceous through Oligocene were 
sufficiently different in the Southern Ocean from the 

temperate and tropical areas of' tllc world that SC:~:II.:I~(> 
biostratigr~~phical zonatio~is Ii:~vc bee11 develope(1. 'I'II(& 
So~~thern Ocean biostr:1tigr~i1>liic:il zo~iation of Wvi 
Wise ( l  990) has been aciopted to s~~bdivide theEoce11c i t ~ ~ d  
Oligocene sequence i n  the Cape Roberts col-CS. 'l'l~is 
zonation has the advantage of~~tilizing several P I - ~ I I I ~ I I C I I ~  

11ig11-latitude species while retaining t h o s e  hi()- 
stratigl-aphical n~arker species from temperate zo~iat  ions 
that penetrate in the high S o ~ ~ t h e r ~ i  latitudes. Most of' tlic 
biohorizons used in this zonation have been corrcl:~tc~(l 
directly to the palaeomagnetic titne scale and, i~~ciirc:cfIy, 
to the geochronological time scale. 

RESULTS 

The entise pre-Pliocene sequence from holes CI<l'-212A 
was sampled and examined for calcareous nan~~ofossils. 
Samples were chosen preferentially from fine-graitwci 
lithologies or at least from sedimentary rocks wit11 finc ' 

grained matrix material. All samples were e x ~ i ~ i ~ i ~ ~ e ( i  
initially by using smear slides of raw sediment. 111 ~iiost 
cases, no additional sample preparation was done. A l'ew 
coarser-grained sediments were processed by :I 

gravitational settling technique in which approxi~i~ately 
0. 1 cm3 of sediment was disaggregated and suspencled iri 

sufficient purified water to constitute a c o l ~ i ~ n n  of' 
approximately 2 cm height in a small closed vial. This 
suspension was allowed to settle undisturbed for 60 
seconds, at which point an aliquot of the supernatant was 
withdrawn and mounted on a cover glass. This procecii~rc 
removed grains larger than approximately 20 ~nicro~is  
from the supernatant, and thus concentrated the finer, 
nannofossil-bearing size fraction. 

A total of six samples spanning in the cored intel-val 
from 29.70 to 57.32 mbsf in Hole CRP-2 and 179 san~ples 
from 54.67 to 624.10 mbsf in CRP-2A drill hole wcre 
examined for calcareous nannofossils. All of the pre- 
Pliocene samples from CRP-2 are bal-sen of calcareo~~s 
nannofossils. In total, 72 of the 183 samples from CRP-2A 
contain some nannofossils. This suggests a representation 
of nannofossils in less than 40% of the cored interval. 
However, examination of figure 5.5 indicates that the 
distribution of nannofossil-bearing samples in the section 
is not uniform, but OCCUI- with nannofossiliferous intel-vals 
separated by bassen intervals. For example, the 25 m from 
c. 144 to 169 ~nbsf  contains nannofossils in 90% of the 
samples (18 out of 201, whereas the subjacent 25 m from 
c. 169 to 194 mbsf contains nannofossils in only 11% of 
the samples (one out of nine). These intervals of 
nannofossil-bearing samples define a set of hemipelagic 
depositional episodes (see below) that punctuate the 
Oligocene history of the Ross Sea. These fossiliferous 
intel-vals occur generally in the finest-grained mudrocks 
and cossespond to those where other palaeontological 
indicators of deep water have been found (e.g. pteropods). 

The highest of these stratigraphical intervals (144.44 
to 167.35 mbsf) constitutes an interval of relatively 
continuous nannofossil occu1rence. Excluding the barren 
samples intercalated within this sequence, the average 
nannofossil species richness is 3.3 species per sample. The 
highest sichness values occur near the centre of the sequence 



Age Unit Depth Grain size 
(mbsf) 

A . .  . ~ . l  

Species richness 

Fig. 5.5 -Species richness of calcareous nannofossil assemblages from CRP-212A. Horizontal axis is the number of species identified in a given sample. 
Those samples with zero (0) species identified are barren samples. Note that the distribution of nannofossil-bearing samples is n011-random: defining 
a set of hemipelagic episodes during deposition of the Oligocene of CRP-2A (see text). 

(150.70 to 155.20 mbsf), with two samples having seven 
species per sample (Tab. 5.6). Specimen abundance and 
species richness decrease both up-section and down- 
section from this richness maximum. Taxa present include 
Dictyococcites bisectus, Dictyococcites productus, 
Reticulofenestra minuta and Reticulofe~zestra minutula. 
The presence of D. bisectus without Clziasmolitlzus altus 
is indicative of the Dictyococcites bisectus Zone of late 

Oligocene age. The last occurrence of D. bisectus is well 
constrained in the Southern Ocean (Wei & Wise, 1992; 
Berggren et al., 1995) at 23.9 Ma. This datum (identified 
at 149.28 mbso is almost certainly a minimum estimate 
for the age of this horizon, as this species is only present 
in this sequence during the interval of highest species 
richness. The late Oligocene age is corroborated by the 
presence of R. miizuta. 
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The interval from 169.58 to 193.65 mbsf is 
char:~ct~;sized by samples t11:it are largely b ~ ~ s r e ~ i  of' 
calcarco~~s ~ian~~ofossils. Only one sample, at l8  l .74 ~iibsf, 
contai~~s rare, moderately preserved ~ia~i~iofossils. Slxxics 
prescnl include D. bisecfz(s, Dic<)~ococciteLs clciviesii, ~I I ICI  
R. iuii~u/(l. This assemblage is co~~sis tent  with tlic 
D. bi,scctl/.s Zone, although it might also be a delxi~i~~cfi~tc 
representative of theunderlying Clzias~~~olit/z~is c i l t ~ ~ ~  Zone. 

Calcarco~~s nannofossils occur consistently in sanil~les 
from the short interval of 195.70 to 200.54 ~nbsf.  All SOLIS 
samples take11 from this interval contain rare, model-ately 
preservecl assemblages consisting of three to six taxa 
(Tab. 5.6).  The most species-sich sample, from 
200.15 nibsf, contains the smalles reticulofe~iestrids 
(R. r~iii~utcl and R. i~z i i z i~ t~~ la )  as well as the larger 
dictyococcitids (D. daviesii, D. fzesslaizdii, and 
D. proc/~~(:fus), but significantly lacks D. bisecfus. In 
addition, it contains Tlzoracosphaera saxae, a calcareo~is 
dinof1:igeIlate. The assemblage is consistent with, but not 
definitive of, the D. bisectus Zone of late Oligocene age. 

Below this shost interval of nannofossiliferous rock, 
there is :I thick (at least 1 l 5  m) sequence of strata that is 
largely devoid of calcareous nannofossils (Fig. 5.5). From 
215.52 to 330.26 mbsf, it yielded only four samples 
(222.25, 236.25, 296.39, and 296.83 mbsf) that contain 
veryrare, generally poorly preserved nannofossils. Because 
of the very rare occursence of these specimens in a thick 
sequence of otherwise barsen sedimentasy rock, it is 
entirely probable that the specimens are reworked. None 
of the depauperate assemblages are age diagnostic. It is 
notable, however, that they contain the last down-hole 
occurrence of R. 17ziizuta (at 296.83 mbsf). 

All nine samples taken from the interval 330.69 to 
340.19 mbsf contain calcareous nannofossils, although 
sussounding rocks immediately above and below ase bassen. 
The assemblages are similar to others higher up-section, 
containing D. bisectus, D. daviesii, and D. hesslandii. In 
addition, thoracosphaerids occur in samples 330.82 and 
340.00 mbsf. Below is another thick (c. 70 m) interval of 
rock that is largely bassen of nannofossils. From 340.28 to 
410.94 mbsf, only four samples (358.22, 396.98,397.92, 
and 409.38 mbse Tab. 5.6) contain nannofossils. The 
assemblages are generally poorly preserved and contain 
only very rare nannofossils including D. daviesii and 
D. lzesslandii. In addition, however, asample at 358.49 mbsf 
contains common fragments of Thoracosphaera lzeinzii 
and Tlzoracosphaera saxea, mainly as single platelets, 
representing thoracosphaerid tests that have been broken. 
No other nannofossils ase present. This thoracosphaerid- 
rich interval is reminiscent of the thoracosphaerid horizons 
in the Quaternary of CRP- l (Cape Robests Science Team, 
1998b) and CRP-2A (this volume). Villa & Wise (1998) 
related the Quaternary occussences in CRP- l to relatively 
warm intervals during an otherwise glacially dominated 
climatic regime. However, this deduction may not be 
applicable directly to the mid-Oligocene occusrence. 

The identification of calcareous nannofossil 
assemblages of the late Oligocene Dictyococcites bisectus 
Zone distinguishes this sequence in CPR-2A from others 
in the Ross Sea. Direct comparison with others in the Ross 

Sea is ~IiSf'ic~~It l ~ c c : ~ ~ ~ s c  of the lack of prcvio~is work oti 
tipper Oligocene ~i:~nnoSossils. 11i~escst i n  the CIROS- l 
core Soc~~sccl on the Lowcr Oligocene ZIIIC~ Upper Eoce~ic.  
Ncithe~. 1<cIwar~is & Waghos~i (1989) nor Wei (1992) 
sa~npleci above CIROS-l I ~ i t l ~ o s ~ r : ~ t i g s ~ ~ ~ ~ l ~ i c : ~ l  Unit l 8  
(liighcst s:i~i~ples:~t 385.77 :ind 380.001~11~sf,respective1y). 
Monecl~i & Reale (l  997) sanq~leci CIROS-l Litl~ologic~~l 
Units l 1 (fo~tr sanlpies between 214.55 and 228.83 1nbs1-) 
and l5 (3 10.45 and 3 16.34 ~nbsf), dated by diato~ns as late 
Oligocene in age (Haswood et al., 1989~1). However, these 
s:~mpIes wese basset1 of ~ian~iof'ossils. The str:itigraphicall y 
highest sample known to contain nan~iofossils in CIROS- l 
is fro111 Lithological Unit 16, at 334.37 ~nbsf, with rare, 
poorly preserved specimens of Coc~~ol i t l i~~s~~e lc~g icz~s  ancl 
D. daviesii (Monechi & Reale, 1997). Alt110~1gh D. daviesii 
is the most common compone~lt of Oligocene assemblages 
fro111 CRP-2A, no definitive specitnens of C. pelagiczi,~ 
have been identified during our prelin~inary examination. 
The sample at 334.37 mbsf, located near the base of the 
Upper Oligocene, is the only known nannofossil-bearing 
horizon in the Upper Oligocene at CIROS- 1. At CRP-2A, 
there is more than l00 m of nannofossil-bearing strata in 
the Upper Oligocene D. bisect~~s  Zone. This suggests, by 
correlation, that nannofossil-bearing strata should OCCUI- 

above Unit 16 in CIROS-l. Similarly, there was n o  
systematic examination of the MSSTS- l Upper Oligocene 
for calcareous nannofossils. As a result, it is difficult to  
judge whether or not the record of late Oligocenecalcaseo~~s 
nannoplankton in CRP-2A is unique for the Ross Sea. 

There was a significant addition to the calcareous 
nannofossil assemblage that occussed du~ing the underlying 
episode of hemipelagic sedimentation. The thin siltstones 
interbedded with coarser lithotypes from 412.25 to  
413.05 mbsf contain Clziasi~zolitlzus altus, in addition to 
D. daviesii, D. hesslaizdii, and R. lzai7zpdeizensis. The last 
appearance datum (LAD) of C. altus has been well 
documented elsewherein Chron C8n at 26. l Ma (Berggren 
et al., 1995). The LAD of C. altus is used as the upper 
boundary of the C. altus Zone of late early to early late 
Oligocene age. This species appears to range down to a 
first appearance in the Lower Oligocene (Perch-Nielsen, 
1985; de Kaenel & Villa, 19961, although Wei & Wise 
(1990) report this taxon significantly lower (upper to 
middle? Eocene) in the Weddell Sea. This species has 
been found in only two samples during our preliminary 
examination of CRP-2A, indicating that a significant part 
of the zone is missing. Diatom evidence (this volume) 
suggests that this interval is early Oligocene in age, 
suggesting that much of the upper part of the zone is 
missing in a major disconformity. 

Samples in the intervalfrom426.49 to 456.32 mbsf are 
difficult to date biostratigraphically using calcareous 
nannofossils. All but three of the 13 samples examined 
from this interval are either barsen or contain such very 
rare, poorly preserved nannofossils that biostratigraphical 
classification is impossible. Three samples having 
somewhat better assemblages still evidently lack any 
diagnostic species. This interval can be chasacterized only 
based on its stratigraphical relationship with the overlying 
(C. altus) and underlying (R. oamarue~zsis) zones, and, on 



account of its position it is assigned tentatively to the 
co~nbined Dictyococcites daviesiilBlackites spiizos~(.s Zone 
ofcarly Oligocene age. The two zones have been combined 
i x x a ~ ~ s e  the biohosizon used to differentiate the two: the 
I.,AIl of Zstlzmolithiis reculvus, was not identified in our 
prcliminasy examination. This might suggest that the entire 
interval should be placed in the D. daviesii Zone. However, 
I .  recLirvus is rare in CRP-2A, having been identified fro111 
only one sample (459.52 mbsf) in the underlying zone. 

'Theinterval from457.00 t0474.63 is well-chasacterized 
l~iostratigraphically by well-preserved assemblages 
colitaining Reticiilofenestra oanzarueizsis. This high 
so~~thern latitude species has a total range that defines the 
l?. oc~i~zaruensis Zone of earliest Oligocene to latest Eocene 
age and is well-documented geochronologically. The FAD 
of R. oantaruensis appears to occur consistently in Chron 
Cl  6 in the Southern Ocean (Wei & Wise, 19921, with its 
bcst placement within C16n.ln (Berggren et al., 1993,  
yielding an age of 35.4 Ma. The LAD of R. oanzarue~~sis 
11:~s been conelated to Chron 13r, although it may occur at 
the C 13nlCl3r boundasy based on the record at ODP Site 
699 (Wei, 1991; Berggren et al., 1995). Given this 
placement in (21311, it has been assigned an age of 33.7 Ma 
by Berggren et al. (19951, which is numerically the age of 
the EocenelOligocene boundzuy as used by them. However, 
if the record of ODP Site 699 is cosrect, the actual age of 
the LAD of R. oa~naruensis should be slightly higher. 
Berggren et al. ( l  995) date the Chron C13n/C13rboundary 
at 33.545 Ma. This earliest Oligocene age assignment is 
appealing as it is more in keeping with the traditional 
assignment of the zone as straddling the EocenelOligocene 
bounday. Moreover, otherpalaeontologica1 evidence from 
CRP-2A suggests that this interval is earliest Oligocene 
rather than latest Eocene in age. In fact, there is significant 
evidence from diatoms that suggests R. oanzaruensis 
specimens in this interval may be reworked. 

There is a thick interval of rock that is banen of 
calcareous nannofossils from 486.30 to 612.97 mbsf. 
Nevertheless, near the base of the hole, two samples 
yielded calcareous nannofossils. At 619. l l mbsf, a rare, 
poorly preserved assemblage contains only Dictyococcites 
hesslandii. A significantly better assemblage was recovered 
from the basal "fast track" sample at 623.60 mbsf that 
includes Bicolunz~zus ovatus, Dictyococcites bisectus, and 
D. hesslandii. Bicoluinnus ovatus was first described from 
the Upper Eocene and Lower Oligocene of Maud Rise, 
Weddell Sea, but is also known to occur from the Upper 
Eocene and Lower Oligocene of the Falkland Plateau and 
Rio Grande Rise (Wei & Wise, 1990). More recently, it 
has been reported from as high as the Upper Oligocene 
(Zone NP 25) of the Iberian Abyssal Plain (de Kaenel & 
Villa, 1996). Thus, the species present in this assemblage 
cannot be used to assign an age for the base of CRP-2A. 

PALYNOLOGY 

INTRODUCTION 

183 samples were collected for palynological analysis 
(Tab. 5.7), of which 122 "fast-track" and regular samples 

wcre processed and studied at CSEC laboratory d~ i s i~~ j? .  llic 
core cliaracterization phase; finest grain size rocks W ~ T C ~  

selected with a target sampling i~iterval of 3 t o  0 111, 

Paly~~ological preparation followed the tecl~~iiques tised l'( ) I ,  

CRP- l anddescribedby CapeRobests ScienceTeam ( 1008:1) 
:111c1 Si111es & Wrenn (l998), with only minor ~nodif ic :~~io~l .  
Between 5 and 12 g ofrock were processedforeach s:11111)lc. 
One tablet of L~1copodiunz spores (Lund Univcrsi~y 
batch # 124961) was added toeach sample beforepsocc~ssi~~g 
to enable later estimation of palynomorph co~lcentr:itio~~ per 
weight of sediment. Microwave digestion in hydsocliloric 
and hydrofluoric acid was followed by 7 minutes oxi(l:~fio~~ 
with concentrated nitric acid, decantation using a swirli~~y. 
method and sieving with l25 or 212 p11 mesh t o  rcin(wc 
coasse mineral grains, and heavy liquid sepxatio~i will1 
sodium polytungstate. Finally, most organic residucs were 
sieved to remove pasticles less than 6 p diameter. 

Very few modem contaminant pollen grains wcre see11 
during microscopic examination of the slides.  
Autofluorescence characteristics (using a Zeiss e p -  
illumination system 111-RS with blue-violet excitatioli) 
were used as an aid to distinguish different p01le11 ~tnd 
spore components: modern pollen displayed a white 
autofluorescence, Cenozoic specimens yellow t o  ora~ige 
colours, and Permian and lower Mesozoic pollen and 
spores dull red to no autofluorescence. The drilling I I I M ~  

used in CRP-212A was primarily the same sy~itlletic 
polymer used in drilling of CRP-l, and had previously 
been found to contain negligible contamination. GLIX 
gum, a mud additive of vegetable origin, also was used i n  
CRP-212A. The residue retained by filtering a dil~itccl 
suspension of the gum on a 6 pm sieve contained a minor 
amount of co1ourless fibres and other cellular ~naterial. 
This displayed white autofluorescence and could easily be 
distinguished from fossil material. 

PALYNOFACIES 

A simple visual estimate of relative organic residue 
volume was made from the number and density of 
microscope slides produced (all recovered material was 
mounted), as time available did not permit more accurate 
estimation using Lycopodium spore counts. This value 
was divided by the weight of sample processed to obtain 
an approximate measure of the "palynologicalresidue", or 
coarse organic matter content of the sediments (Fig. 5.6). 
Excluded from estimation were samples in which 
significant loss during processing was noted. The estimate 
may not reflect total sediment organic content, as organic 
residue pasticles less than 6 pm were removed by sieving. 
Amosphous organic matter in particular will have been 
removed by sieving and by nitric acid oxidation. 

In general, total residue is not abundant above 306 mbsf, 
although there are peaks at about 230 and 260 mbsf. Below 
306 mbsf residue is distinctly more abundant, with the 
exception of low values at 531.65 mbsf and 594.90- 
60 1 .34 mbsf. The principal residue component consists of 
redeposited coal fragments. The dominance of these is 
pai-tly controlled by hydrodynamic factors: the low values 
are probably due to cursent sosting in the sandstones at 
those levels. 



Palaeontology 

Tab. 5.7 - I'alynology sampling during core characterization. 

