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Foreword 

This volume is the I'il'tli ol'six issues of 'i'cri'(~ Aii~ai.lic(r to present tlie results oftlie 
Cape Roberts Piuject. In Ibis pro,jcct thc Antarctic programmes of Anstralia, I3ritain. 
Germany, Italy, New /.cal;ind. and the United States (11' Anicri(~;i have collaborated to 
takea series ofcores ol'ltlic AiH;>i'ctic cotist.'r'lie coi'iiigLs sl'~i.~ingc;ii~rietl out with ;uli~iIliiig 
rig set o n  the fast se;i-ice to iim-stigate climatic and tectonic history of'tlic ivgio~n (lkirrctt 
& Davey, 1992: Intern;itional S t c c r i ~ ~ ~ ~ o ~ ~ i ~ i i i t t e c ,  1094). 

The Ilrst season'sijrilliiig i n  1997, ciirtiiiled ;it ;I depth ol' 148 ~i~hsl'fmetres below sea 
floor) after a stoi'iii-gcncratcd ice hscak-out. (bund a novel sea-ice-l'rcc carhonale facies 
in Quaternary strata and showed the youiigcr part ol'thc ilippiiig stixta olTCapc Roberts 
to be around 17 Ma, some 10 1n.y. younger than expected (Cape Rol~crts Science Team. 
1998; Hambrey, Wise et ;il.. 1998). In  the second season. thicker se;i ice provided time 
to overcomedrilling problems with adifficultsubstrate, yielding624 in ofcorewith over 
95% recovery. The occurrence of several volcanic-ash layers, a r a i ~ e  of microfossil 
taxa, plus dating with Sr-isotopes and magnetostratigapliy. have provided a rcl'ined 
chronology for the numerous episodes of glacial advance and retreat recorded in thecore 
(Cape Roberts Science Team, 1999; Barrett et al.. in  press). 

Here we report o n  the successful drilling of CRIJ-3 to a depth of 939 mbsfwith 97% 
recovery, completing the sampling of around 1 800 m of strata from (lie Cape Roberts 
sequence imaged along seismic line NBP960 1-89. Seii-iec conditions were again good 
and the sea riser performed well in the deeper water. Drilling conditions were also good 
for most of the hole, though there were a number of drilling challenges at fault zones. 
loose sand intervals and at the altered margins of an intrusion encountered at 92 1 mbsf. 
Indeed, it was the second altered zone that led to the cessation ofdrilling. Nevertheless, 
CRP-3 must be seen as a technological triumph for the drill crew. exceeding the target 
depth by 239 111 and becoming thedeepest bedrock hole in Antarctica by a similar amount 
(CIROS-1 in 1986 was 702 111 deep). 

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

Peter Barrett 

Ŝ- 
Carlo Alberto Ricci 

November 1999 
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This issue with its supplement is dedicated to the memory of' Ken Woolfe ( 1  965- 1999). man of many 
talents - scientist, outdoorsinan, computer draughtsmaster. strategist, colleague and friend of' the Cape 
Roberts Project. Ken died unexpectedly in Townsville. Australia. 2 days after returning from a successful 
2 months with the Cape Roberts Project in Antarctica. 

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

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

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

Ken was a tireless supporter of the CapeRoberts Project at every level. from the mind-numbing hours spent 
in draughting 1:20 scale logs (over 200 pages for CRP-3) to the scientific issues to the leadership he was 
showing in developing an international group to support drilling operations in a range of environments 
around the Antarctic margin. His written legacy is in over 50 papers in refereed journals and about 10 in 
review. Beyond that and over the last 20 years (or possibly longer) he has enthused, stimulated and 
challenged all of those around him. Such achievement, what a life, and what a loss. 
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Terra Aii~i~i'tica 
Initial Krpin I ori ('/</'-.'l 

2000.  7( I 121. 1-209 

Studies from Cape Roberts Pro,ject 
Initial Report on CRP-3, Ross Sea, Antartica 

Cape Robcrts Science Team ; 

Abstract - The site for CRP-3. 12 kin east of Capc Robcrts (77.00O"S: 103.7 119" 1:). \\/;is sclccteJ to overlap (lie lower 
Olipoccnc strata cored in nearby CRP-212A. and to sample tlie oldest strata in the Victoria I.and Basin (VI.13) lor 
Ptilcogene climatic and tectonic history. As i t  transpired there was undcrliip oftlie order of 10s ol'metrcs. CRP-3 was 
cored from 3 to 939 mbsi'(mctres below the sea floor). with a core recovery of'97'/i. Coring took place from October 
0 to November 19. 1999, o n  2.0 to 2.2 m of sea ice and through 295 in ofwater. The C'cnomic strata cored werc mostly 
g1aci:illy influenced marine sediments of early Oligocenc age, tlioiiglli they may he earliest Hoccne near tlic base. 
where at 823 mbsf Dcvonian Beacon sandstone was encounterccl. I-'ollowing CIZP-1 and CRP-212A. CRP-3 
completes the coring ol' 1500 m ol'strata o n  the western margin of the VI.13. 

Core fractures and other physical properties. such as sonic velocity. density ;ind magnctic susce~)tibility. wcre 
meiisured throughout the core. Down-hole logs for these and otlier properties were taken from 20 clown to 900-9 19 
mbsf. Also. vertical seismic profile data wcre gathered from shots offset both along strike and up  dip from the hole. 
Sonic velocities in CRP-3 are close to 2.0 kmls in the upper 80 m. but become significiintly faster below 95 mbsl'. 
averaging 3.2+0.6 kinls to the bottom of the hole. An exception to this is an interval of dolerite conglomerate from 
790 to c. 820 mbsf with a velocity of c. 4.5 kmls. Dip of the strata also increases down-hole from 10" in the upper 
100 m to around 22O at the bottom. Over 3000 fractures were logged through the hole, and borehole tclcviewer 
imagery was obtained for most of the hole for orienting core and future stress field analysis. Two high-angle crush 
/.ones. interpreted as faults. were encountered at c. 260 and c'. 540 mbsf. but n o  stratigraphic displacement could be 
recognised. A third fault zone is inferred from a low angle shear zone in the upper part of a coarse doleritc 
conglomerate from 790 to 805 mbsf. Temperature gradient was found to be 28.5".km ' 

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

Post-Beacon sedimentation began on deeply eroded quartzarenite with the deposition of a thin sandstone breccia and 
conglomerate. probably as terrestrial talus, followed by dolerite conglomerate and minor sandstone of probable 
fluvial origin to 790 inbsf. Sedimentation continued in a marine setting. initially sandstone and conglomerate. but 
above c 3 3 0  mbsf the strata include n~udstone and diamictite also. The older sandstone and conglomerate beds are 
seen as the products of rapid episodic sedimentation. They are interpreted by some as the product of glaciofl~~vial 
discharge into shallow coastal waters, and others as a result of sediment gravity flows. perhaps glacially sourced. into 
deeper water. The core above c. 330 mbsf has facies that allow the recognition of cyclic sequences similar to those 
in CRP-2A. Fourteen unconformity-bounded sequences have been recognised from 330 mbsf to the sea floor. and 
are interpreted in terms of glacial advance and retreat, and sea level fall and rise. Detailed lithological descriptions 
on a scale of 1 :20 are presented for the full length of the core, along with core box images, as a 300 page supplement 
to this issue. 