Hole 
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2 
2 
2 
2 
2 
2 
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2 
2 
2 
2 
2 
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2 
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2 
2 
2 
2 
2 
2 
2 
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2A 
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2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 

--.p 

Top Base Lab # 
1331 1332 62- 

. . .. .. 
Lithology 

---p-. .. 
sandy diamicton 
muddy sand (diamicton) 
sandstone clast 
sand (diamicton) 
sand (diamicton) 
m. sand 
sandy diamicton 
sandy diamicton 
sandy diamicton 
fine sand 
fine sand 
muddy fine sand 
muddy fine sand 
muddy v f. sandstone 
v.f. siity sand 
muddy m. sandstone 
muddy m. sandstone 
m. sand 
muddy fine sand 
muddy fine sand 
muddy fine sand 
muddy sand (diamicton) 
v.f. sandy mudstone 
muddy v f. sandstone 
muddy v.f. sandstone 
muddy v.f sandstone 
sandy mudstone 
mudstone 
mudstone 
mudstone 
mudstone 
mudstone 
muddy fine sandstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
muddy f. sandstone (diamictite) 
fine sandstone (diamictite) 
muddy v f. sandstone 
muddy v.f sandstone 
muddy v.f. sandstone 
muddy v.f. sandstone (diamictite) 
sandy diamictite 
sandy diamictite 
f. sandstone 
f. sand 
mudstone 
v.f. sandstone 
v f. sandstone 
muddy v.f. sandstone 
muddy v.f. sandstone 
muddy v.f. sandstone 
muddy v.f. sandstone 
muddy f. sandstone 
f. sandstone 
v.f. sand 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
v.f sandy mudstone 
v.f. sandy mudstone 
v f. sandy mudstone 
v.f. sandy mudstone 
muddy v.f sand 
f. sandstone 
muddy f. sandstone (diamictite) 
v.f. sandstone (diamictite) 
muddy f. sandstone (diamictite) 
muddy f sandstone 
muddy f. sandstone 
muddy v.f. sandstone 
muddy f. sandstone 
muddy f. sandstone 
muddy v.f. sandstone 
muddy f. sandstone 
muddy f. sandstone 
muddy f, sandstone 
muddy v.f. sandstone 
muddy v.f. sandstone 
mudstone 

2A 251.20 251.21 mudstone 

-. .. 
Uni 

2.1 
2.1 
2.1 
2.1 
2.1 
2 2 
2 2  
2.2 
2.2 
2.2 
2.2 
3.1 
3.1 
3 1 
3.1 
3 1 
3.1 
3.1 
3.1 
3.1 
3.1 
4.1 
4 1 
5 1 
5 1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
6.1 
6.1 
6.1 
6.2 
6 2 
6.2 
6.3 
6.3 
7.1 
7.1 
7.1 
7.2 
7.2 
7.2 
8.1 
8.1 
8.1 
8.1 
8.1 
8.1 
8.2 
8 2 
8 2 
8 3 
8 3 
8.3 
8.3 
8.3 
8.3 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8 4 
8 4 
8.4 
9.1 
9.2 
9.3 
9 3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.3 
9.4 

Top Base Lab-# w t  ( g ) L ~ t h T o g y  

4 50 mudstone 
sandy mudstone 
mudstone 
v.f. sandstone 
muddy f. sandstone 
muddy f. sandstone 
clay bed in f. sand 
v.f. sand 
muddy f. sand 
muddy f. sand 
sandy mudstone 
v.f. sandstone 
silty claystone 
v.f, sandstone 
mudstone 
mudstone 
mudstone 
siltstone 
mudstone 
mudstone 
mudstone 
mudstone 
mudstone 
sandy mudstone 
muddy f. sandstone (diamictite) 
sandy diamictite 
mudstone 
siltstone 
sandy diamictite 
mudstone 
muddy f. sandstone 
muddy f. sandstone 
muddy v.f. sandstone 
muddy f. sand 
mudstone 
mudstone 
muddy f sandstone 
sandy mudstone 
muddy f. sandstone 
muddy f. sandstone 
m. sandstone 
v.f. sandy mudstone 
mudstone 
mudstone 
mudstone 
mudstone 
sandy mudstone 
sandy mudstone 
sandy mudstone 
sandy mudstone 
sandy mudstone 
sandy mudstone 
muddy f. sandstone 
muddy f. sandstone 
sandy mudstone 
v.f. sandy mudstone 
v.f. sandy mudstone 
laminated v.f. sandstone 
f. sandstone 
mudstone 
lam. siltstone1v.f. sandstone 
siltstone 
lam. mudstone1v.f. sandstone 
muddy v.f. sandstone (intraclast) 
muddy v.f. sandstone 
v.f. sandstone 
green m. sandstone 
mudstone 
muddy v f. sandstone 
siltstone 
siltstone 
muddy v.f. sandstone 
muddy v.f. sandstone 
muddy f. sandstone 
v f. sandy mudstone 
sandy diamictite 
mudstone 
slitstone 
muddy v.f. sandstone 
v.f. sandy mudstone 
f. sandstone 
muddy f. sandstone 
muddy f. sandstone 
lam. v.f. sandstone/siltstone 
sandy mudstone 
coal pebble 
am. v.f sandstone/siltstone 
muddy f. sandstone 
v f. sandy mudstone 
sandy mudstone 
v.f. sandy mudstone 

123 

-. . 
Unit 
p 

9.4 
9.4 
9.4 
9.5 
9.5 
9 5 
9.5 
9 5 
9.5 
9.5 
10.1 
11.1 
11.1 
11.1 
11 2 
11.2 
11.2 
11.2 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
13.1 
13.1 
13.1 
13.1 
1 3 1  
1 3 1  
1 3 1  
1 3 1  
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 
13.7 
13.1 
13.1 
13.1 
14.1 
15.1 
15.1 
15.1 
15.2 
15.2 
15.2 
15.2 
15.2 
15.2 
15.3 
15.3 
15.3 
15.3 
15.4 
15.4 
15.4 
15.5 
15.5 
15.5 
15.5 
15.5 
15.6 
15.6 
15.6 

Note: blank laboratory numbers = reserved samples; * = reprocessed sample. 
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0 aaitraw units ' 

!-'is. 5.6 - Palyiiofacies: relii l ive abundanceol'organicparticiilatc matcrial (palynolosic;il residue) per un i l  weigln ofsediineni; a i ld  relative abundai>cc 
ofiii;iiol-compone~itsol'll~eori;;iiiic1n;i!ierclassed;iccorclin~toasemi-quoniitativesc;ilebyvisualcstim;ttio~:0-;ibsei~; 1 -rare,onetoafcwspecimens 
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Relative proportions of components  of  the 
palynological material (Balten. 1996). excluding 
amorphous organic matter, were classed by visual 
inspcciioii of thc microscope slides using 21 5-part sciile 
(Fig. 5.6). The major components include: 
- black organic manor: opaque angular. more or less 

c<;ui(!iniensioni~i particles of c 10-1 20 p111 di;inie!cr. a 
Â¥iing determincd by the mesh of sieves used in 

preparation (Fig. 5.7~1); these are regarded as detrital 
coal which, from the identified provenance of 
macroscopic sediment clasts (see Seclimentology 
chapter) and the occurrence of recycled Pcrmian ;ind 
TIT assic . : pollen and spores ( e . g .  Figs. 5.7b & 5. l Ii, I & 
m). is certainly derived from the Beacon Supergroup: 
ihe componcn~ clominates the palynological material 
in almost all samples, except t\ few in thc upper pan of 
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the section in which the total amount of residue is small 
and in which brown organic matter and foraminiferal 
linings assume a greater relative proportion; 

- brown organic matter: translucent brown, structured 
organicmatter; probably mostly phytoclasts, i.e. derived 
from plants, and including mainly wood but also some 
cuticle and other resistant tissue (Fig. 5.7a, c & d); 
moderate values prevail in the section above 350 mbsf, 
except for low values in Plio-Pleistocene LSU 2.1 and 
2.2, but below 350 mbsf there are relatively low values 
except for peaks around 450 mbsf in LSU 13.1, at 
53 1.65 mbsf in the well-sorted sandstone of LSU 14.1, 
and near the base of the section in LSU 15.6; 

- foraminiferal linings: the "chitinous" test linings of 
mainly benthic foraminifera (Fig. 5.7e); these are 
relatively abundant in the section above 306 mbsf, 
except for the Plio-Pleistocene interval, but attain 
similar values in only a few parts of the section below 
306 mbsf - peaks in relative abundance in the lower 
section reflect relatively finer-grained intervals in LSU 
13.1, 13.2, and 15.1-15.3, in which conditions were 
apparently more favourable for foraminifera, and 
possibly intervals where sediment accumulation rates 
were lower with less of a dilution effect; 

- leiospheres: smooth-walled cysts or cell walls of marine 
algae (species of Leiosphaerdia, Fig. 5.9i, and 
Sigmopollis) of uncertain affinity, classed as Acritarcha 
(see succeeding section); these are clearly most 
abundant between the top of the Miocene section at 
about 27 mbsf and the base of LSU 8.4 at about 
180 mbsf, a distribution consistent with their high 
abundance in the lower part of the CRP-1 Miocene 
section. 
Minor but either conspicuous or palynologically 

significant components also recorded include: 
- other marine microplankton, including spinose and 

other Acritarcha (Fig. 5 . 9 ~ - e  & h), Prasinophyceae 
e . g .  Tasmanites, Fig. 5.9g; Cymatiosphaera, 
Fig. 5.9h), and Dinophyceae (e.g. Fig. 5.8a-i); rare to 
sparse throughout the section; their detailed distribution 
and significance is discussed in the following section; 

- scolecodonts: these are dispersed parts of the mandibles 
and maxillary apparatus (feeding organs) of polychaete 
annelid worms (Szaniawski, 1996), but the component 
may also include superficially similar arthropod and 
mollusc parts (Fig. 5.73; rare throughout the sequence 
but more consistently present in the section above 
about 200 mbsf; commonly associated with intervals 
rich in foraminiferal test linings; 

- pellets: approximately ellipsoidal aggregates of 
amorphous and fine particulate organic matter were 
recorded only in LSU 7.2 and 8.1 in the interval 
111.06-118.88 mbsf, where they are rare to sparse; 
they are probably fecal pellets of marine invertebrates 
such as copepods, crustaceans, or polychaetes; 

- pollen and spores (e.g. Fig. 5.10a-m): these are rare 
almost throughout the section, attaining moderate 
numbers between 40.54 and 47.41 mbsf in the lower 
part of LSU 3.1 and in a number of samples below 
306 mbsf,inLSU11.3,13.1,14.1,15.1,15.2,and15.3 

(there may be an association of these higher values 
with relatively abundant brown organic matter, 
reflecting a similar terrestrial vegetation source for 
this material; detailed distribution of various taxa and 
groups is discussed in a following section). 

MARINE PALYNOMORPHS 

Assemblage Details 

The marine palynomorph contents of 116 samples 
were examined. Well-preserved marine palynomorphs 
were recovered, often in high numbers, from most samples 
examined (Tab. 5.8). Many marine palynomorphs 
mentioned in this report are illustrated in figures 5.8 and 
5.9. Most species not figured here are illustratedin Hannah 
et al. (1998). The marine palynomorphs from CRP-1 
(Hannah et al., 1998; Wrenn et al., 1998) represent a new 
early Miocene assemblage that had not previously been 
recorded. Core from CRP-2/2A extends this new in situ 
assemblage down into the Oligocene and then adds 
additional new in situ early Oligocene material at its base. 
Together, the two wells bridge a significant gap in the 
Antarctic marine palynomorph record between the older 
group of largely Palaeogene species referred to as the 
Transantarctic flora (Wrenn & Hart, 1988) first described 
by Wilson (1967), and recent material (see McMinn, 
1995, for a discussion of this supposed gap). Many of the 
taxa recorded here are new and are referred to in open 
nomenclature. A more comprehensive study of the flora is 
planned for the Science Results Volume on CRP-2/2A, 
which should lead to the establishment of a potentially 
useful series of biostratigraphic datums for the Ross Sea 
region. 

In situ dinoflagellate cysts (dinocysts) are common 
and are dominated by protoperidinioid taxa including 
Phelodinium and Batiacasphaera. Of particular note is the 
genus Lejeunecysta which is represented by up to six new 
species in addition to Lejeunecysta cowiei and the common 
Lejeunecysta fallax. Acritarchs, mainly Signzopollis and 
several species of Leiosphaeridia are common throughout 
the drill hole but dominate the assemblage in the upper 
160 m of the Oligo-Miocene section. The phycoma of 
prasinophyte green algae are present throughout the drill 
hole (Pterospermella and several species of 
Cymatiosphaera). 

Several species of the Palaeogene Transantarctic flora 
were recovered. Vozzhennikovia apertura is the most 
common form, but Enneadocysta partridgei (Fig. 5.8f), 
Deflandrea antarctica, Spinidinium nzacmurdoense 
(Fig. 5.8h), Turbiosphaeru filosa (Fig. 5.7h) and 
Arachnodinium antarcticum (Fig. 5.8d) were also recorded. 
With the possible exception of specimens from the bottom 
of the core, all are considered reworked. The presence of 
Enneadocysta partridgei within the Plio-Pleistocene 
section (26.29-26.30 mbsf) is the highest recorded 
appearance of this flora in the drill hole. Four species were 
recorded in a single sample at 40.54-40.55 mbsf. This 
sudden burst ofreworking is probably due to the processing 
of a clast of Eocene material. Below about 122 mbsf, 
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Fig. 5.8 - Selected marine palynomorphs from CRP-212A. a )  Lejeunecysta sp. 1: depth = 256.03-256.04 mbsf, slide number = PI 3512, England finder 
co ordinates =N38/4.length= 80 pm: b) Lejeiinecysta sp. 6: 486.32-486.34inbsf, P15013, length = 110 pm; c )  Lejeunecysta sp.5: 215.49-215.52 mbsf, 
P11311. Q42/1, length = 99 pm; d )  Arachnodinium antarcticum: 125.09-125.10 mbsf, single grain mount 001, width of central body = 39 ,pm; 
e )  ?B}-igantediniiiii~ sp: 515.82-515.83 mbsf, P16813, D55, width of central body = 47 pm;f) Enneadocystapartridgei: 346.12-346.13 mbsf, P14411, 
V41,1ength=55 ,yn: g) Lejeiinecysta sp.7: 495.02-495.04 mbsf. P15112. M38, length = 70 pm; h )  Spinidinium 17zaciiziirdoense : 316.50-316.52 mbsf, 
P12913. P4514. length = 70 pm: i)Tzirbiosphaerafilosa: 346.12-346.13 mbsf, P14411, W3914, width of central body = 61 p. 

reworking becomes more persistent. It is particularly 
intense between samples at 464.98-454.18 and 444.76- 
444.78 mbsf. 

The Oligo-Miocene in situ marine palynomorph 
assemblage can be subdivided into three informal units: 
- Marine Palynoinorph Unit I: 26.89-26.90 to 181.73- 

181.74 7du-j Samples from Unit I yielded some of the 
richest marine palynomorph floras in the drill hole. 
Assemblages are commonly dominated by high 

numbers of the acritarchs Leiosphaeridia and 
Sigmopollis. The base of this interval is marked by the 
last down-hole occurrence of Sigmopollis and the 
dinocysts Paralecaniella indentata and Lejeunecysta 
fallax, which are restricted to this interval. At 
approximately the same level there is a gradual change 
down-hole to significantly lower numbers of 
Leiosphaeridia. The three species of Leiosphaeridia 
previously recognised in CRP- 1 (Hannah et al., 1998) 
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Fig. 5.9 -Selected marine palynomorphs from CRP-212A. a) Impagidinfum cf elegans: depth = 536.50-536.51 mbsf. slide number = 17114 England 
finder CO ordinates = C4612. length = 94 ̂ m: b) Glaphrocysta sp.: 256.03-256.04 mbsf. P13511, P4011. width = 77 ,p~: c) Micrlzptridium sp.:464.98- 
465.18 mbsf. P15511, P4011. width = 29 pm: d)Leiofiisa sp.: 316.50-316.52 mbsf. P12912, S38. length = 72 pm; e)Leiofiisa ?colony: 307.12- 
307.13 mbsf. P13911. S38. length = 115 w:fi ?Pvidinopsis sp.: 453.26-453.27 mbsf, P15911. 05413. width =50 pm: g) Tasmanites sp.: 260.00- 
260.02 mbsf. P12311, N3712. width = 100 pm: h)C\matiosphaem sp.: 453.26-453.27 mbsf. P15911, E4614. width = 29 urn: i)Leiosphaeiidia so.: 75.59- 
75.60 mbsf, P8111. U3814, width = 27 urn. 

are all present in this unit and additional forms have 
been recognized, particularly in the two lower units. 
Several species of Cjma fiosphaera and Pterospermella 
make up a small proportion of assemblages. 
In Unit I both the number and diversity of spinose 
acritarchs is very low and the assemblage very similar 
to that recorded from between 99.01 mbsf and the 
bottom of the hole in CRP-1. The similarity between 
the assemblages documented in Unit I of CRP-2/2A 

and the basal part of CRP-1 is underscored by the 
presence of the dinocyst Phelodinium cranwelliae in 
the upper part of Unit I. This species occurs persistently 
below 112.44 mbsf in CRP-1, although it does have a 
patchy distribution up to 82.18 mbsf. Other distinctive 
protoperidinioid dinocysts described from CRP-l 
(Bcitiacaspl~aera cooperi, Brigantedinium pynei, and 
Lejeiinecysfa cowiei) are also found in the upper part 
of Unit I. 



- M(II. /II~- Palynomorph UnitII: 187.45-187.46to296.32- 
296..<? mbsf. This interval is bounded above by the first 
appearance datum (FAD) of Siginopo/lis, 
P(11~11ccaniella indentafa and Le/e~(~~ecy.s'tc~ fcilla.x, 
couplccl with a decrease in number and diversity in  
leiosplieres. Its base is placed at the FAD of the dinocyst 
Lt:jrmu7cysta sp. 1 (adistinctivecompact form,Fig. 5.7~1). 
and tlic first appearance datum (FAD) of ?P\xidiiwpsi,s 
(Fig. 5.90 together with the incoming of the fusiform 
acritarch Leiofusa (Fig. 5.9d). Assemblages from this 
interval are generally sparse with low acritarch and 
pnisinophytenumbers. Lejeunecysta sp. 1 is present in  all 
but one sample from Unit 11. 

- Marine P ~ o m o r p h  Unit 111: 307.12-307.13 to bottom 
ofhole. The top of this interval is placed at the FAD of 
Lejc/inecysta sp. l ,  and the LADS of ?Pyxidinopsis sp, 
and (lie fusiform acritarch Leiofusa. The interval 
continues to the bottom of the hole. A sharp increase in 
coal y fragments accompanies the dinocyst and acritarch 
changes. 
In some samples, Leiofusa is abundant. Although 
usually occurring as single grains in two samples (at 
307.12-307.13 and 480.81-480.82 mbsf, Fig. 5.9d), 
clumps consisting of numerous individuals were located 
which are interpreted as colonies (Fig. 5.9e). The 
significance of these forms in large numbers at the base 
of the hole is unclear. 
Lejeimecysta sp.6 (Fig. 5 . 8 ~ )  is a another distinctive 
protoperidinioid dinocyst with two prominent antapical 
horns and an elongate apical horn. It is one of several 
new species of Lejeiinecysfci which dominate the 
dinocyst assemblages in this interval. 
?Pyxidinopsis sp. (Fig. 5 .80 is a moderate to large 
dinocyst with a variably rugulose wall texture. Some 
specimens clearly show aprecingular archaeopyle and 
can be confidently assigned to this genus. However, on 
some individuals an apical archaeopyle may be present. 
In addition, the variation in the wall texture suggests 
that further work may subdivide this into several 
species. 
The appearance of distinctive species of Lejei~~~ecysta 
and Impagidinium cf. elegans (Fig. 5.9a) at 453.26- 
453.27 mbsf offers the possibility that Unit I11 may be 
subdivided further. 

Age and Environmental Significance 

Since most of the in situ marine palynomorph 
assemblage is either undescribed or reworked, little can be 
added to the age determination of CRP-212A provided by 
other microfossil groups. Because the elements of the 
Transantarctic flora present in Unit 111 are still most likely 
reworked, it appears that the drill hole did not reach the 
earliest Oligocene/Eocene dinoflagellate assemblage 
recorded in CIROS-1 (Hannah, 1997; Wilson, 1967). The 
presence of Lejeimecysta fallax suggests an age of no 
younger than middle Miocene for the section below 29.00- 
29.02 mbsf 

Wrenn et al. (1998) recognized two distinct sections in 
the  Miocene part of CRP-1,  reflecting differing 
environmental conditions at the time of deposition. The 

section iihovc 99.01 nibsf in  CRP- 1 is characterized by 
abundant acanthuniorpli acritarchs. I t  was suggested that 
high aeanthomorpli numbers were linkcd to the presence 
of seasonal sea-ice during deposition. The section below 
99.0 1 nihsf is dominated by leiosplieres and Sigmopo1li.s. 
and a lack of aca~itlio~iiorplis indicating perhaps a lack of  
seasonal sea-ice. 

Acanthoinorpli acritarclis are relatively uncommon in 
CRP-2/2A, and they never reach the frequency and 
abundancerecorded in  CRP- 1 ,  with the possible exception 
of the sample at 36.24-36.27 mbsf which does contain a 
modest number. If the tentative linkage made by Wrenn et 
211. ( 1998) were to be substantiated, this would suggest that 
seasonal sea-ice was not common or did not exist during 
the deposition of most of the Oligo-Miocene interval o f  
CRP-2/2A. Alternately, the absence of acanthomorphs 
may be a result of other, perhaps evolutionary reasons. 

There is no analogous section in CRP-1 to Unit 111. 
This interval is characterized by protoperidinioid cysts, 
persistent occurrence of Cymatiosphaera (but not the  
other common prasinophyte algae Pterospermella, which 
is largely restricted to Units I &IT), and the presence of the  
fusiform acritarch Leiofusa. The palaeoenvironmental 
significance of this interval is unclear. 

TERRESTRIAL PALYNOMORPHS 

Distribution 

A total of 123 samples was examined. A great scarcity 
of terrestrial palynomorphs (spores and pollen) and a lack 
of any major change down-hole characterizes CRP-2/2A 
(Tab. 5.9). Both presumed contemporaneous and recycled 
components can be recognized. the latter including 
Cenozoic forms (most likely Eocene) and Permian to 
Mesozoic components. 

The terrestrial succession is subdivided into two broad 
units. Although total numbers of recovered taxa and 
specimens remain very low, there is a significant increase 
in species diversity and spore and pollen abundance below 
approximately 300 mbsf. Recycled assemblages occur in 
intervals 01- individual samples and include what are 
interpreted as recycled Eocene, Jurassic-Cretaceous, and 
Permian-Triassic specimens. A significant increase in 
Permian-Triassic palynomorphs is also noted below 
300 mbsf. 

Preservation of the Cenozoicpalynomorphs, including 
presumed contemporaneous and recycled specimens. is 
generally good to very good. There are some poor 
specimens, however, that are broken and torn, or have 
mineral scarring from pyritization, particularly in the 
lower past of the hole. The Cenozoic specimens are mostly 
light yellow to yellow in colour. although some have a 
darker (orange) tinge and most of these are presumed to be 
recycled from older Cenozoic rocks (see below). The 
recycled Jurassic-Cretaceous and Permian-Triassic 
palynomorphs are generally less well-preserved, although 
a few very good specimens were encountered. Exinal 
colors are darker, ranging from orange and brown to black, 
with a few yellow-orange specimens obviously much less 
affected by thermal metamorphism. 
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Tab. 5.9a - Terrestrial palynomorphs from Terrestrial Palyiolopy (.!nil I .  Notc: sliacling = barren sainple 

Terrestrial palynomorplz Unit I, 25.90 to -306 inbsf. 
Spores and pollen considered contemporaneous with 
deposition are very rare throughout the upper part of the 
drill hole (Tab. 5.9). Of the 66 samples examined in this 
interval, 24 are completely barren and an additional 9 
contain only recycled specimens. Of the productive 
samples, occurrences are generally of a single or few 
specimens, except for samples between 40 and 48 mbsf 
which have greater numbers of palynomorphs that are 
interpreted as recycled Cenozoic (see below). Others may 
be either recycled or contemporaneous with sediment 
deposition (e.g. Nothofagiditesflemiizgii, Fig. 5.1 lb). 

Among the notable occurrences in this unit is 
Assamiapollenites incogizitus at 2 15.49-2 15.52 mbsf 
(Fig. 5.10d). This species first appeared in New Zealand 
in the Late Oligocene (Pocknall & Mildenhall, 1984; 
Mildenhall & Pocknall, 1989; Raine, unpublished data). 
Its FAD occurs within the New Zealand Duntroonian 

Stage (base of Stage at 27 Ma, Fig. 7. l), and its occurrence 
in CRP-2/2A provides support for an age no older than 
Late Oligocene at this level. 

Spores of Marchantiaceae (Fig. 5.10~1) occur 
consistently throughout the unit, along with sporadic 
occurrences of Coptospora spp. (Fig. 5.10c), 
Nothofagidites lachlaniae and Tricolpites sp.a (Fig. 5.1 Oh- 
i). These are all characteristic and relatively common taxa 
in the Lower Miocene section of CRP-1, and to a lesser 
extent, in the overlying Pleistocene beds (Cape Roberts 
Science Team, 1998b, 1998c; Raine, 1998). They are also 
common in outcrops of the Sirius Group in the Beardmore 
Glacier area (Askin & Markgraf, 1986; Francis & Hill, 
1996; Askin & Ashworth, 1998). They were probably 
important components of Late Oligocene to Neogene 
vegetation. The FAD of Tricolpifes sp.a at 177.75- 
177.76 mbsf may represent the appearance of this 
distinctive angiosperm species in the latest Oligocene (see 



1 CONTEMPORANEOUS AND RECYCLED CENOZOIC POLLEN 6 SPORES :ONlFERRAR POLLEN 6 SPORES 

P 1 Undifferentiated 



Fig. 5.10 - Photomicrographs of selected spores and pollen from CRP-212A. all at magnification approximately xlOOO. All are Cenozoic taxa. 
a)  Marchantiaceae. depth 123.50-123.51 mbsf. PI 1012. England Finder coordinates C4510. maximum dimension 78 ,un: b) Ricciaesporites sp.. 
575.36-575.37 mbsf. P1 7412. M4210.67 mii: c )  Coy~tospora sp.. 260.00-260.02 mbsf. P1 2311 . X3614.78 ,ui~: djAssci1~7iapol/enifes incognit~is P o c k d  
& Mildenhall. 215.49-215.52 mbsf. P1 1312. K4312. 44 , ~ I I :  e) Phormiiiin sp.. 346.12-346.13 mbsf. P14411. P4313. 34pm:f) Liliacidites variegatii.~ 
Couper. 536.50-536.51 mbsf. P17 111. E3810.36 ,L~III: g) ?Cyeraceaepollis sp.. 444.76-444.78 mbsf. P146/2.035/1.39 urn: h )  Tricolpites sp.a. 21.02- 
21.03 n~bsf. P6311. N5213.45 ,pm: i )  Tricolpites sp.a. irresularly syncolpaic specimen. 1 13.50-1 13.5 1 mbsf. P10512. N4312.44 urn: j )  Tricolpites sp.b. 
453.26-453.27 mbsf. P15913. G3610. 32 pm: k, I )  Tric(j/[~ites sp.c. different focus levels. 27.88-7.89 mbsf. P6411. E5112. 29 urn: mj ?Stylidiaceae. 
47.41-47.54 mbsf, P5711. W5010. 31 ,pm. 



Fig. 5.11 - Photomicrographs of selected spores and pollen from CRP-212A. all at n~asn'fication approximately xl000 Figures a )  to g)  are Cenozoic 
taxa. fisures j, I. in are recycled Perniian-Ti-iassic taxa, figure k )  is a recycled Jurassic-Cretaceous taxon. a )  Tiiporopolieirites SF.. 256.03-256.04 mbsf, 
P13511.03510.42 ,m: l?) Not/z(~fngiciiresfleiiiingii (Couper) Potoni6.40.54-40.55 mbsf. P6611. Q3614. 37,pli: c )  Nothof@lites laclzlnniae (Couper) 
Pocknall & Mildenliall. 584.59-584.61 mbsf. P16112. H4214. 30 ,mix (1) Podocarpidites spa.  548.46-548.47 mbsf. P17212. P4314. 59 pm: 
e) Podocarpidites sp.b. 22.33-22.34 mbsf. P7211. F56/2:f, g )  Noflz~fagiditc", sp. (fusca group). different focus levels. 594.90-594.91 rnbsf. P17511, 
T5510. 23 ,UIII: 11) Podoc(rrpidifes sp.a. 390.17-390.19. P13611. M5112; ;Â¥ Podocaipidites cf. e.\-igt~t~-i Harris. 353.61-353.62 mbsf. P14.511. Y5811, 
41 p: jl Profo/zciploxypiiir~s sp.. 44.08-44.09 mbsf. P67/1. E4012. 63 urn: k )  Coroliiiia sp.. 480.81-480.82 ~nbsf. P160/single mount, 45 pm; 
I) Aratrisporitespai~~~ispinosiis Leschik em. Playford. 474.97-474.98 mbsf. P16511. U4010.66 nm: in)  P,\-er~clorefici~latisiioranser~doretici~lata (Balrne 



Cape Roberts Science Team, 1998c, p. 106, and Rainc, 
I 008, for comments on this species). 

Terresfrialpalynomorph Unit 11, -306 to 624.15 1j1l~sf: 
'Phis interval includes an increased diversity and abundance 
of palynomorphs, particularly Nofl~ofagidites spp. 
(including N. flemingii, N. c f . f l e g i i  - a sn~aller form, 
N. lachlaniae [Fig. 5.1 lc], N. spp. [undifferentiatedfusca 
group, e.g. Fig. 5.11f-g]), and various species of 
Podocar/~idites spp. Numbers increase again at about 
437 inbsf and below. 

Notable occurrences and possibly significant datum 
in this interval include the LAD of Podocurpidites sp.a at 
3 16.50-3 16.52 mbsf; the First Appearance Datum (FAD) 
of Marchantiaceae at 339.80-339.82mbsf; andoccurrence 
of Plior~nium sp. at 346.12-346.13, ?Cyperaceaepollis sp. 
at 444.76-444.78, and ?Ranunculaceae at 488.32- 
488.34 mbsf. 

The conifer pollen species Podocurpidites sp.a 
(Fig. 5.1 ld, h) occurs throughoutmost of thelowerinterval, 
together with other species of Podocarpidites. These, 
along with taxa such as Phormium sp. (Fig. 5.10e), 
tCyperaceaepollis sp. (Fig. 5. log) and ?Ranunculaceae, 
may prove useful age indicators in the future, although the 
single occurrences of the latter three in no way can reflect 
their total ranges. In New Zealand, examples of P/zormi~~?n 
sp. with a morphology similar to that of the modern 
species of the genus have an FAD in the Late Eocene or 
Oligocene (Raine, unpublished data). 

Palaeoenvironmental Significance 

The rare and extremely low number of species of 
terrestrial palynomorphs preserved in the CRP-2/2A drill 
hole provides a picture of a very sparse vegetation which 
survived essentially unchanged for much of the Oligocene 
and Miocene. Both sparseness of vegetation and dilution 
by rapid sediment accumulation rate contributed to the 
rarity of spores and pollen in the core. The total numbers 
of presumed contemporaneous terrestrial palynomorphs 
are so low that they probably do not adequately reflect the 
local (or regional) vegetation. Even so, it is possible to 
reconstruct at least part of the vegetation in the sampled 
Oligocene to Miocene section. 

Prior to deposition of the basal sediments of CRP-2/2A, 
the relatively rich Antarctic Eocene vegetation had 
disappeared, presumably in response to major cooling and 
glaciation of the landscape near the end of the Eocene. In 
New Zealand amajor vegetational change, also in response 
to cooling, occurred near the top of the Upper Eocene 
Kaiatan Stage (-36-35 Ma) (Pocknall, 1989; Hollis et al., 
1997). 

Assemblages in the lowermost part of CRP-2/2A never 
reach the richness in species diversity and abundance seen 
in the Eocene McMurdo Sound essatics (Wilson, 1967; 
Askin, unpubl. data) or in the Eocene lower part of 
CIROS-1 where a great variety of angiosperm taxa, 
including Proteaceae and representatives of other families 
not encountered here, were recorded (Mildenhall, 1989). 
Instead, the Lower Oligocene assemblages found in the 
lower part of the core suggest a low diversity woody 

vegetation which included several species of No{/i(?/<i,qnx 
and poclocarpaceo~~s conifers, several other angiosprrni 
families, and few cryptogams except for bryopliytrs 
(mosses and liverworts). Many of the importa~it  
components of the prior Eocene flora cire missing, f o r  
example several species of Proteaceae, various other 
angiosperms, gymnosperms and cryptogams. 

Further deterioration of conditions in this piirl of 
Antarcticaresulted in additional loss of various components 
from the land flora. Unglaciated parts of the Late 01 i gorelie 
to Miocene landscape supported a much reduced l'lora, 
probably a low-growing sparse tundra vegetation, as 
discussed by Raine (1998) for the CRP-1 core. The 
vegetation included at least one (though possibly more) 
species of Notl~o./Â¥ag~(s at least one species o f  
podocarpaceous conifer, and a few other angiosperms and 
cryptogams including mosses. Physiognosnically similar 

'"1011. vegetation occurs today in the northern Arctic re,..' 
Elements of the Antarctic Neogene flora survive in the 
modern Subantarctic and southern alpine floras. 

Possible Recycled Cenozoic Palynomorphs 

It is likely that some or many of the Cenozoic spores 
and pollen are recycled from older Cenozoic rocks. 
Particularly obvious is the interval with three samples 
(40.54-40.55,44.08-44.09,47.41-47.54mbsf) inthe Lower 
Miocene (Tab. 5.9). These samples contain significantly 
increased numbers of palynomorphs, mainly 
Notl~ofagidites spp. Some of these specimens have a 
slightly darker exinal colour, suggestive of a greater burial 
history, but many are indistinguishable frompresumed in- 
place specimens. Most ofthese species (which have ranges 
throughout much of the Cenozoic of New Zealand) were 
also observed in the Quaternary and Miocene parts of 
CRP-1 (CapeRobertsScienceTeam, 1998b, 199%; Raine, 
1998) and in the Eocene McMurdo Sound essatics (Askin, 
unpubl. data). The 40 to 48 mbsf interval is also 
characterized by abundant recycled Eocene dinoflagellate 
cysts, lending credence to the notion that these spore and 
pollen specimens are recycled from Eocene sedirnents. 

Recycled Jurassic-Cretaceous Palynomorphs 

Sporadic single occurrences of spore and pollen taxa 
typical of Jurassic-Lower Cretaceous strata (such as 
Corollina spp., Fig. 5. I l k ;  Callialasporites s e g ~ n e ~ ~ t a f ~ ~ s )  
were noted in the drill hole, the highest occurrence being 
at 93.76-93.77 mbsf. None of the taxa recorded has a 
restricted range. A possible source of this material is 
sedimentary strata of the Jurassic Ferrar Group. 
Palyniferous Jurassic sedimentary rocks have been reported 
(Tasch & Lammons, 1977) from Carapace Nunatak, 
upstream of and slightly to the north of Mackay Glacier. 

Recycled Permian-Triassic Palynomorphs 

Well-preserved yellow-orange specimens to barely 
recognizable black corroded remnants of Permian-Triassic 
spores and pollen occur sporadically throughout most of 



the drill hole (e.g. Figs. 5.7b & 5.1 1 . 1 ,  I ,  m). There is a 
signilicaiit increase in the frequency of these occurrences 
below -306 nlbsf. As identified in table 5.9. some ofthcsc 
taxa have restricted Permian or Triassic ranges in the 
Trans:inlarctic Mountains and elsewhere. The provenance 
of these specimens is the Permian-Triassic Victoria Group 
of the Beacon Supergroup. Much of the organic material 
recovered in the palynology samples comprises black 
coaly fi'iigments interpreted as derived from the Beacon 
Supergroup (see section on Palynofacics above). Judging 
from the greater abundance of Beacon palyno~norphs 
below -306 mbsf, erosion and redeposition of Beacon 
Supergroup strata were greater during that part of the 
Oligoccne represented by this lower section of the drill 
hole. At some levels above this, occurrences may represent 
short intervals of down-cutting into Beacon strata. These 
are sometimes recognizable immediately above erosion 
surfaces (such as in 26.29-26.30 and 26.36-26.37 mbsf). 
Other occurrences may simply result from incorporation 
of a Beacon microclast into the sediment. The sample at 
130.90- 130.93 mbsf contains several specimens of varying 
ages (Permian and Triassic) and varying states of 
preservation and thermal alteration (from orange specimens 
to black skeletal remnants), suggestive of erosion from 
different parts of the Beacon Supergroup and from different 
areas. At 53 1.65-53 1.66 mbsf, an unconsolidated green 
sand with coaly granules yielded an assemblage composed 
entirely of black corroded specimens (eg. Fig. 5.7b). Most 
of these are recognizable as bisaccate and taeniate bisaccate 
pollen and are probably of Permian age, suggestive of 
erosion of the Permian Weller Coal Measures. This is also 
the likely source of the high rank coal pebble at 608.25- 
608.27 mbsf, from which no palynomorphs could be 
extracted. 

MACROPALAEONTOLOGY 

INTRODUCTION 

Macrofossils visible in the half of the core available for 
sampling (and locally in the archive half) were all recorded 
(Fig. 5.12, Tab. 5.10). Potential macrofossil-bearing core 
intervals were, in some cases, specifically searched for less 
obvious body fossils and moulds through the inspection of 
fractured surfaces. A few macrofossils were also identified 
within micropalaeontological (foraminifera) residues. 
Macrofossils are locally abundant throughout the CRP-2/2A 
core in both lithified and semi-lithified sediment, and within 
concretions, although not in all lithostratigraphical units. 

Preservation is highly variable. Pristine shells are 
relatively common in fine-grained sediments, especially 
in association with mudstone lithologies in LSU 8.4, 9.3 
and 9.4. In most cases, however, diagenetic processes 
have affected the calcareous skeletal parts resulting in a 
variety of preservation of macrofossils, ranging from 
slightly chalky to complete dissolution of the shell. 
Aragonitic fossils (e.g. corals and gastropods) are seldom 
preserved and never in good condition; corals typically 
display a sugar-like texture, whereas gastropods are 

normally completely leached and preserved as moulds; in 
some rare cases, shells show advanced stages of' 
decalcification and deposition of secondary cements. 
Concretion ilevelopment is also common at specific levels 
of the core CRP-2/2A core, resulting in semi-indurated 
sediment up to I'ossiliferons "limestones" (LSU 9.4, 9.7 
and 15.1, Fig. 5.13). Pyritization is rare and in most cases 
not advanced; e.g. pyriti~ed infillings of serpulid tubes 
(178.89 mbsf) and bivalves (182.17 mbsf). 

Thus far, 324 macrofossil-bearing horizons have been 
identified in the CRP-2/22 core. In consideration of the 
preliminary character of the present report, most taxonomic 
nomenclature is left open and suitable for revision. The  
preliminary list of macrofossils is reported in appendix l . 

TAXONOMIC REMARKS 

Various groups of marine inacroinvertebrates are 
represented in the CRP-2/2A core. These are: Mollusca, 
Annelida, Cnidaria, Echinodermata, Bryozoa and Porifera, 
while the possible occurrence of Brachiopoda 
(161.52 mbsf) awaits confirmation. Vertebrates a re  
represented by the rare occurrence of fish scales 
(166.64 mbsf) and teeth. 

Relatively few fossils are sufficiently well-preserved 
to be discussed in detail regarding their taxonomic position 
and only some general and very preliminary comments are 
provided here. 

Mollusca 

Mollusca are by far the dominant taxonomic group in 
the macrofossil assemblages documented in the CRP-2/2A 
core. This phylum includes representatives of Bivalvia 
(with a minimum of seven species recognized so far, but 
possibly in excess of ten), Gastropods (four-five species at 
least) and Scaphopoda (one species, uncertain). 

Class Bivalvia. Fragmented or whole bivalves are 
widespread throughout the core, with the exception of 
LSU4.1, 10.1, 11.1, 11.2, 13.3, 14.1,15.3, 15.5,and 15.6, 
which appear barren of macrofossils; they are also the 
most common of the macrofossils. 
1- Large protobranchs have been positively recognized 

in LSU 9.7. Material ranges from fresh to highly 
decalcified. Unfortunately, no complete fresh shells 
are available for inspection. Preliminary determination 
is based on the very few specimens showing some 
diagnostic features. A very decalcified and incomplete 
specimen (210.10 mbsf; Fig. 5.14a) shows evidence of 
a taxodont hinge; the best preserved specimen is a left 
valve from 260.83 mbsf whose shell is reminescent of 
Yoldia (Fig. 5.14b). 

2 - Pectinids (scallops) are rare and mostly occur as 
incomplete and/or abraded fragments in LSU 2.1 to 
6.3, and 8.4. The best specimen is an incomplete shell 
(broken during drilling and lacking most of the 
diagnostic shell parts) tentatively assigned to 
Adamussium. 

3 - Mytilids (mussels) dominate the macrofossil 
assemblages in LSU 12.4, 13.1,13.2 and 15.4 
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l a y  silt 

'-1 

Shelf, no specific environment, niacrofauna possibly reworked 

No specific environment., probably middle-outer shelf; corals  
show orientation parallel to bedding, possibly in response of 
bottom currents 

Macrofossil asseniblages dominated by both epifaunal and infaunal 
bivalves (pectinids and clams), and serpulid polychaetes; probably 
inner-rniddle shelf 

Shelf, no specific environment, macrofauna possibly reworked 
--p---.pp 

No specific environment, probably inner-middle shelf - 

Probably inner-middle shelf; assemblage at 117.66 (sponges, 
bryozoans and echinoids) possibly marking a time of sediment 
starvation -P ~ 

No specific environment, possibly inner-middle shelf 

Shelf under the influx of strong silting 

Muddy outer shelf, low-oxygen bottom content?, diverse 
macrofossil assemblages dominated by infaunal bivalves, many 
still in life position, serpulid polychaetes, smooth scaphopods? 
input of pelagic tests (pteropods?). 

2 - Shelf, no specific environment. .-7- 

No specific environment, probably inner-middle shelf 

No specific environment can be reconstructed. Probably middle- L - outer shelf. 7 

Probably middle-outer shelf characterized by turbid waters, 
low-oxygen bottom content? 

No specific environment, probably inner-middle shelf 

Fig. 5.12 - Lithostratigraphical summary  o f  CRP-2/2A drill hole showing  posit ion and  composit ion of the major  macrofossil  assemblages and  their 
palaeoenvironmental significance.  

(Fig. 5 .14~) .  Mytilids apparently belong to a single Pensinsula (Stilwell & Zinsmeister, 1992) but it is 
species of a modioloid mussel (probably Modiolus). unknown from younger beds in Antarctica. 
Most specimens appear to be still articulated and some 4 - Veneracean? clams occur in LSU 8.4 and 9.3. The only 
are in life position. Modiolus is known from Early relatively well-preserved specimen shows concentric 
Tertiary deposits on Seymour Island, Antarctic grooves on the external surface. 
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-. 

Macrofauna dominated by serpulids, possibly muddy outer shelf. 

No specific environment, probably inner-middle shelf 

Macrofauna represented by nesting mussels (nlodioloids), no 
specific environment; probably a relatively deep muddy shelf 
located within an en~bayment. 

Macrofauna dominated by nesting mussels (modioloids), no 
specific environment, probably a relatively deep muddy shelf 
located within an enibaynient. 
The macrofossil fauna is dominated by nesting mussels 
(modioloids), unique environment, probably a relatively deep 
muddy shelf located within an embayment. The absolute 
dominance of modioloids is puzzling and may mark a time of 
peculiar oceanographic conditions, with low oxygen bottom 
content and concomitant relatively high hydrogen sulphide 
production (from organic matter?). 

No specific environment, probably inner-middle shelf. 

The macrofossil fauna is represented by undetermined infaunal 
bivalves. No specific environment can be reconstructed. 

--- ........... 

Shelf, no specific environment. 