The strata cored by CRP-3 are for the most part poorly fossiliferous, perhaps as a consequence of high sedimentation 
rates. Nevertheless the upper 200 m includes several siliceous ~nicrofossil- and calcareous nannoplankton-bearing 
intervals. Siliceous microfossils. including diatoms. ebrideans. chrysophycean cysts and silicoflagellates are 
abundant and well-preserved in the upper 67 m - below this level samples are barren or poorly preserved. but contain 
residual floras that indicate assemblages were once rich. No siliceous ~nicrofossils were found below 193 mbsf. 
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Biostratigraphy for ihe upper part of'CRI3-3 is provided hy diatoms and eiilciireoiis n:innoI'ossils. Tlic firs1 appeiirancr 
of Cai'ifcitii.<;,joiifn'dii~~.s i i i  48 mbsl' suggests an age of iirouinl 31 Mii l'or illis l iori~on. 'I'lic liist appciirance 0 1 '  
Transverspoiili.~ piilclicroic/c.~ at 1 14 mbsl' in an interval ol' relatively high ahu~idaiicc indicates a reasonably somu1 
age for this l iori~on at 32.5 + 0.5 Ma. The absence of particular resistant tlialo~iis thai are okler than 33 Ma supporls 
an age that is younger than tliis for the upper 200 m ofCRP-3. Marine palynoniorphs. which occur sporadically clown 
to 525 mbsf and in a singlc occurrence at 78 1 inbsf'. have biostratigrapliical potential once the many new species in 
this and other CRP cores arc described, and F 0  and LO datunis csiablished. The nii~dstone at 78 1 inbsf has a new 
clinocyst spccics. rare L(<fninec\'s!(i cysts and a variety ol'acrit;irchs and prasinopliytcs. a varied marine assemblage 
that is quite different froin and presumably younger than the well known Transantarctic I-'lora of mid to late Eocene 
age. On this basis and l'or [lie moment we conclude that the oldest strata in CRP-3 arc earliest Oligocene (or possibly 
latest Eocenc) in agc - c. 34 Ma. 

Over 1 l00 samples were taken for magnetic studies. Four magneto/oncs were rccognisccl on the basis of NRM 
intensity and magnetic susceptibility. reflecting the change in sediment composition between quartz sand-dominated 
and dolerite-dominatecl. For this report there was time only to producc a iiiagnetostratigrapliy for the upper 350 111. 

This interval is largcly of rcversed polarity (5  normal intervals total 50 ol'thc 350 in), in contrast to the clominantly 
normal polarities of CRP-2/24. and is inferred to be Chron C1 2R. This extends from 30.9 to 33 Ma. consistent wiili 
the biostratigraphic clatiims from theupper part of CRP-3. The lower limit of rcvcrsed polarity has yet to beestablished. 
The short period normal events are of interest as they may represent cryptoclirons or even polarity changes not 
recognised in the Geomagnetic Polarity Time Scale. 

Erosion of the adjacent Transantarctic Mountains through the Kirkpatrick Basalt (Jurassic tlioleiitic flows) and 
dolerite-intruded Beacon Supergroup (Devonian-Triassic sandstone) into granitic basement beneath is recorded by 
petrographieal studies ofclast and sand grain assemblages from CRP-3. The clasts in the lower 30 111 of the Cenozoic 
section are almostentirely clolerite apart from afew blocks from theBeacon Supergroup beneath. Above this, however, 
both dolerite and granitoicls are ubiquitous, the latter indicating that erosion had reached down to granitic basement 
even as the first sediment was accumulating in the VLB. No clasts or sand grains of the McMurdo Volcanic Group 
were found. but rare silt-size brown volcanic glass occurs in smear slides through most of CRP-3. and is interpreted 
as distal air fall from alkaline volcanism in northern Victoria Land. Jurassic basalt occurs as clasts sporadically 
throughout the sequence: in the sand fraction they decline upwards in abundance. The influence of the Devonian 
Beacon Supergroup is most striking for the interval from 600 to 200 mbsf, where quartz grains. from 10 to 50% of' 
them rounded, dominate the sand fraction. Laminae of coal granules from the overlying Permian coal measures in all 
but the upper 150 in of the CRP-3 sequence show that these also were being eroded actively at this time. 