KEY 1 0 ~ i v a l v e  Q Pectinid (J Gastropod /! Scaphopod (S-\ Echinoid /̂ ) Coral 

Protobranch (ĝ l Mussel Pteropod R Serpulid PO? Bryozoan 
bivalve 

Fig. 5.12 - Continued 

5 - A square-shaped, shell shows some resemblance to Class Gastropods. Gastropods are rare and are 
species belonging to the nesting bivalve genus represented by a few decalcified specimens and moulds. 
Hiatella (Fig. 5.14d) the advanced decalcification Remarkable is the discovery of possible holoplanktic 
of the shell prevents any further taxonomic mollusca (thecosomatous pteropods). Afew broken shells 
speculation at present. from LSU 8.4 (still retaining some original shell material), 



10.28-10.29 mhsf: uiiidentifictt bivalve I'mgmeiil 
10.46-10.47 ~n,bsl ~ ~ ~ ~ i ~ l e n t i f i t ~ l  l>i\,t~lvc fn\g!ne111 
l 5. 15-15, 16 ~n~lxl  ~ ~ ~ ~ i ~ l c ~ ~ t i f ~ d  lbivt>l>,c ( ~ ~ ~ c t i ~ ~ i ~ l ' ! )  f ~ ~ g ~ ~ ~ ~ 1 1 1  
l5.76-15.8(~ sn,l~sl i t ~ ~ i d c t ~ l i f i e d  I>iv:tl\,t f r a g % ~ x n l  
16.30-16.38 nibs1 bsymo;m ;ind bivalve fnigmeni. ecliinoid spines 
19.84-19.90 $n,bs]'; scr]~c,li<l ~ p o l y c l ~ ~ ~ c ~ e  lht fvag~nct~t,  ec l~ ino id  s]>i~,cs 

35.94-35.96 mbsl'; bivalve I r a g i ~ i c i ~ l  
36.01 -36.05 inbsf: soliliiry conil'! i l i igmein isnsiir-l ikc lcxturej 
36.21-36.22 m b s l  pecti~>icl iind soliliiry cor;il? fragment (su$;ir-likc 

lcxt,llei 
36.24.36.27 m b s l  solitary coral? 
36.29-36.30 m b s l  bivii lvc (pectinid) I'rasmcni 
30.50-36.5 l m b s l  solitiiry cortii? (stigiir-like tex l~ i r c j  
37.17-37.18 $n?bsl scq~ul id  ~ p o l y c l ~ ~ i ~ ~ c  to l x  
39.9 1-39-92 m h s l  ii i i identificti macroiossil (biviilvc?, cor;il?i fragment 
4 l l . l 2 -4~ l . l 3  ~mbsl ~ ~ ~ ~ i ~ l c ~ ~ t i ~ i ~ ~ l  h i v a l ~ e  i ~ t g ~ n e z ~ t  (\,cry s n ~ i ~ l l )  
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l l l , ,  ' ~ , ,  . , N .  >,l', I l , 1 . 3 8  . . . . l . ~ * ,  . 8 1, 8 .l l ' ~l . l  :., ~, 
? .:. :l .G  . ~ ,  , 8 . .  , U , .  ..l l>,\ l .  l .. . l 

! . :  %, . ~ , ,  . , l ,  , l .  ,. l, . l.. . l  . ,  
l?, :5 ? c >,l l : t . .  , , ~ . ?  , , L  

LSIJ 9.2 
191.18-191.19 nibs]'; unidcntificd l a w  and aniciilalcil I l l i l l  slicllcd 

l>iv;il\,c 
191.24-191.25 !n>l>sl ~ ~ ~ ~ i ~ l c ~ ~ t l i i c ~ l  ~ n ~ ~ ~ c c ~ ~ i o s s i l  



LSU 9.5 
227.39-227.42 tn~I>sf: ~ ~ ~ ~ i ~ l c ~ ~ l i l ' i ~ ~ l  ril>be<l b i ~ ~ z ~ l v ~ . . i t ~ ~ ~ ~ ~ ~ i l c  ~ ~ ~ ~ i ~ l e r ~ l i f i c ~ l  

nriicukiled lhiv;!lvc 
228.94-228516 $ n ~ b s l  ~ ~ ~ ~ i ~ l c ~ ~ l i l ' i c ~ i  1hi1, c ~ ~ s l ; ~ l c  ~ ~ r l i c ~ ~ l ~ ~ l c ~ l  bi\'>~l!,c 
230.22-230.25 m b s l  cc'hinoid 
231.16-23 l .  l 9  >mbsl t~~,ide~>Ii f ie<i ll,in s l ~ e l l ~ ~ l  l>ivnl\,c l ' h ~ g ~ ~ ~ c n l  
232.47.232.49 ~ m b s l  ~~t,ideolific<I l l~i~? c ~ ~ s l a l ~  bivaI\,e fr;!$,?~cnI 
232.98.233.00 ~ml?s l  ~ ~ ~ ~ i c l ~ ~ ~ l i f i e ~ l  Ihin shei le~l ~ ~ r l i c t ~ l : l l ~ ~ l  b i ~ l l \ , e  

195.36-195.37 zn~lxl ~ ~ ~ ~ i ~ l c ~ , l i f i c ~ l  Ilt in s l~c l ic~ l ,  ~ ~ w ~ i c ~ ~ l ~ ~ ~ c ~ l  ~IIICI COSI~IC 

b i n ~ l v e  
195.44-195.48 m b s l  iiiiicleiilil'iecl ;irlict8lt%1cd l ~ i ~ v ~ ? l v c  ( V C I ~ C ~ ~ K C ; ~ ~ ' ? .  

dcc;ilci!'ied) 
195.5 1- 195.52 m b s l  ~!~,i<lei,lified tiny bivalve f r a p ? c i m  
195.75- 195.78 m b s l  unidenlified Illiil shelleil hivalve 
i96.2 l -  196.23 8n1bsl ~ ~ ~ ~ i ~ l c ~ ~ f i f i c ~ l  rcl~nively ihrgc t i ~ i o  s l ~ ~ l l c d  l>iwi l \~c 
196.63-1 96.66 s,~bsf:ti~,i~Icr,~if~c~l thin s l ~ d l e ~ l .  bivaI\!c 

198.(18-198.12 ~n?bs l  w,i<len~itie(l Ihin sl~ei lcd bival\re 
i98.52-198.53 m b s l  u~~ idcn i i f i cd  bivalve 
198.73-198.74 m b s l  iinklcniified l l l in shelled bivalve 
198.93-i98.94 m b s l  iinideniificd in;icrolossil, 
199.56-199.59 i n h s l  low-spired, globose gt;isiiopocl, lu i r i lb i in  liis;h- 

i p i r cd  g;isiropod, ribbed ;fi-ticu1;tied bivalve 

I.SU 9.4 
208.58-208.60 inbsf: unideinified bivalve 

l>igi,.spired g a s ~ r q x ~ d s  [IWO q~ecies), serpc~lid ~ p o l y c l ~ z ~ c ~ e  ILII>CS. 
ariicultiled coslae biv;ilve (inosily dec;ilcified) 

214.07-214. l 0  mbsf: imidenlificd macrofossil 
2 15.24-2 15.26 m b s l  un ic lc i~ i f icd tli in shelled biv;ilve 
214.34-214.36 m b s l  unii.lcnlificci bivalve (decalcified) 
215.60-215.68 m b s l  unidenlifieil bivalve 
216.35-216.38 inbsi: scrpulid polychaelc tube? unicleiiiil'ied bivalve 

342.26-342.30 mbsf: imi<lemified lubultir mticrofossil 
344.35-344.38 m b s l  ihecosom;iloiis plei-opod. unidentified biv:$l\,e'! 
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7 i 1 / ) / ( ~  S. I0 - Contin~ted, 

, S U  12.4 
4-H 59-44 1.62 mbsf: articulated bivalve (modioloid?) 

LSLI 13.1 
143.10-443.12 mbsf: unidentified thin shelled bivalve 
443.50-443.56 mbsf: articulated modioloid bivalves 
143.9 1-443.93 mbsf: unidentified articulated bivalve 
444.09-444.12 mhsf: unidentified gastropod 
414.3 1-444.33 mbsf: serpulid polychaete tube 
/l/l4.62-444.64 mbsf: articulated modioloid bivalve 
444.72-444.76 n~bsf: unidentified marine plant? 
445.05-445.07 mbsf: unidentified articulated bivalve 
445.1 1-445.15 mbsf: articulated juvenile modioloid bivalves 
446.33-446.38 mbsf: unidentified articulated bivalve 
446.65-446.67 nibsf: articulated modioloid bivalve 
446.59-446.63 mbsf: unidentified bivalve 
447.24-447.26 mbsf: serpulid polychaete tube 
447.43-447.48 mbsf: articulated modioloid bivalves 
447.69-447.8 1 ~iibsf: articulated modioloid bivalve 
448.02-448.04 mbsf: modioloid bivalve 
448.17-448.19 mbsf: serpulid polychaete tube 
448.58-448.61 mbsf: depressed-spired gastropod 
449.3 1-449.35 mbsf: articulated modioloid bivalve 
449.64-449.69 nibsf: articulated modioloid bivalves 
450.68-450.73 mbsf: articulated modioloid bivalves 
452.55-452.57 mbsf: unidentified articulated bivalve (decalcified) 
454.45-454.49 inbsf: turriform. high-spiredgastropod, modioloidhivalves 
456.61-456.63 mbsf: modioloid? bivalve 
457.00-457.02 mbsf: unidentified small articulated bivalve 
459.15-459.19 n~bsf: articulated modioloid bivalve 
459.28-459.32 mbsf: unidentified bivalve 
460.50-460.58 mbsf: articulated n~odioloid bivalves 
460.64-460.67 mbsf: two modioloid bivalves 
460.76-460.78 mbsf: modioloid bivalve 
461.53-461.57 mbsf: articulated modioloid bivalve and gastropod 
462.47-462.50 mbsf: unidentified gastropod 
462.58-462.65 mbsf: articulated modioloid bivalves 
461.65-461.69 mbsf: juvenile modioloid bivalves 
461.80-461.83 n~bsf:  modioloid bivalve 
463.36-463.38 mbsf: articulated modioloid bivalve 
463.57-463,621nbsf: juvenilen~odioloidbivalves. unidentified gastropod 
463.98-464.00 mbsf: two articulated modioloid bivalves 
464.40-464.42 mbsf: serpulid polychaete tube 
464.44-464.47 mbsf: articulated modioloid bivalve 
464.78-464.82 mbsf: three articulated modioloid bivalves 
464.85-464.87 mbsf: articulated (modioloid?) bivalve 
465.22-465.26: mbsf: articulated modioloid bivalve 
467.16-467.18 mbsf: serpulid polychaete tubes 
467.20-467.22: mbsf: unidentified small articulated bivalve 
467.34-467.40 mbsf: articulated modioloid bivalves 
467.41-467.44 mbsf: unidentified bivalve (decalcified) 
467.71-467.75 mbsf: serpulid polychaete tubes (recrystallized) 

LSU 13.2 
469.87-469.93 n~bsf: modioloid bivalve 
47 1.05-47 1.07 mbsf: modioloid bivalve 
482.60-482.64 mbsf: articulated modioloid bivalves 

9.7 and 11.3 (decalcified mould) have been tentatively 
ascribed to this group of pelagic gastropods previously 
unreported from the pre-Quaternary Antarctica. Benthic 
gastropods include at least four species. In particular, 
high-spired, turriform shells occur in LSU 9.3  
(199.56 mbsf), 9.4 (210.20 and 226.85 mbsf; Fig. 5.14e), 
9.8 (285.15 mbsf), and 13.1 (454.45 mbsf); more than one 
taxon may be represented. Low-spired, subglobose shells 
possibly a naticid occur in LSU 9.3 (199.56 mbsf) and 9.4 
(210.24 mbsf). Low-spired, small-sized gastropods occur 
inLSU 12.4 (444.09 mbsf), and 13.1 (448.51,461.56, and 
463.57 mbsf). 

469.87-469.93 mbsf: articulated modioloid bivalvcs 
482.91-482.93 mbsf: modioloid bivalve 
483.15-483.18 mbsf: modioloid? bivalve 

LSU 15.1 
539.37-539.38 mbsf: unidentified macrofossil fragment 

'Incut 540.00-540.01 nibsf: unidentified macrofossil frae 
'IIIClIt 540.53-540.54 mbsf: unidentified macrofossil fra, 

540.58-540.60 n~bsf: unidentified macrofossil fragments 
540.6 1-540.62 mbsf: serpulid polychaete tube? 
541 35-54] .36 mbsf: unidentified bivalve fragment 

nment 544.23-544.24 mbsf: unidentified macrofossil fra_ 
544.72-544.73 mbsf: unidentified niacrofossil fragment 
544.80-544.82 nibsf: unidentified bivalve fragment 

LSU 15.2 
556.03-556.04 inbsf: unidentified articulated bivalve? 
558.74-558.75 mbsf: serpulid polychaete tube? 
559.04-559.07 nibsf: serpulid polychaete tube 
559.7 1-559.72 mbsf: serpulid polychaete tube? 

'merit 560.43-560.44 mbsf: unidentified macrofossil fra.. 
w ~ e n t  560.67-560.68 mbsf: undetermined macrofossil fra* 

560.95-560.96 mbsf: undetermined macl-ofossil fragment 
560.98-560.99 mbsf: unidentified bivalve frasn~ent 

U 

561.08-561.09 mbsf: unidentified macrofossil fragment 
561.54-561.55 mbsf: unidentified macrofossil fragment 
563.61-563.62 mbsf: serpulid polychaete tube'? 
564.95-564.97 mbsf: unidentified bivalve fragment 
565.48-565.49 mbsf: unidentified articulated bivalves (decalcified) 
565.93-565.94 mbsf: unidentified bivalve fragment 
566.08-566.09 mbsf: unidentified bivalve fragnient 
567.27-567.29 mbsf: unidentified bivalve fragment 
567.81-567.82 mbsf: unidentified bivalve fragment 
567.87-567.89 mbsf: unidentified thin bivalve fragment 

LSU 15.4 
585.24-585.25 mbsf: unidentified macrofossil fragment 
592.33-592.34 n~bsf:  unidentified bivalve fragment 
594.75-594-76 mbsf: unidentified bivalve? fragment 
595.90-595.91 mbsf: unidentified bivalve? fragment 
596.28-526.29 nibsf: unidentified macrofossil fragment 

'merit 596.52-596.53 n~bsf: unidentified macrofossil fra_ 
596.87-596.88 mbsf: unidentified macrofossil fragnient 

'men1 597.28-597,30 mbsf: unidentified niacrofossil fra. 
598.19-598.25 mbsf: unidentified bivalves (some articulated) 
599.01-599.02 mbsf: unidentified bivalve fragment 
599.04-599.05 mbsf: unidentified bivalve fragments 
599.16-599.21 mbsf: unidentified bivalves (pectinid?) 
599.21-599.24 mbsf: concretion with unidentified articulated 

bivalves 
599.27-599.35 mbsf: concretion with unidentified bivalves (parallel to 

bedding. mostly dissolved) 
599.89-599.91 mbsf: concretion with unidentified bivalve 
599.97-600.01 mbsf: large modioloid valve 

LSU 15.6 
614.57-614.60 mbsf: concretion with unidentified bivalve 

Class Scaphopoda. Smooth, tubular, thin, slightly 
angular shells occuring in LSU 8.4 may be scaphopods, 
but additional study of the sparse and fragmentary material 
available is needed to confirm this preliminary 
identification (Fig. 5.14f). 

Annelida 

Annelida follow in order of abundance (two species at 
least) and are widely distributed in the core from top to 
bottom. The material comprises a number of calcareous 
tubes belonging to serpulid polychaetes. Sespulid tubes in 



various states of prcscrvation occur in LSU 2.1, 3.1 ., 5. l ,  
6.1.6.2.7.2.8, I,8.3.8.4,9.2.9.4,9.6.9.7.11.3,12.3,12.4, 
3 . 1 ,  15.1, and 15.2. Concentrations of serpulidpolychaetc 
tubes were observcd ;it 1 14.00, 138.43, 141.74, 341.79. 
342.07, and 467.7 1 mbsf. The most common sei-pulid is a 
simple, slender tube with annular ornamentation found 
almost ubiquitously in both the Miocene and Oligocenc 
sections of the core. I t  strongly resembles the lower 
Miocene laxon reported from CRP-1 core (Jonkers & 
Taviani, 1998). The best preserved specimen shows a 
slightly arched shell (Fig. 5.14g). On shell characters alone, 
it is difficult to establish whether a single species of serpulid 
is involved from top to bottom of coreCRP-2/2A. Another 
serpulid polychaete, characterized by a coiled and 
apparently smooth shell, has been observed attached to a 
bivalve fragment at 247.67 mbsf. The high level of. 
bioturbation and a number of traces obeserved at specific 
levels of the CRP-2/2A core is probably linked to the 
action of soft-bodied worms which left no skeletal fossils. 

Bryozoa 

Bryozoa are represented by only two occurrences 
(16.30 and 117.66 mbsf). 

Cnidaria 

Cnidaria are represented by one species of coral s.1. 

Fig. 5.13 - Fossiliferous "limestone" (coquina) from LSU 9.7 (36.01, 36.21, 36.24, 36.50, and 739.91 mbsf). It appears 
(249.65 mbsf). Note the great abundance of thin shelled bivalves, many to have been a solitary species living On mixed sand-silty 
still articulated: the asseniblagc is considered to be largely in situ. bottoms (Fig. 5.14h). 

Fig. 5.14 - a) Relatively large protobranch bivalve (right valve) from LSU 9.4 (210.10 mbsf) showing an advanced state of decalcification. 
b) Protobranch bivalve (Yoldia? sp.. left valve) from LSU 9.7 (260.83 mbsf). c) Imprint of a relatively large modioloid mussel from LSU 13. l 
(447.43 mbsf). Note the presence of some original shell material and details of the external valve ornamentation (growth stages). d)  Articulated bivalve 
(Kiatella'? sp.) from LSU 6.2 (80.65 mbsf). Note the advanced state of decalcification. e) Unidentified turriform. high-spired gastropod in a calcareous 
concretion from LSU 9.4 (226.85 mbsf)./) Fragmented shell of a thin and smooth scaphopod? from LSU 8.4 (165.41 mbsf). g) Well-preserved tube 
(partly embedded in matrix) of a serpulid polychaete from LSU 6.2 (80.65 mbsf). 1 7 )  Solitary coral (s.1.) from LSU 3.1. (36.24 mbsf). 
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Echinodermata are represented by the rare occurrence 
ol' spines (16.30 and 19.84 mbsf) and fragmented tests 
( 1 17.66, 230.22 and? 236.61 mbsf). 

Porifera 

'orifera are documented by the recurrent presence of 
sponge spicules (see under Foraminifera) and by coherent 
spicule mats at 117.66 mbsf. 

BIOSTRATIGRAPHICAL AND 
1'AI.AEOENVIRONMENTAL REMARKS 

No precise age assessment can be derived from 
macrofossils identified in the CRP-212A core. Only some 
general and preliminary remarks are given here. 

Most macrofossils appear to be taxa not encountered 
in other Oligo-Miocene records of Antarctica (e.g. Dell & 
Fleming, 1975; Beu & DellR, 1989; Jonkers & Taviani, 

1998). A possible exception is the common scrpuliil 
polychaete recovered throughout the CRP-212A con- 
which appears to be very close to serpulids idcniil'i~-(1 
in the lower Mioccnc section o f  the CRP-1 dri l l  hole 
(Jonkers & Taviani, 1998). Pectinids, which appr;ir io 
be of some stratigraphical value (e.g. Jonkers & Taviani, 
1998), are unfortunately rare in CRP-212A and only 
represented by incomplete valves that are difSicn11 to 
interpret at present. 

The occurrence of modioloid mussels i n  lower 
Oligocene sediments in CRP-212A is significant since tlic 
youngest documentation of similarbivalves in the Tertiary 
of Antarctica, is that from to the Upper Eocene deposits 01. 
Seymour Island (Stilwell & Zinsmeister, 1992). These 
conspicuous bivalves have not been documented from 
sediments, presumed to be coeval with CRP-2/2A, in the 
CIROS- 1 core. 

All recognized macrofossils in CRP-212A are marine 
invertebrates and a preliminary interpretation o f  their 
possible palaeoenvironmental significance is summarized 
in figure 5.12. 



INTRODUCTION 

Tlic goal of the palaeomagnetic investigations was to 
develop a magnetic polarity zonation for CRP-2/2A. The 
magnetostratigraphy for the Pliocene-Quaternary interval 
is described above (see Introduction chapter). The present 
discussion is restricted to the pi-e-Pliocene sequence below 
26.79 mbsf. 

Coarse-grained lithologies, such as diamicts, sands 
and sandy diamicts are common in CRP-212A (see Litho- 
stratigraphy and Sedimentology chapter). Suchlithologies 
are usually not suitable for palaeomagnetic analysis. 
However, in previous palaeomagnetic studies of 
sedimentary units from the Victoria Land Basin, strong 
and stable magnetizations have been recorded and even 
coarse-grained units have proved suitable for palaeo- 
magnetic analysis (Wilson et al., 1998; Roberts et al., 
1998). We attribute the stability of the magnetizations to 
the presence of fine magnetite particles within the fine- 
grained sediment matrix in these otherwise coarse-grained 
units (cf. Sagnotti et al., 1998a, 1998b; Wilson et al., 1998; 
Roberts et al., 1998). The success of previous palaeo- 
magnetic work in the Victoria Land Basin suggests that 
further studies will provide valuable information for dating 
and correlating cores from the Cape Roberts Project. 

METHODS 

The majority of the sediments in CRP-2/2A are 
sufficiently consolidated to allow drilling of conventional 
cylindrical palaeomagnetic samples with a modified drill 
press. These samples were analysed in the palaeomagnetic 
laboratory at the Crary Science and Engineering Center, 
McMurdo Station, Antarctica. The sampling techniques, 
laboratory facilities and equipment used in this study are 
the same as those described by the Cape Roberts Science 
Team (1998a). Unconsolidated sediments were sampled 
with plastic cubes (6.25 cm3) and were analysed in the 
palaeomagnetic laboratory at the University of California, 
Davis. The unconsolidated samples were measured on an 
automated, pass-through cryogenic magnetometer and 
were subjected to in-line stepwise alternating field (AF) 
demagnetization up to peak fields of 60 mT. 

Information was collected at the drill site to enable 
azimuthal orientation of the core. However, these 
constraints were not available at the time of data analysis 
and no effort has been made to re-orient the core. Lack of 
azimuthal orientation does not pose aproblem for magneto- 
stratigraphical studies because the geomagnetic field has a 
steep inclination at the high latitude of the CRP-2 site 
(77's). As a consequence, the palaeomagnetic inclination, 
which is determined from linear fits to characteristic 

remanence components on vector demagnetization plots, 
is sufficient to determine polarity uniquely (i.e. negative 
(upward) magnetizations correspond to normal polarity; 
positive (downward) magnetizations correspond toreversed 
polarity). 

Where possible, the CRP-212A core was sampled at 
0.5 in intervals. This strategy was adopted to avoid missing 
any short polarity intervals due to inadequate sampling. 
Lower sampling resolution was achieved in intervals where 
the lithology was unsuitable. However, sediment 
accumulation rates appear to have been sufficiently high 
(c. 10 m/My), for much of the core, that it is unlikely that 
short polarity intervals were missed due to inadequate 
sampling resolution. It is more likely that significant time 
is missing in the numerous disconformities in the core. 

Diamictites and other coarse-grained sediments are 
common in CRP-212A. Whenever possible, samples were 
selected from fine-grained horizons. However, there was 
often no alternative but to sample diamictites or sandstone- 
dominated lithofacies. The diamictite matrix is often silt- 
sized and is, therefore, potentially useful forpalaeomagnetic 
study. However, very coarse sand grains, granules and 
pebbles within samples from diamictites pose a problem 
because the deposition of such large particles would be 
controlled by gravitational rather than magnetic forces. 
Thus, their orientation could not be expected to represent 
the geomagnetic field at or near the time of deposition. 
This problem would be most severe for strongly magnetic 
basic igneous material, which is acommonclast constituent 
in CRP-212A (see Petrology chapter). The presence of 
such grains means that care should be taken in interpreting 
palaeomagnetic data from coarse-grained intervals. The 
possible presence of clasts was taken into account by 
adopting a conservative interpretive approach within 
coarse-grained lithologies. After magnetic measurements 
were completed, such samples were examined to determine 
the presence of clasts. Results from such samples are 
considered reliable only if no clasts were visible, if the 
palaeomagnetic inclinations are consistently steep 
throughout coarse-grainedintervals, and if the results from 
these intervals are consistent with results from surrounding 
finer-grained intervals. 

One thousand and eleven samples were collected from 
CRP-2/2A (including the 25 samples from the Pliocene- 
Quaternary interval). Forty-four pairs of samples, each 
separated stratigraphically by a few cm, were collected at 
5-10 m intervals from varying lithofacies throughout the 
core. These samples were used for apilot study, which was 
aimed at determining the most suitable demagnetization 
technique for routine treatment of the samples. The pilot 
study was conducted by subjecting one sample from each 
pair to stepwise A F  demagnetization, while the 
corresponding sample was subjected to thermal de- 



iii:~gi~etizatio~~. After incasurenient ofthe iiat~i~-aI reinarieilt 
~i~:~gnetizatio~i (NRM), AFdeinagiietizatioi~ was coild~~ctecl 
at st~ccessivepeak fields of5: 10,15, 20> 25,30: 40: 50 ailcl 
00 1i1T and ther~nal dei~~ag~ietization was conducted at 
tcml>el-atures of 120, 180, 240, 300> 350, 400, 450: 500, 
550.  and 6OO0C. Mag~ietic s~lsceptibility was measused 
:~Slcr each thermal deinagnetization step to moi~itor for 
t I1c11nal alteration. Seven 11~11idred and twenty five sainples 
(ilicluding the Pliocene - Q~iaternary ones) were subjected 
to detailed stepwise dei~~agiietization. Time constsai~its 
Iiiiiited the nulnber of sanlples that could be n~easured. 
Alinost all samples froin between 7 and 350 111bsf were 
~ ~ ~ e a s u r e d ;  the spacing between measured samples was 
illcreased below 350 mbsf to enable preliminary assessnlelit 
of' the magnetic polarity stratigraphy to the bottom of 
CRP-212A. 

Mineral magnetic studies were conducted on 18 samples 
after  they had been subjected to  stepwise A F  
cieinagnetization. These samples were given an isothermal 
rcinanent magnetization (IRM) with inducing fields of 
0.05,0.15,0.2,0.3,0.4,0.5,0.75a11d1T.The1RM(at1 T) 
was then demagnetized by inverting the sample and 
applying fields of 10, 20; 30, 40, 50, 60, 80> 100, and 
300 mT. IRM acquisition and back-field demagnetization 
studies were performed to determine the coercivity of 

N,UP 
a) 219.34 mbsf 
Mmax= l .43 e- l  N m  

c) 452.7 mbsf 
Mmax= 6.55 e-2 N m  

1 ; ; :  
MIMrnax 
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: IE,H 

PILOT STUDY 

K[ Field (mT) 60 

Results of the pilot study indicate that thermal a1ic1 AI: 
denlagnetization are e q ~ ~ a l l y  efficient in re~moviiig 
secondary renlanence colnponents and in isolatiiig 
chasacteristic remanence components for both nor~iial an(I 
reversed polarity sainples (Fig. 6. l). The efficiency ol'tlle 
two techniques did not vary among inter~lals of relatively 
high and low coercivity . AF demagnetization was aciopteci 
for routine treatment of samples for the entire core bec:~use 

0 
Temperature ('C) 

600 

d) 452.75 mbsf 
MmaX= 6.1 e-2 N m  

Temperature ("C) 
600 Field (mT) 

50 

Fig. 6.1 - Vector component diagrams (with normalized intensity decay plots) of demagnetization behavio~~r of representative samples from the pilot 
study of CRP-212A: (a )  and (h)  comparison of AFand thermal demagnetization of normal polarity san~ples from 219.34 and 219.37 mbsf. respectively: 
(c) and (d) comparison of thermal and AF demagnetization of revel-scd polarity samples from 452.7 and 452,75 n~bsf. respectively. Open (closed) 
symbols represent projections onto the vertical (horizontal) plane, The dashed lines represent linear regression fits which indicate the characteristic 
remanence component for each sample. The core is not azi~nuthally oriented, therefore declination values are not meaningful. The results indicate that 
thermal and AF demagnetization al-e equally efficient at re~noving secondary overprints and isolati~~g characteristic remanence components for both 
normal and reversed polarity sanlples. 



h4:ltiy of the analysed san111lcs clis11lay a low coercivity, 
near-verkical, ~ior~nalpolarity cotnj~o~icnt that is interpreted 
as rc11resct1ting adrilli~ig-ind~iced overprint, 111 most cases> 
this coilipone1lt was removed with peak AFs of less than 
20  nil'. 111 s o i ~ ~ e  cases, the drilli~~g-it~cii~ccci overpr i~~t  and 
the original relnanence had cotii~~letely o\lerIappi~lg 
coercivity spectra. In these sitilatio~~s, it was not possible 
to isolate the two components (e.g. Fig. 6.2a). S~ich 
san111Ies were excluded from s ~ t b s c c ~ ~ ~ e n t  magneto- 
stratigr:~~~hic interpretations, 111 some cases, particularly in 
doniitiantly sandy lithologies betwee11 199.64 and 

2 12. l0  ii~lxf. :~tiotI~cr o\lcrpriiit is present. This overpri~il 
lias a nearly hot*ix(>~ital incliti~~tiot~ a~icl a so~ithward-disectecl 
cieclitiation (e.g. Fig. 6.2h). We attribute this overprint to 
co~it~itiiit~:~tio~i inkroci~ieecl by c~~tt i t lg the samples (after 
cirilling) bccmsc thc ovcs~~sint is always perpendicular to 
the cut face of the sanyle (i.e. in san~ple coordinates, the 
overprint is entirely it1 the X-z plane, wit11 y = 0). Rotatio~i 
ofthc saw blade procl~tces a nieasurable magnetic induction 
~ ~ e r l ~ e ~ ~ d i c ~ i l ~ ~ r  to thc 111:lcie. 111 nlost cases, the overp~-int 
produced by this Sielci was easily removed by application 
of peak AFs of l 0  mT. Where present, this overprint is 
usually stronger than the ci~-iI l i~~g-i~~d~iced ovesprint. Tllc 
saw-overprint is only sporadically present below 
212.10 nlbsf (mainly in saiidy lithologies). 

Many of tile san~ples are from intervals where clasts 
nlay doini~iate the ~nagnetic properties of the sample and 
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b) 201.81 mbsf 
Mmax= l .09 e-2 N m  l pNRM 
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C) 187.4 mbsf 
MmaX= 3.96 e-3 Alm 
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Fig. 6.2 - Vector conlponent diagrams (with nor~nalized intensity decay plots) fol- CRP-212A samples that ill~~strate: ((1) a dominant drilling-induced 
overprint (304.88 mbsf). (h)  a low coerci\iity saw 0verp1.int (201.81 nlbsf), and (c) low coercivity and random behaviour in a sample that contains 
pebbles (187.4 ~nbsf). The conventions are the same as in figure 6.1. The stereoplots are equal area projections, with open (closed) symbols indicating 
upper (lower) hemisphere projections. 
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/-?g. 6.3 - Plot of NRM iincnsity and inciiiialion oi  lhc cliaraclerislic i'ein;iiience coinponcni (idculifiecl froin bcsl-fit lines llirnngh clala I'roin inulliple 
deiniis'iietiziition sieiis. ;is sliown in  Fir. 6.11 with reswxi 10 cicnlli foi-CRI'-212A. I'oliiriiv isshown on the lofflollic rialil (black (white) = iionnui (reversed) 

produce a magnetixation that does not represent the Stable palaeomagnctic behaviour was evident from 
gcomagnetic field orientation at or near the time of tlievectorco1~1pone11tplotsof612ofthc700demag1~etixed 
deposition.Samples thatcontainsuchclastsusually display samplcs(87%,). Inmostcases, thecharacteristicrei~~a~~ence 
abnormal palaeomagnetic behaviour and are readily direction was determined using a best-fit line that was 
detected (e.g. Fig, 6,2c), Such samples were excluded constrained through the origin of the vector component 
from subsequent magnetostratigraphical interpretations. diagram (e.g. Fig. 6.1). I n  some cases, the best-fit lines 



b j  All data above 306 rnbsf c] All data below 306 rnbsf 

/-'La. 6.4 - Hisio%rams of n:tlaeomaai,clic indinal$ons Ibr <:RI'-2/2A (froin Fir. 6.31. lol All data below 26.7.1 8nlbsl'. lhj  all dala alxivc 306 iiibsl' 

were not constraitied through the origin of the plots. In 
other cases, ihc polarity of tlie characierisuc remanence 
component was clear. bin because of a low signallnoise 
ratio or incomplete removiil of secondary components, the 
firuil direction of magnetization could not be precisely 
determined. I n  these ciiscs, the sfimple is represented o n  
figure 6.3 by either an N ?  or an R? 

The inc l i~~ i~ t ions  of the characteristic remanence 
directions have a clear bimoclal distribuiion that 
cicmonslrates the dominance of the two stable polarity 
stiitcs (Fig. 6 . 4 ~ ) .  Steep nornial and reversed polarity 
directions, as would be expected at high latitudes. are 
clearly dominant. In conjunction with evidence from 
vector component diagrams (p,,?. Fig. 6.1), this indicates 
that secondary r e ~ ~ i a n e n c c  components have been 
siicccssfully removed. The distribution of inclinations is 
strongly biased toward normal polarity. This is because of 
a combination of relalivcly high sedimentation rates (see 
discussion below). possible stratigraphical breaks that 
iuxtapose more ihan one I I O S I I I ~ ~  polarity zone, and a high 
measurement density. Furthermore. inter~itls in the lower 
pan of the core. in which reversed polarity was d o ~ ~ ~ i n a n i .  
were not analysed in suchdetail liecai~seofiimeconstraints. 
I t  should therefore not be assumed that this polarity bias is 
causehrconcerni~bouttliereiiiibility ofthepalacoimignetic 
signal from CRP-212A. 

In addition, i l  appears that the palacomagnetic 
inclinations below the disconformity at 306.65 mbsf arc 
sl~i~llowerthan thoseabove thedisconfori~~ity (Fig. 6.4b. c). 
While more data (particularly reversed polarity data) are 
needed to cleino~~sn'cltc this possibility rigorously. the 
pali~comagnctic data may indicate that the disconformiiy 
at 306.65 mbsf represents an angular unconformity. This 
hyjoothesis needs to be tested with structiiral analyses of 
the core. This observation will also be more easy to 
(]uantify when a morccomplcte palaeoniagnetic daia set is 
obtained after the drilling season. 

Overull, both ~~oriflal  and reversed pok~rity directions 
are u p  to 1S0shallower than expected (Â 83.4') for the site 
latitude (77OS; Fig. 6.4). There are two plausible 
explanations for this observation. First. tectonic tilting 
will cause roiaiion of the magnetic vector with the rock 
unit dud, if the tilting was in an appropriate direction, it 
would cause shallowing ofthe pakico~~iagnetic vector for 
both normal and reversed polarity samples. Second. 
inclinatiori error is commonly observed i n  sedimentary 
environments where bioturbi.ition is not widespread, such 
as seems to be the case for some Iithostr~tignipliical units 
in CRP-212A. I n  environ~~~ents  where biotusb;ilion is 
widesprcad.magneticpa~icles have freedom toroliileand 
to follow the geomagnetic field i n  water-saturated shallow 
scdiments. Thus, when the remanence is locked i n ,  the 
magnetization of bioturbate~l sediments can provide an  
iiccuri~c record of the geomagnetic field. On the other 
hand. in scdiments where biott~rbation is absent. magnetic 
grains can roll as they settle onto the substrate and the 
res~iltant inclination can be retained in the absence of 
bioturliiuion (Verosub, 1977). In  addition. secliment 
compaction has been interpreted as being responsible for 
inclination errors (e.g. Anson & Kcxia~iiii, 1987; Arason & 
Levi, 1990). At present, we cannot distinguish between 
t11ese possibilities. From core observations and seismic 
reflection studies, it seems likely that the sequence is 
tilted, but it is unlikely to be tilted by as much as ISo 
(Henrys el A, 1994; Core Properties and Down-Hole 
Geophysics chapter). 11 is thcrcforc likely that the sl~iillow 
palaeomagnetic inclinations result from a combination of 
these effects. 

Inaddition tothedomi~~anlly sleep normal and reversed 
polarity directions,asignifica~~tnumberofsamplesdisplay 
behaviour tliat istnmsitional between nornii.il and reversed 
polarity (e.g. Figs. 6.3 & 6.4). Most of these samples 
display stable palacomagnetic behaviour and are not 
obviously affected by the presence of clasts. It is not 
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Fig. 6.5 - Vector component diagrams (with normalized intensity decay plots) for selected samples from CRP-212A: (a) a relatively high coercivity 
sample (322.41 mbsf.), (b) a relatively low coercivity sample (299.53 mbsf), (c) a stable, but anomalous, reversed polarity sample from magnetozone 
N3 (108.46 mbsf), (d) a reversed polarity sample from magnetozone R2, below the detailed polarity transition (52.38 mbsf), ( e )  a sample from the 
polarity transition between magnetozones R2 and N2 (47.86 mbsf), (fl a normal polarity sample from magnetozone N2, above the detailed polarity 
transition (40.28 mbs0, (g) a stablereversedpoIarity sample from thelower part of thecore (462.51 mbsf), (h)  anormal polarity sample, from the lower 
part of the core, with behaviour that is difficult to interpret (61 l .78 mbsf). The conventions are the same as in figure 6 .  l .  See text for discussion. 

suqrising that transitional directions are recorded in parts Data from 88 demagnetized samples were not included 
of the record that were rapidly deposited: there is a higher in the magnetostratigraphic interpretation (Fig. 6.3). In 
probability of re.2ording deposition during geomagnetic total, 9% of the samples were unstably magnetized (i.e. the 
polarity transitions in such intervals (see below). demagnetization behaviour was either incoherent or the 



samples liad low coercivity), 2% of the samples had 
coercivity spectra that did not permit discriminatiot~ 
betwcct~ :l drill-string overprint and a stable characteristic 
remati(;~iccdirection (e.g. Fig. 6.2a), and 2% of the samples 
were (lot~iinated by the effects of pebbles (e .g.  Fig. 6 . 2 ~ ) .  

Thc qiiality of palaeornagnetic data does not seem to 
depeticl oti whether the samples have high or low coercivity 
(unless {tic median destructive field is less than about 
15 m'1' and the samples are clearly dominated by 
magnctici~lly unstable multi-domain grains). Relatively 
high cocrcivities are observed in samples from 306.5 to 
328 nil~sf (about 25% of the NRM intensity remains after 
A F  deti~:~gnetization to 60 mT; Fig. 6.5a). High coercivity 
is  also observed in some samples between 297 and 
306.5 nlbsf, but here they alternate with IOW coercivity 
samples (fully demagnetized after AF treatment at 40- 
5 0  mT; Fig. 6.5b). Preliminary rock magnetic 
measurclnents indicate that there are significant 
conce~itrations of high coercivity minerals in samples 
f romn~uc l~  of the core. Plots of IRM acquisition have steep 
slopes at low magnetic inductions. However, saturation is 
not usually achieved until above 300 mT (Fig. 6.6). This 
indicates that a fraction of high coercivity particles is 
present. S-ratios vary between 0.89 and 0.99 (Fig. 6.7). 
S-ratios of 0.98- l .OOindicate adominance of low coercivity 
minerals. The S-ratio is highly non-linear and ratios of 
0.95 can indicate the presence of substantial quantities of 
high coercivity minerals (e.g. Bloemendal et al., 1992). 
The observed range of S-ratios therefore indicates the 
presence of significant concentrations of high coercivity 
phases. The lack of significant differences in the relative 
efficiency of AF and thermal demagnetization in isolating 
characteristic remanence components indicates that, despite 
the presence of high coercivity particles, AF de- 
magnetization is suitable for routine sample treatment. 

Palaeomagnetic stability appears to be stratigraphically 
controlled, with data from zones of high remanence 
intensity being of better quality than those from zones of 
low intensity. In the upper c. 270 m of CRP-212A, the 
palaeornagnetic behaviour is of consistently high quality 
(Fig. 6.3). Below c. 270 mbsf, the palaeomagnetic 
behaviour is more variable because zones of low remanence 
intensity are more common. The lower quality of 
palaeomagnetic data in the lower part of CRP-212A, 
coupled with the lower measurement density, makes it 
difficult to interpret the magnetic polarity stratigraphy 
(see discussion below). 

MAGNETIC SUSCEF'TIBILITY 

Previous studies of the CIROS-l and CRP-l cores 
demonstrated that the magnetic susceptibility (K) signal is 
representative of changes in the concentration of pseudo- 
single domain magnetite and that these changes are 
environmentally (probably palaeoclimatically) controlled 
(Sagnotti et al., 1998a, 1998b). While it is impossible to 
interpret the K signal from CRP-212A directly in terms of 
environment until more detailed rock magnetic 
investigations are carried out, some preliminary 
observations are relevant to the present discussion of the 
magnetostratigraphy. 

+ 97.49, mbsf 
+ 321.42 mbsf 
+ 414.13 rnbsf 
U 452.75 mbsf 

Field (mT) 

+ 97.49 mbsf 

+ 452.75 mbsf 
+ L 4  j 

-360 -250 -200 -150 -100 -50 0 

Field (mT) 

Fig. 6.6 - Plot of IRM acquisition and DC demagnetization of four 
representative samples from CRP-212A. Some samples have low 
coercivity (Bcr of about 40 mT) and saturate rapidly (below 300 mT), 
while other samples have high coercivity (Bcr of about 60 mT) and 
saturate above 300 mT, which indicates the presence of significant 
amounts of high coercivity phases. 

Fig. 6.7- Plot of S-ratio (see text for definition) for 18 pilot samples with 
respect to depth for CRP-212A. S-ratios below about 0.97 indicate a 
significant high coercivity content, 



Fig. 6.8 - Magnetic susceptibility (in ,uSI) and lithostratigraphical variations for CRP-212A from discrete sa~nples. The susceptibility record fro111 
discrete sainples is si~nilar to the whole-core record obtained at the drill site. except in conslon~erate and dia~nictite units. In these litliologies~ the u~holc- 
core record is affected by the presence of large clasts. The discrete sample I-ecord represents a better estimate of the magnetic susceptibility of the fine 
sediment ~natrix, althoush sa~nples fl-on1 some intervals contain pebbles and have more erratic susceptibility variations. 

Vol~ime susceptibility values include the contribution 
of all the minerals present in the sediment, in proportion to 
their intrinsic susceptibility and abundance. For 
susceptibilities lasger than 300 PSI, it is genesally assumed 
that the fessimagnetic component dominates the para- 
magnetic and diamagnetic components (c$ Tarling & 
Hrouda, 1993). A para~nagnetic "base level" susceptibility 
of c. 235 PSI was estimated for the CRP-l core (Sagnotti 
et al., 1998b). The similar range of K values in the many 
low K zones (c. 150-250 PSI) below c. 270 mbsf (Fig. 6.8) 
suggests that the magnetic susceptibility in these zones is 
dominated by parainagnetic phases. It thel-efose seems 
likely that in the stably magnetized high-susceptibility 
zones (which dominate the upper part of CRP-2/2A), the 

contribution from fessimagnetic grains overwhelms that 
of the paramagnetic matrix, In the weakly magnetized 
low-susceptibility zones (which are more common in the 
lower part of CRP-212A), the contribution of the para- 
magnetic grains may be comparable or even larger than 
that of the ferrimagnetic grains. The low values of 
remanence intensity in the low-susceptibility zones 
(Figs. 6.3 & 6.8) probably indicate that fessimagnetic 
grains occur in low abundances in the low K zones. These 
observations may account for the compasatively poor 
quality of palaeomagnetic behavio~ir in the lower part of 
CRP-212A. 