CRP-3 core completed the stratigraphical sampling of the western margin of the VLB by not only coring the oldest 
strata (Seismic Unit V5) but also the basin floor beneath. This has several important tectonic implications: 
- most of the Kirkpatrick Basalt and the Beacon Supergroup with the sills of Ferrar Dolerite have been eroded by 

the time down-faulting displaced the Beacon to form the basin floor. 
- matching the Beacon strata at the bottom of CRP-3 with the equivalent strata in the adjacent mountains suggests 

c. 3 000 m of down-to-the-east displacement across the Transantarctic Mountain Front as a consequence of rifting 
and subsequent tectonic activity. 

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

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



l - Introduction 

BACKGROUND AND 
GEOLOGICAL SETTING 

BACKGROUND 

Ii i  this third and final season of drilling by the Cape 
Roberts Project, the aim was to complete a coring 
trailsect from the lower Miocene ( 17 Ma) strata cored by 
CRP- 1 o n  Roberts riclge to the Eocenc (c. 40 Ma) strata 
expected to lie at relatively shallow depths o n  the western 
margin of the Victoria Land Basin (VLB). 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 was designed for two tasks: 
-to investigate theearly history of the Antarctic ice sheet 

and therecord of Antarctic climate prior to its inception, 
around 35 million years ago; 

- to date the history of sifting of the Antarctic continent 

as recorded by the uplift oi'tlie'Ixniiisantarctic Mountains 
and Sortnation ol' tlie Victoria Land Basin. 

I'liis volume records work ciin'iedout from the final drill 
hole, CRP-3. which completed coring the lowest part of the 
Cape Roberts sequence at ;i depth of 939.42 mbsf on 19 
November 1999 (Tab. 1.1). This first section outlines the 
yological settingol' the drill site, and then describes the 
operating environment (climate and sea ice) and drilling 
activity. Core management and sampling Srom drill site to 
the Crary Science & H~igineering Center (CSEC) at 
McMurdo Station are also described. The remainder of the 
reportpresents the first results and preliminary interpretations 
of the data from both the core and logging within the hole 
itself. 

GEOLOGICAL SETTING 

The geological settingoof the Cape Roberts drill sites 
has been reviewed previously in Barrenet al. (1995) and 

Fig. 1.1 - Map of the southwest corner of the Ross Sea. showing the locations of Cape Roberts. CRP-l. CRP-212A. CRP-3. and CIROS-l. and 
McMurdo StationIScott Base. the main staging point for the project. The edge of the fast sea-ice. which provides the drilling platform. is also 
shown. 



'fill). 1.1 - Site data for CRP-3. 
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Fig. 1.2 - Map of the Ross co~~tinental shelf (A) and cross-sectio11 through the edge of the West Antarctic Rift Syste~n (B)> s l ~ o w i ~ ~ g  the East 
Antarctic ice sheet, the Transantarctic Mountains and the Victoria Land Basin. 



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

in last year's report on CRP-2/2A (Cape Roberts Science 
Team, 1999), and only afew brief comments are repeated 
here. Roberts ridge and CRP-3 (Fig. 1.2) lie on the 
western margin of the Victoria Land Basin, a trough at 
least 400 km long and c. 150 km wide filled with sediment 
of Cenozoic age, immediately seaward of the 
Transantarctic Mountains. Roberts ridge is separated 
from the early Palaeozoic basement rocks of the 
mountains by a major fault system, known as the 
Transantarctic Mountain Front, which parallels the 
present coast and represents the western edge of the 
VLB. Strata in the middle of the basin reach a thickness 
of 10-14 km, the oldest being interpreted as early rift- 
related volcanic rocks (Fig. 1.2, V6) (Cooper & Davey, 
1987). Above these, lie the older sedimentary seismic 
sequences, V5 and V4. Through uplift and erosion along 
the basin margin, they now dip at between 10Â and 15' 
eastward, and liejust beneath the sea floor on the western 

flank of Roberts ridge, a bathymetric high between 10 
and 20 km off Cape Roberts. The younger sequences 
(V 1 -V3) are 5 km thick in the middle of the basin but thin 
to c. 300 m on Roberts ridge. 