It is evident, with respect to the sequence stratigraphical 
intespretation (see Seq~ience Stratigraphical Intespretation 



section). I hat some of the sequence boundaries correspond 
to sliiirp susceptibility changes. The relevant boundaries 
are ;it 2 1.6 mbsf (sequences 1 -2), 5 1.94 mbsf (sequences 
[-S), 185.94 mbsf (sequences 9-10). 356.83 mbsf 
(sequences 13-14), 420.53 mbsf (sequences 17- 1 g), 
443.1 8 mbsf (sequences 18- 19) and494.08 mbsf (sequences 
19-20). Two sharp increases in KXe evident at c. 183.5 and 
186 ii~hsl' (Fig. 6.8). These sharp incrcascs in  K correspond 
to the upper and lower boundaries of a. magnetic polarity 
zone (Fig.  6.3) and coincide with the position of 
disconfonnities at 183.36 and 185.94 mbsf, respectively. 

I'he discrete sample K record agrees well with the 
whole-core K record for most of CRP-2/2A. Careful 
selection of samples that represent only the matrix in 
diamictitc units allows recovery of a susceptibility signal 
that is free from the influence of extraformational pebbles. 
As a consequence, the susceptibility record from discrete 
samples is more representative of the sediment matrix 
than thc whole-core susceptibility log (see Physical 
Properties from On-Site Core Measurement section) for 
the intervals that are dominated by diamictites andlor 
dropstones. The discrete sample K record from CRP-2/2A 
is still partially affected by the presence of extraformational 
pebbles, but such samples can be removed. This procedure 
produced a remarkable improvement of the susceptibility 
log in CRP-1 (compare Cape Roberts Science Team 
(1998~)  with Sagnotti et al. (1998b)) and will be repeated 
for the CRP-2/2A core after the drilling season. 

MAGNETIC POLARITY STRATIGRAPHY 

The magnetic polarity ~t~atigraphy shown in figure 6.3 
is  tentatively divided into 14 magnetozones: 7 of 
dominantly normal polarity and 7 of dominantly reversed 
polarity. The uppermost two magnetozones (NI and RI )  
are of Quaternary and Pliocene age, respectively, and are 
discussed in the Pliocene-Quaternary Strata section. Here, 
we will only discuss the polarity zonation from N2 to R7, 
with implicit reference to figure 6.3. Also, any references 
to sequence stratigraphical interpretations refer to the 
Sequence Stratigraphical Interpretation section. It should 
b e  noted that the magnetic polarity zonation described 
below is preliminary and awaits refinement after 
measurement of further samples from the lower part of the 
record. It is unlikely. however, that further measurements 
will result in refinement of the zonation for the upper 
350 m of CRP-2/2A (except, perhaps, for the sandy 
intervals from 273.5 to 281 mbsf and from 286.7 to 
29 1.5 mbsf). 

In many of the polarity zones. there are sporadic 
samples that display opposite polarities to those of the 
surrounding rocks (e.g. Fig. 6 . 5 ~ ) .  Ineach case, thepalaeo- 
magnetic behaviour is stable and the presence of a steep 
normal polarity drill-string overprint suggests that the 
samples have not been inadvertently inverted. In the 
following discussion, no interpretations are based on 
results from single samples because such samples could 
be anomalous. 

Normal polarity dominates the interval from c. 28 to 
47.20 mbsf. The transition from R2 to N2 is gradual and 
occurs across a lithostratigraphical boundary between 

LSIJ 4.1 (diamiclon) and  3.1 (sands). Facies analysis 
indicates that the sands were rapidly deposited in a shore- 
face or deeper cnvironmcnt after glacial retreat (sec 
Fades Analysis section). I t  is expected that time would b e  
missing between the diamicton and the sands because the 
contact issharpand not gradational. Stablepalaeomagnetic 
directions arc observed within both of the l i tho -  
stratigraphical units below, within, and above the polarity 
transition (Fig. 6.5d-f). The diamicton and the sands have 
a significant mud content, which we presumeis responsible 
for the strong and stable magnetizations. Transition:il 
directions are recorded over a stratigraphical interval o f  
about 6 m (Fig. 6.9). The upper part of the diamicton 
could have been disturbed by ice movement, which could 
have produced anomalous palaeomagnetic directions. 
However, all of the observed lithostratigrapl~ical units arc 
marine and it is possible that the entire sequence was 
water-lain (see Facies Analysis section). It is well-known 
that the process of polarity reversal occurs over periods of 
about 5-10 ky (Jacobs, 1994). If it is assumed that this 
interval represents a high-resolution polarity transition 
record, it is possible to directly estimate a sedimentation 
rate for the interval (c. 0.5-1 mlky). This is a minimum 
estimate because the amount of missing time at the 
contact between LSU 4.1 and 3.1 is unknown. Given the 
thickness of the polarity transition, and the apparently 
continuously varying palaeomagnetic directions, it is 
likely thatthe sand, and possibly theunderlying diamicton, 
were deposited relatively continuously rather than as 
discrete events (because the geomagnetic field usually 
varies slowly). Furthermore, this record suggests that 
little time is missing in the disconformity between LSU 4.1 
and 3.1 (probably less than 1 ky). Our preliminary 
interpretation is that the boundary between magnetozones 
R2 and N2 is represented by a high-resolution polarity 
transition in rapidly deposited sediments. If this suggestion 
is verified by further work, it could provide valuable 
insights into rates of glacial processes. Such rapid 
deposition is likely to have occurred only over restricted 
time intervals because estimates of longer-term sediment 
accumulation rates for CRP-2/2A are much lower 
(c .  10 c d k y ;  see below). 

The boundary between magnetozones N3 and R2 
occurs at a stratigraphical contact (71.89 mbsf) that is not 
interpreted as representing a sequence stratigraphical 
boundary. The boundaries between magnetozones N4 and 
R3 and between R3 and N3 do not appear to occur at 
disconformities, although several disconformities and 
sequence stratigraphical boundaries occur within these 
magnetozones. Magnetozone R4 is about 4.3 m thick and 
is restricted to the dian~ictite that comprises LSU 9.1. R4 
is truncated by disconformities at the lower and upper 
surfaces of the diamictite. The lower disconformity is 
interpreted as a sequence stratigraphical boundary, but the 
upper disconformity is not. 

N5 is a thick zone of normal polarity with several 
zones in which the polarity is uncertain. The intervals from 
c. 273.5 to 281 mbsf and from c. 286.7 to 291.5 mbsf are 
dominated by poorly consolidated sands. These intervals 
were sampled, but, because of the friable nature of the 
samples, it was not possible to analyse them on the high- 
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Fig. 6.9 - Variations in palaeomagnetic declination and inclination (identified from best-fit lines through data from multiple demagnetization steps) 
through the inferred geomagnetic polarity transition (shaded) between magnetozones R2 and N2. The core is not azimuthally oriented, therefore 
declination values are not meaningful. The transition crosses the contact between LSU 4.1 and 3.1. A minimum sedimentation rate can be estimated 
for the interval. This can help to quantify rates of glacial processes. 

speed (89.2 revolutions per second) spinner magnetometer 
used at McMurdo Station. These samples will be analysed 
after the drilling season. It was not possible to collect 
samples from the following intervals because either the 
lithology was unsuitable or because the sediment was too 
deformed: c. 371-379,401.5-404.5,415.4-423.8 and429.2- 
433.6 mbsf. In addition, significant parts of the two cross- 
hatched intervals in the lower part of N5 (Fig. 6.3) are 
unstably magnetizedand, at present, reliableinterpretations 
cannot be made for these intervals. Analysis of the 
remaining samples from these intervals may resolve the 
uncertainty. 

Significant intervals of the lower part of CRP-212A are 
dominated by reversed polarity. A major disconformity 
occurs in the upper part of R5 at 443.18 mbsf. This 
disconformity is interpreted as a sequence stratigraphical 
boundary (betweenLW 13.1 and 12.4); significantbreaks 
have also been noted in sediment provenance and 
palaeontology a t  this level (see Petrology and 
Palaeontology chapters). One reversed polarity sample is 
recorded above this disconformity. It is therefore possible 
that R5, like other magnetozones that contain significant 
stratigraphical breaks, represents acomposite magnetozone 
of more than one period of reversed polarity. Many of the 
reversed polarity zones in the lower part of CRP-212A 
have strong remanence intensities, whereas several zones 
of unstable magnetic behaviour, including some normal 
polarity zones, occur in intervals of weak remanence 
intensity. The reversed polarity samples are clearly 

interpretable (Fig. 6.5g), whereas the normal polarity 
samples can be difficult to interpret (Fig. 6.5h). There are 
two zones of normal polarity within R5. The upper zone 
(449.23 to 45 1.34 mbsf) is thin, but has strong and stable 
magnetizations, whereas the lower normal polarity zone 
has weaker magnetizations with erratic palaeomagnetic 
directions that are difficult to interpret. In addition, there 
are two zones in R5 from which samples were not collected 
due to a lack of suitable material for sampling: 516.3- 
520.7 and 548.5-554.7 mbsf. 

Samples frommagnetozone N6 are weakly magnetized 
and have scattered characteristic remanence component 
directions. The lower boundary of N6 occurs at a 
disconformity at 554.62 mbsf which represents a sequence 
stratigraphical boundary within LSU 15.2. R6 is a zone of 
stable reversed polarity which includes an interval with 
weak and unstable magnetizations that cannot be 
interpreted. MagnetozonesN7 andR7 are relatively poorly 
defined: N7 contains numerous scattered normal polarity 
directions and R7 is defined by only a few reversed 
polarity samples at the base of CRP-212A. 

The common occurrence of magnetozone boundaries 
at disconformities that do not coincide with interpreted 
sequence stratigraphical boundaries, as well as at sequence 
stratigraphical boundaries, suggests that there is a 
significant amount of time missing and that this missing 
time could be distributed throughout the record. It is clear 
that such a record requires independent constraints before 
a useful chronostratigraphical scheme can be developed. 



Furtl~ci more, because of the relatively poorly constrained 
magnetic polarity zonation for the lower part of'CRP-2/2A, 
it is only possible, at this stage, to propose tentative 
correlafions to the magnetic polarity timescale (MPTS) 
for tliis part of the core. 

DISCUSSION 

A preliminary correlation of the polarity of CRP-2/2A 
to the MPTS is plotted against lithology in figure 7.1, and 
includes constraints from available biostratigraphical data. 
The resulting age model and its construction are discussed 
in the Chronology section. Using the age model, it is 
possible to reach some preliminary conclusions about the 
CRP-2/2A record. Most of the record (c. 500 m) is 
Oligocene in age, with sedimentation rates of c. 100 rn/My. 
This sedimentation rate suggests that only c. 5 My of the 
Oligocene has been recorded in CRP-2/2A, whereas the 

chronological constraints indicate that the record covers a 
span o f  about 14- 16 My. 

ADDITIONAL WORK 

The above-reported initial characterization studies have 
served to identify several areas that warrant additional 
work. The magnetostratigraphy of CRP-2/2A clearly needs 
to be refined, particularly in the lower part of the record. 
This could have significant implications for the chrono- 
stratigraphical interpretation. The present interpretation is 
preliminary and should be used with caution. Although 
high quality palaeomagnetic results have been obtained 
from many of the CRP-2/2A samples, it is still important 
to characterize the mineral magnetic properties of differen t 
parts of the core. The mineral magnetic measurements will 
provide the basis for studies of the environmental magnetic 
record of CRP-2/2A. 
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7 - Summary of Results 

INTRODUCTION 

In this final chapter of the Initial Report, the major 
ecological outcomes of CRP-212A are sun~marised, 
conclusions are drawn and plans for the final drilling 
season are set out. Although the Initial Report as adocument 
is focussedprin~arily on core characterization, anumber of 
important conclusions can already be drawn from the 
geological and geophysical analyses carried out during 
and immediately following the drilling season at Cape 
Roberts and McMurdo Station. This chapter contains four 
substantive sections, which deal with the major outcomes 
of CRP-212A in terms of geochronology, climatic and 
depositional history, and volcanic-tectonic history, 
followed by some conclusions and plans for the future. 

Current chronological interpretations of the strata 
penetrated by CRP-212A are based on biostratigraphy 
(principally utilising marine diatoms and, to alesser extent, 
calcareous nannofossils), palaeomagnetic studies and 
^Ar/^Ar dates from the volcanic tephra unit at 109- 
I 14 inbsf. The distribution of microfossils recovered from 
the core is irregular. This, together with the abundance of 
coarse-grained lithologies, the numerous disconformities 
recorded in the core, and variable palaeoenvisonmental 
conditions, have complicated interpretation of the 
distribution of key fossil taxa in CRP-212A. In addition, 
some microfossil groups are either previously undescribed 
or are known to be endemic to the region, further frustrating 
efforts to compile an integrated biostratigraphical 
framework for the hole. 

The initial magnetic polarity stratigraphy for CRP-212A 
is divided into 14 magnetozones, of which 12 are pre- 
Pliocene in age. Several key diatoms and nannofossils, 
together with the 40Ar/39Ar age determination at 113 mbsf 
(21.44 k 0.05 Ma), constrain correlation of these 
magnetozones to the magnetic polarity time scale, allowing 
construction of a preliminary, integrated age-depth plot. 
The current interpretation for the cored succession places 
Quaternary strata from the sea floor to 21.20 mbsf, a thin 
Pliocene interval from 2 1.20 to 26.80 mbsf, early Miocene 
strata from 26.80 to 130.27 mbsf, late Oligocene strata 
from 130.27 to 306.65 mbsf, and early Oligocene (with 
possibly some latest Eocene) strata from 306.65 mbsf to 
the base of the hole at 624.15 mbsf. 

On the basis of thefacies analysisreported in chapter 3, 
the core has been interpreted in terms of an array of 
glacimarine and open coastallshelf depositional 
environments, involving repeated advance and retreat of 
floating and grounded ice across the shelf. The facies 
assemblage is considered to be typical of cool, but not cold, 
climate, polythermal glaciers with considerable melt-water 
discharge in the Oligocene, but with less melt-water 

influence in the Miocene. Palynological investigiikions 
also suggest that, even in the oldest strata recovered from 
CRP-2/2A, climatic conditions were not fully temper;ite. 

The abundant and extensive deformational I'cadires 
preserved in the core may partially reflect glacial over-- 
riding of the drill-site at various times. If subglacicil over- 
riding and deposition is recorded in the core, the glaciers 
responsible were probably grounded on the con~incnti~l 
shelf. Twenty-four vertically stacked, erosionally-hascd, 
cyclic facies successions (sequences) are inteiprclei-l as 
recording cycles of glacier advance and retreat across the 
area, and broad variations in shelfal water depths o l  the 
order of 50-100 m. The uppermost two sequences arc 
amalgamated, recording a cryptic and incomplete 
Quaternary and Pliocene record that accumulated during ;I 

period of low net accommodation. The early Miocene and 
Oligocene record, on the other hand, is relatively more 
complete with 6 and 16 sequences, respectively, recogni/-cd. 
The controlling factors on this cyclicity cannot yet be fully 
evaluated. 

Sediments preserved in CRP-212A were derived from 
a variety of rock types, all of which crop out in the area 
landward of Cape Roberts, suggesting a relatively local 
provenance. A major change in sediment provenance is 
recorded in the core at about 310 mbsf (close to the 
preferred location for a LateIEarly Oligocene un- 
conformity), from detritus derived predominantly from 
Jurassic dolerites, lavas and Beacon Supergroup 
sedimentary rocks, to detritus containing additional 
abundant basement granitoid material. Up-holechanges in 
the relative abundances of different extraformational 
sediment types are interpreted as recording the progressive 
unroofing of the Transantarctic Mountains. This may have 
been a consequence of earlier, or continuing, uplift in a 
period when climate was warmer and allowed greater 
amounts of fluvial sediment transport than at present. 

Superimposed on this pattern is a contemporaneous 
record of volcanic activity. Petrographical evidence 
suggests that volcanic activity associated with the McMurdo 
Volcanic Group was active as far back as the Early 
Oligocene, which confirms a longer history of McMurdo 
Volcanic Group activity than that known from onshore. 
The sources for this volcanic material, including a 
spectacular, tephra-rich interval dated as early Miocene in 
age, may have been local to the Cape Roberts area, though 
the possibility of a more distant source remains. 

The implications of CRP-212A for basin history cannot 
yet be fully assessed. Cyclical variation in the thickness of 
depositional sequences may indicate changes in subsidence 
regime through time, and the extensive deformation 
preserved in the core may in part record tectonic activity. 
Furthermore, initial correlation of the core with seismic 



records and the near douhling of sonic velocity of strata 
below 300 mbsf indicate that tectonic dips are twice that 
which h;id been inferred previously (Barrctt et al., 1995; 
Bartck ct al., 1996). Dips are interpreted as increasing with 
depth, ;ind truncations indicate a~igulardiscorda~iccs. Such 
features may be related to discrete episodes of rifting 
associated with the evolution ofthe Victoria Land Basin. 
Testing of these ideas must await further research. 

CHRONOLOGY 

The hiostratigraphical framework for the pre-Pliocene 
section of CRP-212A is provided primarily by marine 
diatoms and, toalesserextcnt, by calcareous nannofossils. 
There is considerable variation in distribution and 
abundance of these microfossils throughout the core (see 
chapter 5) and representation by open-ocean pelagic diatom 
or ~xinnofossil taxa, which provide direct correlations to 
Southern Ocean and global bio- and chronostratigraphies, 
is limited. 

As in CRP-1 (Harwood et al., 1998), marine diatoms 
are the most abundant and age-diagnostic forms recovered 
in CRP-2/2A. The diatom floras constrain the age of 
several intervals of CRP-212A by comparison with 
Southern Ocean Deep Sea Drilling Project (DSDP) and 
Ocean Drilling Program (ODP) drill holes. Assemblages 
are compared, for conelation purposes, with the CIROS- 1, 
MSSTS- 1, and CRP- 1 cores from the Ross Sea. Calcareous 
nannofossils also provide important constraints on the age 
of CRP-2/2A by correlation to DSDP and ODP drill holes, 
and to CIROS- 1. Foraminifera and marine palynomorphs 
have biostratigraphical potential. However,  the 
foraminifera found in the core are all benthic forms; 
planktic age-diagnostic taxa are entirely absent. Marine 
palynomorphs (dinoflagellate cysts and acritarchs) are 
abundant and varied, but the floras are endemic, with 
many new species, and cannot currently provide bio- 
stratigraphical control for the Miocene and Oligocene. 
Radiometric dates ("OAr/^Ar) on two volcanic ash layers, 

toget1-1~1~ with m;igictostrtitigraphy, provide additioiiiil 
ch~~onolo~!.ic-iil constraints. Sevcn pre-Pliocene magneto 
/.ones ;ire dcf'iiii-cl above 350 mbsf (N2 to the upper part of 
N5; I-'ig. 7.1 ). Below 350 mbsf, 6 magnetozones as(- 
dcfincd (the lower part ofN5 to R7). These lower magneto- 
zones are poorly defined and further analyses are ncccssary 
to improve the magnetostratigraphy. A preliminary a g c -  
depth plot and correlation to the magnetic polarity timesciik 
(MPTS) is presented in figure 7.1. The correlation is 
cliscusseti below. 

Sporadic fossil occurrences, coarse lithofacics. 
numerous disconformities and variable palaeo-  
environmental conditions all make it difficult to establish 
the complete distribution of key fossils in the pre-Plioccne 
interval of CRP-2/2A (26.75-624.15 mbsf). There itre 
numerous stratigraphical breaks (disconformities) that 
divide the CRP-212A record into discrete packages of 
strata. The most significant breaks occur at three of the 
major sequence boundaries: c. 130,307 and 443 mbsf (see 
chapter3). These disconformities define four stratigraphical 
intervals, which are discussed below. 

The uppermost interval, from 26.75 to c. 130 mbsf, is 
geochronologically well constrained by the first common 
occurrence of Tluilassiosirapraefraga at 36.25 mbsf(D3: 
Tab. 7.1 and Fig. 7. l ) ,  which ranges from the upper part of 
Chron C6r through Chron C6n (Gersonde & Burckle. 
1990; Baldauf & Ban-on, 199 1 ; Harwood & Maruyama. 
1992). In CRP-2/2A, this datum occurs near the base of a 
normal polarity interval (magnetozone N2) that we correlate 
with Chron C6n. The interval from 36.25 to c. 130 mbsf is 
confined to the middle lower Miocene by a volcanic ash at 
c. 1 13 mbsf that is dated at 21.44k0.05 Maby the40Ar/39Ar 
method (A9 in Fig. 7.1). Chron C6Ar (21.32-21.77 Ma: 
Cande & Kent, 1995; Berggren et al., 1995) spans the age 
of the ash (including the uncertainty on the age 
determination). The ash, however, lies within a thick 
normal polarity magnetozone (N3, 71.89-127.70 inbsf; 
Fig. 7.1). It is unlikely that the ash was reworked 
significantly (see Volcanic Clasts section). Our preferred 
explanation for this discrepancy is that, given uncertainties 

Tab. 7.1 - Biostratigraphical datum events in CRP-212.4. 
. . 

Event 
-. .- 

Datum 
. .-. 