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

Working backwards in time from the great east- 



k i n g  scarp of the pi'escnt-day Transantarctic Mountains, 
we can deduce that the adjacent mountains were already 
deeply eroded and perli:111s even appi~o:1c11i11g tlieir present 
elevation by the earliest Miocenc. This is evident from 
the dominance ofl~asemcnt lithologics as clasts in strata 
of this age in CRP- 1 and the i11111er part of CRP-2A 
(Talarico et al., in press). Oligocene strata froin the 
lo\ver part of CRP-2A have also provided clast data, 
supported by sand provenance data (Smellie. in press). 
thiU suggest more extensive erosio11 of the cover beds 
(Beacon Supergroup and Fei~ar Dolerite). Agecconstraints 
as well as scd i~ncn ta ry  features hint at rapid 
contemporaneous basin subsidence. What did deeper 
drilling into the basin margin reveal? 

O V I  .RVII-.W OI -  ('RP-'i 

CRP-3 wiis drillciliust 2 k m  west ofCRP-2 atici sik-(1 

to ovcrliip i t  str;itigi'tipliic:illy by some 60 in (Fig. I .-I). 
Results from the hole arc presented in the pages I I K I I  
follow, ;incl asummary litliologic log is show~igraphic;illy 
in  figure 1 .S. The CRP-3 core down to 823 11ibsf. wlirre 
rift-margin bedrock was encountered. provides :I 

continiiiition of the cold-climate story from C R P  ?,A 
back c. 34 Ma.Some glacio-eustatic cyclicity is eviik~iit, 
hut becomes ;iltenn;ite(l as the sediment record beconu's 
increasingly coarser back i n  time. Despite t l i ~  

consi~leri~hlethickncssofsedirnent, thecurrentj~~clge~~icnt 
from a sparse microflora is that only 2 or 3 million years 
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Fig. 1.4 - Geological section based on seismic data from NBP9601-89, showing CRP- 1. CRP-2/2A and CRP-3, and ages obtained thus far by 
Wilson et al. (in press) and the Cape Roberts Science Team (this volume). The line is shown in bold on figure 1.3. 
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Fig. 1.5 - Stratigraphical column for CRP-3. showing the main 
lithological features and ases. 

hiis been (r;iverse~l. 'I'liis is not enoi~gh to expect to reach 
hack towiii-111 ini(lt11c Iioeenctimes. nor is thereany climatic 
indication of these limes from the strata in CRP-3. 

' h e  rift  mai'gin bedrock described later in these 
piiges is believed to he of mid Devonian sandstoneof'thc 
Beacon Supergroup. aroinul 3000 111 below its 
stratigraphical position when pro.jected eastward from 
tlie inoiintains to ilie west. Downliole logging has 
provided diixxtioniil datii on the attitudes of bedding and 
fault surfaces eiicountered in the drill hole so that a 
tectonic model for [lie behiivioiir o l  this rift mar.' "in can 
be attempted. 

The piece-dc-rcsis~ciiice for the drill hole is a body of 
rock 19 m thick that intruded the Beacon Supergroup 
near the base of the hole. Although i t  has a doleritic 
texture. i t  has oilier features, such as lack of graphic 
intergrowths and its pervasively altered state. that 
distinguish i t  from the widespread Fen-ar Dolerite that 
intrudes the Beacon Supergroup tlirouyho~~t the length 
of the Transantarctic Mountains. Could i t  be a finger 
from the body causing the magnetic anomaly a few km 
west and northwest ofthe drill site (Fig. 1.3) that Bozzo 
et al. (1 997) have modelled as a gently dipping broken 
slab? Or could i t  be a marginal facies of the volcanic 
rocks inferred to form Unit V6 (Cooper & Davey, 
1987)? Or could the early stages of rifting be essentially 
free of magmatism, with all three features representing 
different phases of Jurassic Ferrar volcanism now 
preserved i n  (lie wall and floor ofthe West Antarctic Rift 
System? Do read on. 

FAST ICE BEHAVIOUR, 
CURRENTS AND TIDES 

INTRODUCTION 

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

WINTER FAST ICE GROWTH 

The growth. formation and breakout of fast ice in the 
south western Ross Sea was tracked from April through to 



1:AST ICE MONITORING 

During October, pack ice :i~icl r c ~ r c c x  ice olxjc~ired tlie 
11wiition of the shear zone a~icl f:ist-ice edge offsilore of the 
c l i ~ i l l  site. Storm events i n  early Novcnibcs rc~iiovecl tlie 
pack, eroded some of tlie fast ice aiid csta~~lisliec1 a 'nor~iial' 
fast-ice edge l6 km NE atid I4 k~ii  E OS the drill site. 

At tile drill site, wind. air telnpei.atnre. fast-ice 
tciiij~erat~ii-e atid fast-ice tliickt~ess have been 11ieas~lred 
t l~rouglio~~t the drilling operatioil (Tab. l .2j to illonitor 
[ast ice co~iditions. The rateof lateral niovenient (offset) 
O S  tile fast ice was inoiiitored as it affects the safe 
o11er:itioii of the sea riser. Me~vx~reinei~ts were taken at 
three sites froin l 0  Septel~lber> ailcl d s o  011 the drill rig 
roof from 8 October. when tlie sea rises was s p ~ ~ d d e d  into 
the sea floor (Fig 1.71. Meas~~seinei~ts were liiade by 
GPS and differentially post-processed against a base 
station at Cape Roberts 12 km away. The error ellipses 

of l~(>sitions (95571 l)rccisio~l) gc~ics~~l ly  11:ive axes less 
than 0.5 ill. 

At tlie clrill site. rcli~tivcly cool a i~d  settled weatlics 
was expericiice(i (Iliring the 11io11th of 0ctcG.m. However 
Novei~iber was iiiorc umsettled with frequent storiiis 
with higher winds iiiid w~lrt~icrair tc~~ipesat~~res  (Fig. l .g). 

At tlie drill site, f:lst ice coi~tiii~iecl to grow through 
October ancl reached :I thickness of 2.21 In by early 
Novelliber with ':inchor ice' f o r ~ l ~ i ~ l g  011 the sub-ice ai I. 
bags to a cIept11 o f - ~ a ~ ~ ~ ~ r o x i ~ ~ ~ : ~ t e l y  3 111 below the base of' 
tlieice. Fast-ice te1lipcrat~1re was iiieas~~red by thesinistor 
probe 0.5 111 below the fast-ice surface in a shaded mxi 

behind tlie IIILICI IILI~. It iiicreased s l o w l ~ ~  fro111 -12OC in 
early Noveil~ber to -8OC oil 25 Nove~iiber when drilling 
activity ceasecl. T~ILIS this year the ice did not becoi~ic 
isotlieril~al during the ilril1i1~g phase of the operation i i l  

contrast to the fast ice in the latter stages of CRP-2A 
(Cape Roberts Scie~iceTeain, 19991, when teinperatures 
were wariner. Total lateral ~noveilient of the fast ice 
during the period ofsp~ld-iii to cutting the sea riser at tlie 
sea floor was 6 111 to the east (088Oj. Movelnent rates 

Wind speed 15 
(n1.s.') 

I 0  
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sea ice 2.2 2 
C . . . .  8 . .  

Relative 
Freeboard 280 

(mm) 
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260 11, 14 16 l 8  Date 20 in Oct 22 24 26 28 30 l 3 5 7 9 I1 Date 13 in Nov 15 17 19 21 23 , l  
Fig. 1.8 - h'eathei- and fast ice data plottecl for the dri l l i~~g pel-iod. 
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T c h  1,3 - S L I I ~ I ~ I ~ ~ ~  of current meter deploy111etits at PI-oposed CRP-3 site. 