CRP-2/2A Depth (mbsf) Age (Maj / Chron 
~ 

D3 F 0  Tlialassiosira praefraga complex" 36.25 20.3 (C6r) 
D7 F 0  Dact~osoleu  mt~irctinis 75.56 26.5 (C8n.211) 
D8 F 0  Asterotnp17uliis syimetriciis 236.25* 28.7 (C10n.211) 
D9 L 0  Lisit:iiii~~ ~ I ~ I ~ C I ~ C I '  259.21 24.2 (C6Cr) 
D l0  F 0  Lisit:iiria ornat~~r 266.38 28.2 (C9r) 
D1 l F 0  Cuvitatusjouseaniis 292.09* 30.9 (C12n) 
D1 2 L0 Asterolan~ra piinctifei'a 444,96** 27.0 (C9n) 
D 13 L 0  PMlla reticulata 444,96** 30.1 (Cl l r )  
D14 L 0  Rhizosolenia oligocaenicci 444.96** 31.0 (C12r) 
D l5 F 0  Rhizosolenia oiigocaenica 483.96" 33.5 (C13n) or older? 

X1 L 0  Diet~ococcires bisecliis 144.44 23.9 (C6Cn.2rj 
N2 L 0  Is!)it~701ithiis recurviis 459.52 31.8 (C12r) 
N3 L 0  Reliculofenestra o a t ~ ~ o i ~ ~ ~ e n s i s  458.40 33.7 (Cl3r) 

A9 Ash 111.58 to 114.15 21.44 Â 0.05 
A10 Ash 

.. . 280.03 to 280.12 
- .. 24.22 Â 0.06 

Note: * = lowest confirmed occurrence in CRP-212A; ** = highest confirmed occurrence in CRP-212A; 
= age-depth interpretations of CRP-1 place datum in C6r to C5En (Roberts et al.. 1998); f = total range 

of taxon is most likely more restricted on Antarctic shelf than in deep-sea. 



Magnetic Polarity Time Scale 

Fig. 7.1 - Correlation of CRP-2/2A with the MPTS of Cande & Kent (1995) and Berggren et al. (1995) using the preliminary magnetic polarity 
zonation (black = normal polarity. white = reversed polarity, hatched = unresolved) defined in chapter 6 (Palaeomagnetism). palaeontological 
datum events (chapter 5): and two radiometric ages described in chapter 4 (Volcanic Clasts section) and in the note following this section. The tip 
of the arrow marking each datum indicates its stratigraphical position and the base of the arrow is aligned with its age on the MPTS. Major 
unconformities are defined both by lithological sequence boundaries (see chapter 3. Sequence Stratigraphical Interpretation section) and by 
palaeontological datums. Other unconformities that coincide with lithostratigraphical breaks (see chapter 3. Description of Sequence section) are 
defined by the magnetic polarity stratigraphy (see chapter 6). Palaeontolo~ical and radiometric datums are defined in table 7.1. The datums are 
numbered according to the designations given by Roberts et al. (1998): diatom datums not reported in CRP-1 are given higher numbers, starting 
with D7. The shaded area below 307 mbsf defines the envelope of other possible correlations that are consistent with the data. Stepwise appearances 
are defined by the d a t u m  and do not imply the presence of additional disconformities in the sequence. A tentative interpretation is presented for 
the interval below 443 mbsf. 



in nun~csical ages assigned to "0Ar/7"Ar standarcls (Renne 
et al.. 1008) and uncertainties in  calibration oftlie MIDI'S 
in the early Miocene, the ash actually fell within the 
nearest normal polarity cliron (C6A11.211). We correlate 
the thin reversed polarity interval directly above 
magietoxone N3 with C6An.lr. In this interpretation, 
magnetozoneN3 is truncated by an inferred disconformity 
(at c. 70 mbsf) in which we interpret little time as having 
been lost. The normal polarity zone below the ash bed 
(c. 1 1  3 mbsf) is interpreted as part of C6An.211 and the 
transit ion from reversed to normal polarity (magnetozone 
R3 to N3) immediately above the disconformity at 
c. 130 mbsf is interpreted as representing the boundary 
between Chrons C6Ar and C6At1.211 (middle early 
Mioccne) . There is no independent evidence for the inferred 
disconformity at c. 70 mbsf (which occurs in a high-stand 
systems tract) and a second interpretation is possible in 
this interval. In this interpretation, there is no time missing 
in a disconformity at c. 70 mbsf, magnetozone R2 would 
represent Chron C6An. lr, and the single normal polarity 
sample at the base of magnetozone R2 would have no 
correlative in the MPTS. The sequence boundary at 
c. 52 mbsf would therefore represent a disconformity (with 
c. 500 kyr missing) and the polarity transition from Chron 
C6r to C6n would lie immediately above the disconformity . 
This second interpretation only differs from the first 
interpretation in the interval between 52 and c. 70 mbsf 
(Fig. 7.1). At this stage, we cannot discriminate between 
these two possible interpretations. 

A second stratigraphical interval is defined by the 
disconformities at c. 130 and 307 mbsf. There is a major 
change in the diatom flora at c. 130 mbsf, but poor age 
calibration prevents direct assessment of the hiatus. 
However, the calcareous nannofossil assemblage that 
accompanies Dictyococcites bisectus at 144.44 mbsf (Nf l ,  
23.9 Ma; Tab. 7.1 and Fig. 7.1) and an 40Ar13gAr date on a 
second ash layer (A10; Fig. 7.1) at 280 mbsf (24.22 Â 
0.06 Ma) suggest a hiatus of at least 2 m y .  at c. 130 mbsf. 
Normal polarity is dominant between 143.90 and 
c. 307 mbsf. A sequence stratigraphical boundary at 
c. 188 mbsf marks the base of a thin interval of reversed 
polarity (magnetozone R4) which separates magnetozones 
N4 and N5 (Fig. 7.1). Given these constraints, it is most 
likely thattheinterval defined by the lowerpart of ma_ oneto- 
zone R3, and by magnetozones N4, R4, and the upper part 
of N5 correlate with C6Cn.lr, C6Cn.2n, C6Cn.2r, and 
c6Cn.311, respectively. The ash itself should lie within 
Chron C6Cr, but given the same level of chronological 
uncertainty as explained for the ash at c. 113 mbsf, the 
apparently rapid sedimentation (c. 300 rn/My), and the 
lack of physical evidence for a hiatus, it is more likely that 
the ash occurs within the lower part of C6Cn.3n. This 
correlation is broadly consistent with the biostratigraphical 
datums. There is a slight discrepancy with the range of the 
diatom Lisitzinia ornata (D9-D10, 259.21-266.4 nibsf, 
24.2-28.2 Ma). In addition, a biostratigraphical break is 
recognized between c. 266 and 27 1 mbsf, where the ranges 
of six taxa are truncated, which suggests that the base of 
the range of L. o m t a  may be truncated. This 
palaeontologically defined break was not recognized during 

1ithologic;il description and is n o t  shown in thecorrelation 
discussed above (\:if,. 7.1). Further work is needed to 
understand these discrepancies. but. based on the above 
chronological interpretation, i t  seems unlikely that this 
break represents a significant hiatus. 

The third ilisconf'ormity-bounded interval (c. 307 to 
443 mbsf) is poorly defined o n  the basis ofbiostratigraphy. 
Throughout most ofits thickness (c. 314to411 mbsf), this 
interval is devoid of age-diagnostic siliceous or calcareous 
microfossil assemblages. Normal polarity is dominant in 
theupperpartoftheinterval. which mustthereforecorrelate 
with C711 or with older periods of normal polarity. This 
suggests that at least Cliron C6Cr (24.12-24.73 Ma) was 
lost in the hiatus at c. 307 mbsf. The lower Oligocenc 
diatom assemblages from c. 4 12 through 443 mbsf contain 
neither Cavitatusjou,seniin.s norR11izosolenici oligocaenicci. 
This suggests that the age of the base of the interval is 
younger than 3 1 Ma, and that the base of magnetozone N5 
couldlie withinC12n (Fig. 7.1). However, palaeoecological 
exclusion of either taxon is possible and there are indications 
that the disconformity at c. 443 mbsf is significant (i.e. the 
biostratigraphical ranges of nine diatom taxa are truncated 
at this horizon). In addition, the interval between c. 307 
and 412 mbsf contains several possible unconformities 
(see chapter 3, Sequence Stratigraphical Interpretation 
section), and time may be distributed through several 
normal subchrons (C7n-C12n) in this interval. The  
uncertainty in chronological interpretation of this interval 
is indicated by the shading on figure 7.1. 

The lowermost stratigraphical interval (c. 443 to 
624.15 mbsf) is biostratigraphically well constrainedonly 
in the upper 40 m. The presence of R. oligocaenica 
indicates an age of between 31.0 and 33.5 Ma. A single 
specimen of the calcareous nannofossil Isfhmolithus 
recw-vus (at 459.52 mbsf) is consistent with this age 
assignment (Nf2, Tab. 7.1, Fig. 7.1), which suggests 
correlation of magnetozone R5 with Chron C12r. However, 
the calcareous nannofossil Reticulofenestra oamaruensis 
occursup to458,12mbsf(Nf3;Tab. 7.1 andFig. 7.1). The 
L 0  of R. oa711ar1/ensis is well documented in C13r 
(Berggren et al., 1995), and not C12r, as shown on the 
preliminary correlation in figure 7.1. It is possible that 
R. oamaruensis is reworked in CRP-212A because other 
floral and fauna1 evidence suggests that this interval is of 
early Oligocene age (see Palaeontology chapter). An 
increased abundance of reworked Eocene dinoflagellate 
cysts between c. 437 and 475 mbsf (see chapter 5, 
Palynology section) supports this possibility. 

The c.50 m interval below 484 mbsf is barren of age- 
diagnostic siliceous or calcareous microfossils. Taxa that 
are not age-diagnostic are found in intervals from c. 544 to 
565 mbsf and from c. 565 mbsf to the bottom of the hole 
(624 mbsf). Microfossils are poorly preserved in the 
lowermost interval. A similar interval of poor siliceous 
microfossil preservation was recovered below 500 mbsf in 
CIROS- 1. The absence of the diatom Disteplza~zosira 
architecturalis, a widespread Southern Ocean taxon with a 
well-calibrated L 0  at 36.5 Ma (Harwood & Maruyama, 
1992), suggests a likely maximum age for this interval. This 
absence, however, may be apurely diagenetic phenomenon. 



Correlation of magnetozones N6, R6. N7, and R7 to 
fin- MPTS is ambiguous. Microfossil evidence suggests 

the base of the hole is no older than latest Eocene in 
ilgc (also, see note below on recognition of the Hocenc- 
Oligocene boundary). The magnetic polarity  ona at ion at 
(he  base of CRP-2/2A is uncertain. However the 
hiosfratigrapliical constraints, in conjunction with the 
)i'cscnce of considerable thicknesses of reversed polarity. 
siygcst that the base of the hole may range in age between 
('In-on C13r and C15r (c. 33.5-35 Ma). A tentative 
correlation. which will be tested by further work. is shown 
(Fig. 7. l ) ,  

''he above-described age model implies that the pre- 
Pliocene portion of CRP-2/2A spans an interval of 14- 
16 m.y. from the early Miocene (19 Ma) at 27 mbsf to the 
early Oligocene (or possibly latest Eocene, 33.5-35 Ma) at 
the base (624.15 mbsf). The age model is well defined 
down to 307 mbsf (c. 24 Ma). and indicates sediment 
accumulation rates that range between 30 and 300 ni/My, 
will1 a 2 My hiatus at c. 130 mbsf. Below 307 mbsf, the age 
model is poorly constrained, although a significant time 
break is inferred at 443 mbsf, as suggested by the truncation 
of  several diatom datums. 

RECOGNITION OF THE EOCENE-OLIGOCENE 
BOUNDARY 

A key issue for the lowermost part of CRP-2/2A is the 
question of what constitutes a late Eocene assemblage. 
The faunally and floristically rich assemblages which 
characterize all major groups of marine n~icrofossils and 
the terrestrial palynon~orphs in the Eocene do not extend 
to the very end of the epoch, as currently defined by 
Berggren et al. (1995). This is. in part, a result of 
repositioning of the boundary at a later level by those 
authors, and it also reflects a major environmental and 
biotic turnover that began before the end of the Eocene, as 
previously defined. The Antarctic floras and faunas that 
are preserved tend to be highly endemic, specialized polar 
associations, and they are often restricted to currently non- 
diagnostic benthic and regional neritic biotas (see 
chapter 5). The degree of possible diachroneity in first or 
last appearances for many of the Antarctic fossil taxa is 
still uncertain. Thus, unambiguous recognition of the 
Eocene is problematical, especially given the apparent 
lack of incursions of global oceanic waters during the time 
represented by the basal part of the core and the resulting 
lack of global ocean microfossil assemblages. 

^Ar/^Ar AGE FOR PUMICE AT 280 MBSF 
(NOTE ADDED IN PROOF) 

Feldspar crystals from a pumice-rich layer at 280 mbsf 
in CRP-2A provide a precise ^Ar/^Ar age of 24.22 k 
0.06 Ma. A total of fifty-five 1 to 2 mm diameter potassium- 
feldspar phenocrysts were extracted from pumice lapilli 
sampled from a pumice concentration zone near 280 m in 
CRP-2A. Following neutron irradiation at Texas A & M 
Nuclear Science Center, samples were analyzed by the 
40Ar/z9Ar single-crystal laser fusion method in the New 
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Mexico Geochronology Research Laboratory at New 
Mexico Institute of Mining and Technology, using 
procedures similar to those described in McIntosli & 
Chamberlin (1984). All ages were determined relative to 
the inter-laboratory standard Fish Canyon Tuff sanidine 
with an assigned age of 27.84 Ma (Deino & Potts, 1990). 
After rejecting data from two crystals that gave poor data. 
ages from 52 crystals form a tight gro~ip with a nearly 
perfect Gaussian probability distribution (Fig. 7.2). The 
weighted mean age of 24.22 k 0.06 Ma (2 sigma error) is 
considered to be an accurate age for the eruption that 
produced the pumice-rich layer at 280 mbsf. The high 
concentration of pumice at 280 mbsf and the complete 
lack of older contaminant feldspar grains indicate that this 
age accurately represents the depositional age of the 
sampled horizon. 

CLIMATIC AND DEPOSITIONAL HISTORY 

The history of growth and decay of the Antarctic ice 
sheet and its links with climatically-driven global sea- 
level change were two of the questions that the Cape 
Roberts Project was designed to address. Sedimentological 
analysis of the core has shown that it can address these 
questions, at least in part, at this early stage of dataanalysis 
and synthesis. High-resolution lithological description of 
the core and facies analysis were carried out on a bed-by- 
bed basis to establish vertical changes in depositional 
environments. and sequence stratigraphic analysis was 



used to establish broader trends related to base level 
fluc~iiiitions through the vertical succession. 

' l i e  section represented in CRP-212A can be 
ration;il i /.ed into 1 2 recurrent lithofacies which are: 
1) mudstone, 2) interstratified sandstone and inudstone, 
3 )  poorly sorted (muddy) very fine to coarse sandstone. 
4) moderate to well sorted stratified fine sandstone. 
5) moderately sorted stratified or massive medium to 
coarse sandstone, 6) stratified diamictite. 7) massive 
diamictite, 8) rhythmically interstratified sandstone and 
siltstonc. 9) clast-supported conglomerate, 10) matrix- 
supported conglomerate, 1 1) mudstone breccia, and 
12) volcaniclastic sediment. These facies are interpreted 
in terms of deposition in glacimarine and open coastal1 
shelf cnvironments by a combination of tractional currents, 
fall-out from suspension, sediment gravity flows, rain-out 
from floating glacial ice and perhaps deposition and 
redeposition in subglacial positions (see chapter 3, Facies 
Analysis section). The facies analysis indicates that, by 
comparison with modern glacimarine settings, the 
substantial amount of melt-water associated with the 
glaciers in Oligocene times declined in the early Miocene. 
L 

In  addition, the range of glacimarine facies represented in 
CRP-212A core reflect high rates of sediment discharge by 
a variety of glacifluvial processes. Such fades do not 
occur in the present day polar glacial regime of Victoria 
Land, and are characteristic of polythermal glaciation 
under warmer climatic conditions. For example, the early 
Miocene strata of CRP-212A have the same features as 
those ofCRP- 1 ,  where the setting is most comparable with 
that of polythermal glaciers in the sub-Arctic (Powell et 
al., 1998). However, even the oldest strata cored do not 
indicate the high meltwater flows associated with temperate 
glaciation, as found in Alaska and Chile. This assessment 
is consistent with the sparse terrestrial palynomorph 
assemblage (see chapter 5) .  

The marine shelf setting is indicated by a number of 
facies, including mudstone (Facies l), which is indicative 
of hemipelagic sedimentation; sandstone and mudstone 
(Facies 2), which are indicative of either waves and marine 
currents or sediment gravity flows; poorly sorted sandstones 
(Facies 3 )  which were deposited by sediment gravity 
flows or settling from turbid plumes; stratified fine 
sandstones (Facies 4), with possible hummocky cross- 
stratification, which are indicative of wave-base settings; 
planar to cross-stratified medium to coarse sandstone 
(Facies S ) ,  which is indicative of shoreface and delta-front 
environments; rhythmic sandstones and siltstones 
(Facies 8), which are interpreted as cyclopsams and 
cyclopels from highly sediment-charged glacial streams 
in the sea; and volcaniclastic-rich sediment. Furthermore, 
the  gradational contacts of the diamictites (Facies 6 and 7) 
and the interbedding of some diamict intervals with other 
marine facies is indicative of proximal glacimarine 
redeposition and rain-out processes. 

The shallow marine settings appear to have varied 
from the shoreface to below wave base and included 
deltaic andlor grounding-line fan settings with large fluvial 
discharges. These produced glacifluvial facies such as 
conglomerates, cyclopels and cyclopsams as well as the 

associated deltalfan front and prodeltaiclfan sediment 
gravity Slow deposits. The fan  setting, and perhaps a lso  
the dcltaic sctting. arc associated with ice-contact ancl 
ice-proximal environments. Grounding-line fan systems 
commonly include debris flow diamictites and associated 
pcneeontemporaneo~~s sediment deformation. However, 
the deformation in the sequence may also result from 
glacial over-ridingoor local tectonically-induced 
brccciation and intrusion. Fabric analyses thus far indicate 
n o  strong sub-glacial till fabric, but it remains for further 
analysis to determine if some diamictites were subglacially 
dcposi ted. 

In the overall context of a shallow marine succession, 
if sub-glacial erosion, over-riding and deposition has 
occurred, the ice margin must have grounded offshore. 
The relatively flat shoreface and shelf during phases o f  
glacial retreat may have had relief in the form of morainal 
banks produced by grounding-line deposits during advance 
periods. Relief of this type was probably sufficient to 
produce mass flow and sediment redeposition in the shelf 
setting. Some macrofossil assemblages and the darker 
Facies 1 mudstones of distal glacimarine and paraglacial 
conditions may have formed when isolated banks created 
restricted circulation conditions on their shoreward 
margins. Nearby volcanic eruptions contributed volcanic 
ash of variable composition into the sea, and most of it 
subsequently was reworked there. 

The recognition of vertically-stacked cyclical facies 
successions bounded by sharp erosion surfaces has allowed 
the cored interval to be subdivided readily into sequences. 
It is suggested here that sequence boundaries coincide 
with glacial surfaces of erosion that record periods of 
glacier ice advancing across the sea-floor. In many cases, 
these advances have occurred in concert with sea-level 
fall. Sequence boundaries may have formed by two process: 
(1) direct grounding of glacier ice onto the sea floor, or (2) 
erosion from debris-flow diamictites spilling off the front 
of proglacial grounding-line fans. In the latter case, 
subsequent ice-contact erosion may remove any evidence 
of the grounding-line fan. The constituent facies assemblage 
of each sequence has been interpreted as representing an 
ice-proximal record of glacial advance and retreat followed 
by a period of relatively ice-free paraglacial or open 
marine sedimentation. Sequences display a characteristic 
vertical organisation of lithofacies that have been 
subdivided into systems tracts, and include the following 
elements in ascending stratigraphical order (Fig. 7.3): 
1 - LST-TST: a sharp-based, poorly sorted, coarse-grained 

unit comprising diamict andlor conglomerate, which 
is interpreted as ice-proximal and ice-contact 
glacimarine sedimentation during the advance and 
retreat of glacier ice into a shallow marine setting; 

2 - TST: a fining-upwards interval of muddy sandstone 
which passes up-section into fine sandy mudstone, and 
is interpreted as the distal marine record of glacier 
retreat during sea-level rise; 

3 - HST: a mudstone that passes gradationally upwards 
into a muddy sandstonelsandstone facies assemblage, 
which is interpreted as shoaling from midlouter shelf 
to inner shelf water depths under a sea-level highstand; 
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Fig. 7.3 - Stratigraphical summary and interpretation of the CRP-2/2A core. 
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4 - RST: a s1ia1-g-based, well-sorted. 111 : I .  SSIVC . '  to cross- 
bedded sandstone, which is interpreted as a regressive 
facies assemblage forming in a proglacial deltaic 
dcpositional environment seaward of the advanciiig 
ice front. 
Twenty-four cycles of local advance and retreat of 

gliacier ice during the Oligocene to Quaternary can be 
identified on the basis of the preliminary facies and 
sequence stratigraphical analysis of the CRP-212A core. 
' h e  Quaternary and Pliocene intervals, Sequences 1 and 
2, respectively, are probably an amalgamated series of 
sequences recording a cryptic and incomplete glacial 
history of the last 5 Ma. That the Quaternary record lies 
within a normal polarity interval interpreted as representing 
Bruhnes Chron suggests that high-amplitude climatic 
variations characteristic of the last 700 ky may havedriven 
major glacial episodes. destroying much of tlie earlier 
Plio-Pleistocene stratigraphical record. The recognition 
of a thin interval of Pliocene glaciallinterglacial stratigraphy 
i l l  CRP-212A is important, as significant fluctuations in 
the size of the Antarctic ice sheet have been inferred from 
studies of the on-land "Pliocene" Sirius Formation (Webb 
& Harwood, 199 1; Wilson, 1995). Although punctuated 
by significant unconforn~ities, the Oligocene-early 
Miocene section of the core is relatively more complete 
with 6 sequences preserved in the early Miocene and 16 
sequences representing the Oligocene. 

Broad constraints on the amplitudes of palaeo- 
bathymetric fluctuations reveal cyclical changes in water 
depth from shoreline-inner shelf to outer shelf water 
depths, perhaps of 50 to 100 m magnitude. These water 
depth changes are likely to result from the combined 
influence of eustasy, local tectonism, and sediment supply 
factors. The isolation of the eustatic sea-level component 
from a continental-margin sedimentary succession is 
inherently difficult to achieve. At this stage it has not been 
possible to estimate the amplitude of any glacio-eustatic 
component, but the inferred changes in water depth that 
are illustrated in figure 7.3 are consistent with the magnitude 
of eustatic water depth changes inferred for the Oligo- 
Miocenefrom seismic records (Haq et al., 1988), and deep 
ocean oxygen isotope records (Vitor & Anderson, 1998). 

Apreliminary chronology presented in this volume for 
CRP-212A indicates a thick interval of normal polarity in 
the late Oligocene which may span up to nine sequences. 
This implies that individual depositional sequences in 
certain parts of the core may correspond to Milankovitch 
orbital frequencies (eccentricity). Such an interpretation 
has several important implications, notably: (1) that the 
cored interval contains an incomplete record of the 
Oligocene-Quaternary of western Ross Sea with large 
periods of time represented at sequence-bounding 
unconformities, and (2) where sequences are preserved 
they may represent an important ice-proximal record of 
orbital control on the dynamics of the Antarctic ice sheet, 
which has significant implications for understanding the 
origin of variations in global eustatic sea-level in late 
Paleogene and Neogene times. 

Alternatively, the frequency of sequence cyclicity 
may be of a longer duration, similar to that of the 3rd order 

(0.5-2 I~ia)  custatic cyclicity reported on the Hacj et i l l .  

( 1  988) sea-level curve. and tlie composite Cenozoic oxygitii 
isotope curve of Vilor & Andcrson (1 998). Of iniporttiiio.~ is 
that many of'tliecharacteristics ofthis glacinia~-ine succession 
can be explained in terms of local glacigenic processes. 
Identifying the relative roles ofcustasy, tectonis~~i, and loml 
glacigenic processes o n  controlling the depositioii:il 
architecture of this important Antarctic record is one ol'thr 
future challcngcs facing the Cape Roberts Team. 

VOLCANIC AND TECTONIC HISTORY 

VOLCANISM 

Volcanic-derived clasts and grains occur througlioii~ 
the entire CRP-212A core. Reworked basalt fragments are 
particularly common below 3 10 mbsf, but their mineralogy 
and textural characteristics indicate that they were derived 
by weathering from the Jurassic Kirkpatrick basall. 
Evidence for active coeval volcanism is restricted to 
depths above 469 mbsf, which indicates that volcanism 
was active in Early Oligocene times, at least, and confirms 
a history of volcanism in the McMurdo Volcanic Group 
that is longer than that currently exposed onshore (less 
than 19 My; Kyle, 1990; cf. George, 1989). Volcanic glass 
occurs only in trace amounts up to 280 mbsf, where a layer 
of evolved pumice lapilli marks the base of a volcanic-rich 
interval that continues up to 200 mbsf. This indicates a 
significant period of volcanism during theLate Oligocene. 
A second volcanic-rich interval is present between 150 
and 46 mbsf, marking a Late Oligocene/Early Mioccnc 
episode, and a third (Pliocene) episode is recorded in LSU 
2.2 (21.1-26.8 mbsf). Thevolcanism was bimodal (basaltic1 
?trachytic) in each case and was probably alkaline, which 
is characteristic of continental rift settings. The glass was 
probably derived mainly by rapid reworking from local 
sources and was deposited by sedimentary rather than 
pyroclastic processes, and therefore does not provide a 
complete record of volcanic activity in the region (cf Cape 
Roberts Science Team, 1998). 

Evolved (trachytic?) pumice lapilli are common in 
LSU 7.1 and 7.2 (c. 97-1 14 nlbsf), and LSU 7.2 includes 
aprominenttrachytic tephsalayer 1.2 m thick. The thickness 
and coarse grain-size of the 1.2 m-thick tephra layer 
indicates derivation from a volcano possibly situated only 
a few tens of km from the CRP-212A drill site. This is 
consistent with the interpretation of a local source for the 
glass in the associated sediments. Possible locations of the 
Oligocene/Lowe~- Miocene volcanic soul-ce(s) are 
uncertain, but may include two small, but prominent, 
magnetic anomalies of likely volcanic origin identified c. 
6 km west of CRP-2/2A, and larger anomalies situated c. 
12 km to the northwest, near Granite Harbour (called the 
'Barrett anomaly'), and c. 80 km to the ENE (the 'Kyle 
anomaly') (Behrendt et al., 1987; Behrendt, 1990). The 
origin of the 1.2 m-thick tephra deposit in LSU 7.2 is 
uncertain. Whilst deposition by air fall and settling through 
water are possible, other origins, including secondary 
thickening and redeposition are being tested. 



PROVI NANCE AND TRANSANTARCTIC MOUN'I !\INS 
UP1 1 1 - 1  

~ ' I K  clast and sand grain assemblages can be divided 
into Ilircc contrasting types: an upper assemblage (0 to 
280 iiihsl') with a multi-component source (granitoids, 
sedimcnis, dolerite and abundant contemporary volcanic 
detriliis). a middle assemblage (280-310 mbsf) which is 
similar to the upper assemblage but essentially lacking a 
volciinic component, and a lower assemblage (c. 310- 
625 nibs!') which contains numerous fine-grained Jurassic 
dolerile kind basalt fragments and (?)Beacon sedimentary 
detritus, and in which the proportion of granitoids 
diminishes markedly toward the base (Fig. 7.4: and see 
chap~ci-4. Basement Clasts). In addition, below c. 3 10 mbsf, 
hornblende and biotite. which are common ganitoid 
minerals. become scarce, reworked Jurassic basalts become 
ab~~nckint. and thereis a significant increase in the proportion 
of Beacon-derived coal debris and rounded quartz grains. 
This is also reflected (from c. 350 mbsf) in lower feldspar1 
quart/, ratios in the sediments. Thus, 310 mbsf marks a 
major petrological transition which represents a 
fundamental change in provenance, reflecting an upward 
change from detritus derived predominantly from Jurassic 
dolesites. lavas and Beacon sedimentary rocks, to detritus 
containing additional abundant basement granitoidmaterial. 

The provenance change records erosion down through 
the Beacon Supergroup and Fei-rar Group sequence above 
the Kukri Erosion Surface to expose the sub-Kukri 
basement complex. This may represent progressive uplift 
of theTransantarctic Mountains (the likely provenance) or 
it may be climate-related. Other features in nearby levels 
of the CRP-212A core, including an unconformity at 
c. 307 mbsf. a thick intraformational breccia at c 3 1 1  to 
3 15 mbsf, andapossiblechangein strata! dip at c. 296 mbsf, 
are possibly attributable to tectonism and could be 
interpreted as an indication of faulting that affected the 
basin margin. If these features prove to be of tectonic 
origin. the change in provenance may coincide with an 
episode of faulting and uplift in the Transantarctic 
Mountains beginning at c. 30 Ma. 

DEFORMATION 

Brecciation, soft-sediment deformation (folding. 
convolute bedding. shear zones) and sedimentary dykes 
are common in the CRP-212A core. It is clear that more 
than one phase of deformation occurred, and these phases 
may reflect glacitectonic, mass movement, andlor tectonic 
activity (see chapter 3, Deformation section). An 
intraformational breccia between c. 31 1 and 315 inbsf 
contains angular to subro~~ndedclasts and possibly resulted 
from slope failure, perhaps in response to tectonic instability 
within the basin. Microfaults and sedimentary intrusions 
are also abundant in the interval from c. 309 to 325 nibsf, 
which could be another indicator of tectonic instability. 
There is an intriguing association of these features with an 
unconformity at c 307 mbsf, which is inferred to mark the 
Early to Late Oligocene boundary, and an interpreted 
angular discordance. in seismic reflectors at c. 296 mbsf. 

Britlle fractures, ab~~~i t lant  througho~~t CRP-2/2A, a r c  
consistent with tlie striictiiral setti~~gof'tliesiteinproximity 
to ihc '1'r;ins;intarctic Mountains - Victoria Land Basin 
~ o ~ I I I ~ ~ ~ I I ~ ~ .  Natural fracture types include brittle~i~icrofa~~lts. 
veins ;ind clastic dykes. Most faults, including sediment- 
and vein-filled varieties, have normal-sense offset of 
bedding and in some cases have clear conjugate fault 
gcornctry. The geometry and kinematics of these fault 
arrays is characteristic of a silt environment and most 
likely records rift-related tectonic deformation in the Cape 
Roberts area. When fault orientation patterns can be  
determined from oriented core. it will be possible t o  
compare the trends of faults in the core with seismically 
mapped faults in the Cape Roberts area to help to constrai 11 

the timing and kinematics of regional faulting. Drilling- 
induced and coring-ind~iced fractures arc also abundant i 11 

CRP-212A core, and preliminary analysis of oriented 
0uest.s borehole televiewer imagery of the borehole walls subb 

that there may be a consistent northeast-southwest 
orientation of the steeply-dipping induced fractures. If 
borne out by detailed analysis, this would indicate that the  
contemporary maximum horizontal compressive stress 
has a NE-SW orientation. oblique to the Transantarctic 
Mountains Front. 

BASIN HISTORY 

The pre-Plioeene strata of CRP-212A span the time 
interval from c. 19 to 33 Ma and accumulated at an average 
rate of 100 m/My. Subsidence along the margin of the 
Victoria Land Basin must have accommodated this 
substantial accumulation of Miocene and Oligocene strata. 
Sequence stratigraphical analysis has revealed cycles with 
marked thickness changes and, if the timing of the cycles 
is relatively uniform, this may reflect tectonically-driven 
changes in basin subsidence rate andlor sediment supply 
from the Transantarctic Mountains. An upward change 
from relatively thin to thick cycles occurs across the 
inferred Early to Late Oligocene unconformity at  
c. 307 mbsf (28-30Ma), which possibly marks anincreased 
subsidence rate. There is a change from thick to thinner 
cycles across an Early Oligocene unconformity at 
c. 443 mbsf, which possibly indicates a decreased 
subsidence rate in that part of the record. 

CRP-212A results provide new age constraints for 
seismic reflectors in the Victoria Land Basin. There are 
two possible alternatives for the major V3lV4 seismic 
boundary. at c. 80 and 183 mbsf with c. 21 Ma (Early 
Miocene) and 26-27 Ma (Late Oligocene) ages,  
respectively. Additional reflectors in the sequence are all 
of Oligocene age. Because these reflectors can be tied to 
the regional seismic stratigraphy of the Victoria Land 
Basin, these new age data will provide a means to improve 
our understanding of the evolution of the Victoria Land 
Basin and the timing of rift episodes that shaped it. 

Velocity data measured from CRP-212A core (see 
chapter2, Core Physical Properties section) show relatively 
high seismic velocities for the sedimentary section. 
Conversion of seismic travel times to depth using the 
physical properties data yields higher dips for the seismic 
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Fig. 7.4 - Sum111a1-y diagram shoviing ma-jos peti-olo~ical c h a n ~ c s  in the CRP212A sequence. GHI: Granite Harbour Intrusives: F: Ferras: 
KPK BAS.: Kirkpatrick basalt: DOL.: dolerite. 

rcflectors than was previously interpreted (see Fig. 1.4). to 10'. The relatively steep dips are maintained below this 
Reflector dips define a fan between c. 183 mbsf (possibly depth. including the V4lV5 boundary. The increase in dip 
theV3/V4boundary)andthemajoi~eflectoratc. 296 mbsf. documents basinward tilting of the strata. If the fan- 
Dips beneath the reflector at c. 296 mbsf steepen from c. 5 shaped arrangement of the reflectors is real. it indicates a 
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gr;i(lii;il increase in the t i l t  of older strata through the 
scqiience. If an angular unconformity is present. this 
siiggcsis distinct phases of  tilting that may document 
discrete rift episodes. More detailed analysis of seismic 
dips am.! possible onlap andlor downlap relations of the 
~~ef'lcelors may constrain the timing of episodes of tilting, 
and therefore of faulting events, that affected the basin 
maiyiti. 

When correlations in age, litliostratigrapliy, physical 
properties. and provenance trends are established between 
CRP212A and CIROS-1. it will be possible to evaluate 
key issues regarding the tectonic evolution of the 
Transantarctic Mountains and Victoria Land Basin in the 
McMurclo Sound area. Detailed comparison of provenance 
history may reveal either regionally consistent uplift 
patterns or different uplift histories for discrete crustal 
blocks along the range, i.e. for the Convoy Range. 
McMurdo Dry Valleys and Royal Society Range blocks, 
which are divided by structures lying along or close to 
Mackay Glacier and Ferrar Glacier, respectively 
(F i t~ge ra ld .  1992; Fitzgerald & Baldwin, 1997). 
Comparison of age. thickness, and dips of litho- 
stratigraphical sequences between CRP-2/2A and CIROS- 1 ; 
as well as correlation of seismic reflectors parallel and 
transverse to the coastline. will constrain models for the 
subsidence history of the Victoria Land Basin margin and 
its relationship to faulting along tlie Transantarctic 
Mountains Front. 

CONCLUSIONS AND FUTURE PLANS 

Drilling at CRP-2/2A has yielded more or less 
continuous core recovery (95%) through about 600 111 of 
strata that have recorded climatic and tectonic history on 
the margin of the Victoria Land Basin from c 19 to 
c 33 Ma. The stratahave proved to be significantly younger 
than expected. and cover about the same time interval as the 
CIROS- 1 drill hole 70 km to the south. While this has meant 
further delay in sampling strata representing earlier climatic 
and tectonic events. two features give CRP-2/2A special 
significance in advancing the main goals of the project 
through offering tlie prospect of a dramatic improvement in 
dating strata on the Antarctic continental shelf. 

The first feature is tlie biota being recovered from the 
core. Although some facies are unproductive, many have 
well-preserved assemblages, notably of diatoms and marine 
palyno~norphs, some of which include taxa not yet 
described. These assemblages show progressive changes 
through the sequence that can provide the basis for a much 
better circunl-Antarctic biostratigraphy. For reasons that 
we do not understand, tlie microfossil assemblages in 
CRP-2/2A are significantly more varied and better 
preserved than in ClROS- 1. 

The second feature is tlie occurrence of volcanic debris 
and shell fragments throughout most of the core. These 
materials provide a way of dating a number of 
stratigraphical levels independent of each other and of the 
few biostratigraphical datums that can be recognized From 
lower latitude taxa. Tlie most striking is the volcanic ash 
layer at 1 12 mbsf, for which an age of 21.44k0.05 Ma has 

already been obtained (see chapter 4. Volcanic Clasls 
section). A ftirthcr ash at 280 mbsf has been sampled for 
datiiig. and lias provided another reference point l'or 

building i\ chronology for the Cape Roberts sequence. A 
number of volcanic clasts have also been collected in order 
to provide maximum ages for the levels from whicli they 
have been sampled. 

The volcanic material extends down only to 469 mbsl'. 
but slid1 fragments. from which ages can be estimated 
From the isotopic composition of strontium, were found 
throughout the length of the core. Although the accuracy 
of this approach is an order of magnitude lower (0.5 Ma r.s 

0.05 Ma). the wider distribution of the material will make 
the results from this work invaluable. In addition to these 
features. tlie intensive palaeomagnetic measurements 
carried out on the full length of the core are providing 21 

reversal stratigraphy that, once calibrated, will enhance 
further the chronology for CRP-2/2A. When this has been 
integrated with the biostratigi-aphical datums yet to be 
established from tlie assemblages now being described f o r  
the first time, biostratigraphical schemes comparable with 
that of middle and low latitudes should be achievable for 
correlation of shelf sequences around the Antarctic margin 
and into lower latitudes. 

One of the main goals of the project is to seek a record 
of climate and sea level from the climatically sensitive 
Antarctic margin. Preliminary assessment of the sequence 
cored in CRP-2/2A indicates that the sequence is entirely 
marine. but varies from nearshore to offshore, with 
sedimentation keeping pace with subsidence over the 14 
million years spanned by the core. The preliminary age 
model also suggests two significant gaps in the record. 
from 2 1 to 26 Ma and from 28 to 30 Ma. but. of the strata 
preserved. 22 depositional sequences are recognized, each 
representing part of a cycle of glacial advance and retreat. 
and. in some cases, associated with falling and rising sea 
level. The cycles vary in thickness and time span but 
average c. 30 in and 300 000 years. Features in the core 
indicate that the climate was much warmer than today and 
perhaps comparable with that of the margins of the 
Quaternary ice sheets in the Northern Hemisphere. If the 
preliminary chronology is accurate, then this suggests that 
the Antarctic ice sheet in a warmer climatic regime may 
have a naturally longer period than the northern ice sheets 
of the Quaternary with their 40 and 100 ka cycles. A 
significant opportunity that the core is providing is for the 
analysis of various properties for cyclicity with the three 
main Milankovitcli frequencies. Early results suggest that 
there are cyclicities on Milankovitch frequencies, but that 
these are much shorter than the cycles of ice advance and 
retreat. 

Tlie other principal goal of the project, to elucidate the 
early tectonic history of the Victoria Land Basin and the 
adjacent TransantarcticMountains, has also been advanced 
significantly with therecord of progressive erosion through 
the mountains being recorded in the clasts and minerals in 
the core. The shift fromBeacon andFerrarrocks. including 
Kirkpatrick basalt. whicli caps the Beacon Supergroup at 
the head of the Mackay Glacier 100 km from the coast, in 
the lower part of the core, to largely basement-derived 
clasts above 300 mbsf, plainly records the stripping of the 
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la~~dscapc througli the Devonian-Jurassic "cover beds", 
Whcthertliis r c ~ x e s e ~ i l s c o ~ ~ t c ~ i ~ ~ ~ o r a ~ ~ e o i ~ s  ~ii idcllcCc~~o~oic 
uplift. orerosion respondingtoan earlierrapid uplift event 
is not yet clear. Work on old iincl new fnictiirc piitterns i n  
the core will yield results for ;I Neogene stress l~istory for 
the areii. Wliiitevcrtlie changes i n  stress regime. however. 
the slow subsidence at ibis point of the m;irgin of the 
Victoriii Land Basin (around 40 111lMii net) s~~ggcsts  tliiii 

thc iiiargin of the West Antarctic Rift System lias not been 
iectorsically very active i n  Ncogcne times. 

The drilling i n  1998 lias completed coring of a little 
over half of the I 200 111 of strata that were originally 
targctted, though we have yet to reach sirata old enoug11 to 
record 111c changes i n  climate and lectonics i n  the region 
tliiii iire tlie primary iarget of the  project. The age of the 
olciest strata cored this ycnv lakes us close !o the widely 
iicceptcd transition period. from c. 36 to 34 Ma. from 
'~~rccn- l~o~~se" t~~" ice -house" .  I n  the nextand finul drilling 
season, we expect H i  core down tl~rougli this period, 

CRP-3 will be sited locore the lower 50 in ofCRP-2A 
lo ensure tliiit the two cored sequences can be linked 
precisely by correliition u s i n p i  riingc of icchniqucs. 
including down-hole  logging. core properties.  

litliostri~tigrapli~~ ancl biosirati~riipl~y, Water deplli ill the 
site will be a little over 300 111 iiiicl the tiirget depth wilt be 
700 mbsl'.Tliis will take us(leep i~itoseismicsct~iic~ice \'5. 
wliidi liesjust 120 m below the bottom ol'CRP-212A iincl 

tlie oldest sequence in the Victoria Land Basin (Fig. 7.5). 
Some aspects oftlic drilling openuion in IOW will be 

easier and others will be more ~IilTicult. The experience 
this !'eiir with tlic new sea riser sliouli-l help speed lhc 
deployment process, iincl coring througli older ~ I C I  hm-der 
strata should m;ikc for few clrilling p r o b l e ~ ~ ~ s .  Howc\'er, 
the riser will be set i n  much deeper wiitcr, iind there will 
undoubtedly be fresh problems to be overcome. 

Drilling supplies have already been ordereil for 
shipment to Anttircticii i n  Jtiniiary 1990. i n  preptinilion for 
transporting by sledge toCiipc Roberts in ihe eiirly spring. 
We arc hoping lhat ice co~~ciiiions will allow 11s to proceed 
as pltinncd. ;md this will he evi~lcnt from siitcllitc imii~cry 
i n  June 1999. I f  conclitions are ~iiarginal. ilien clrilling \\<i l l  
be posiponc~l ;i fur111er setisun. In flit ~~icantiinc. the focus 
for tlie Ciipe Roberts Science Teiim is on the snore lliiin 

5 000 si11i111les iincl 600 111 of logs to he stiiclici.l fc~r 
contributions to the Scientific Resiills volume. ~ l u c  for llic 
workshop i n  Wellington on 28 June 1999, 
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