File 11a1ne Deploy~i~ei~t  depth Deploynent Date Periocl of sprins-neap cycle 

(m) Period 

CRP3-98A.s4b 5 0 8 days 01-0911 1/98 Neap-spring 

CRP3-98B.s4b 5 5 3 weeks 10-2711 1/98 I ~ ~ t e s ~ n e d .  Neap-spsi~ig 

CRP3VERTs4b Vertical 3-4 hours 2811 1/98 Neap 



diiring this l>eriocI a~jeragccl l .  l J I I / \ V ~ C ~ .  con~~>:ii.c(l wit11 
2.0 ililweek during the cl~.illi~ig of'('l<l>-2/'2A i ~ i  1908. 

Freeboa~.cI 1iieas~ircnle11t~ w c i ~  take11 i n  tlic cIi.il1 ing 
iiii(1 video I l ~ t t  fast-ice 11oI~s hy n~casui.ing the cIist:~~icc 
f'roiii the water level to tile top of.;[ poIy(11ciic ring, f r o ~ , c ~ ~  
i i~to the fast ice :incl set 0. l5  111 :~lxwc (he k~s(-icc s~~rfi lce.  
I~i~ceboarcl was 1:1rgeI>/ ni:~int:~i~~c~I by (icployiiig t\vo :lir 
lxigs each wit11 5 tonnes of lift tin(Icrt1ic rig ancl n~~clrooni. 
i ,asses in freeboarcl coiiici(1c~I wit11 ~ I I I  i11crc:lse i n  s~lonl 
cover after storni e\lents. but so~iic i~ccovery occ~~rrccl 
aflcr the siiow was removed (Fig. l .g). l ~ i ~ e c l ~ o ~ ~ ~ c l  ~~ilcler 
1I1e clrill rig was g ~ ~ c l ~ ~ l i l y  lost  IS lltc ice w;~rn~ccI i ~ p .  
l~rccboasd at the n~iid 11~11s w:ks ~.ccl~iccci to 95 n i n ~  by l S 
November ancl reili:~it~ed stal>lc, 

011 the fast-ice roi~tc to the dsill site. ilic Cape Roberts 
crack was also ~l~oi~itosccl ~~crioclic:~lly (Fig. l .6), The 
average weekly sate of s p e x l  WAS 0.3 111 wit11 tile 
gi~eatcst sl~reaciing occ~irriiig (itiri~~g spring titles, 

The dr i l l i~~g operation is i~ifl~~encecl not only by tlie 
ia~eral fast ice-~l-io\!e~~~e~it  btit also by the vertical 
lilove111ent of the fast ice and tlie clrag placecl on the sea 
riser by tides and cLtrrents in the w:lter col~tn~n.  

Tidal-lleigl~t predictio~~s for Cape Roberts were 
c~~lciilated on the basis of 12 111ont1is of records fro111 tlie 
Cape Roberts tide gaige i n  1998: using a tidal prediction 
prograln fro111 the University of'H:iw:~ii Sea Level Centre, 
'riclcs are mixed (Fig. l .9j with 21 i nax in i~~n~  spring-tide 

I1 13 15 17 19 21 23 25 27 

Date in November l998 

Fig. 1.10 - C ~ ~ r l - e l ~ t  speed ancl dil-ectioi~ at >I site 220 m west of CRP-3 within the meter set at a depth of 50 nl. 



spring tide period, was there slight hori~(111ta1 ~o ta t io i~  of 
the sea rises (<l0) due to increased tidal speeds. 

DRILLING OPERATIONS 

The drilli~lg system was set up and opel-ated as for 
CRP-2 and described in Cape Roberts Science Tea111 
(1999, p. l l) .  The layout of the rig and s ~ ~ r r o ~ i n d i i ~ g  
b ~ ~ i l d i ~ ~ g s  is shown in figure l .  l l ,  and the drilling system 
with sea rises instaS1ed and ready to continue drilling in 
figure l .  12. C o ~ e  recovery began on 9 October and 
finished on 19 Nove~nber at a depth of 939.42 ~nbsf.  
Dow~~hole  progi-ess is shown in figure l .  13, with daily 
core summaries in table 1.4. Drilling activity is 
su~n~l~asised in table 1 .5. 

SEA RISER DEPLOYMENT PHASE 

The seasiser is a casing string of 5'' OD flush-jointed 
high-strength drill pipe, comprised mostly of 5.5-m 
lengths with 3- and l-m "shorts". It extends from ~ ~ 1 s t  
above the fast ice thro~lgh the water c o l ~ ~ m n  to a depth of 
several metres into the sea floor. Its f~inctions are to 
support the rotating drill string in the water c o l u m ~ ~ ,  and 
to provide an annulus for returning drilling fluid to the 
rig. A casing shoe of hardened weld material (OD 5.5") 
was fitted to in~prove the cutting and flushing down 

Fig. 1.12 - DsilSing system set up at CRP-3 showing the sea riser set in 
111udstone. Sketch: Pat Cooper. 
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thro~igll the formation and to create an an11~11iis between 
the fornlation and the riser. 

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

The sea floor consisted of a soft surficial muddy 
sponge mat about 0,s-m thick: underlain by soft sediments 

to a ciepth of l ,4 111. All cioul~iliole ~~ic:isi~t~eliients 1.01, 
(:RP-3 are ii~acle i i i  iiietres lxlow  lie sea floor (1111x1')~ 
which is take11 to be the base ol'lhe s p o ~ ~ g c  iii:~t. 

The sea riser was i~~itiaIl~~,ietteci into the sea f l o ~ ~ t ~  10 

;I depth or 1.4 m. anti then h~liig from a hyd~-:~ulic 
dcploy~~ient f ~ r a ~ i ~ e  13eiieatli the clrill floor i ~ i  tile "cei I ~ I I . " ,  
The HQ coring barrel \vas the11 run inside the riser t o  1hc 
lx)tto~n ofthe hole, ancl coring W:IS progressi\lely ca~-i-i(*(l 
out i n  short runs of l .S to 2 111 bcyo~id the sea r i s e r c a s i ~ ~ ~ ~ , .  
Aftei-each run the riser was bumped into the newly coro~ i  
hole, This method reveals the type offor~i~atio~i prescnl. 
which allows us to assess its suitability as a11 anchos l'or 

the riser. It also recovers core \/irtu:~lIj! right froin the SC:I 

floor for scientific study. This proccss was repeated i t )  ; I  

depth of 9.55 ~nbsf?  wit11 HQ coring i~lieacl to 14.50 1111)sl' 
c o ~ i f i r l n i ~ ~ g c o ~ ~ ~ p e t e ~ ~ t ~ r o ~ ~ ~ ~ c i  to that ciept11. Thedeci sioli 
to cement the sea riser at 9.55 1i113sf was liiacie beca~tsc :I 

s~iitable interval of competeilt g r o ~ ~ ~ i c l  had ~ W I I  

enco~~ntered, and contil~~iing to ~ L I ~ I I ~  the sea 1-ises W < ) L I I C I  
have stressed it> perhaps leading to tool .joint failure :IS 

resistance from the formatio~~ increasecl. The ~ ~ I I L I I ~ I S  
was the11 ceinented, with a visible return of cement tu  [lit 
sea floor on the submarine video sys te~i~,  indicati~lg :I 
gauge hole, with space for a good seal. 

HQ DRILLING PHASE 

We continued coring with the HQ drill string to :I 

depth of 345.85 mbsf with a 3-m barrel and HQ3 
i~npregnated-diamond series-2 bits. c~~ t t ing  core o f  6 l 
inin ill diameter. Core was recovered by wire line wit11 LIII 

inner tube containing stainless steel splits. Coring throiigli 
this dr i l l i~~g phase averaged 28 in124 hrs and ranged fro111 
8 to 39 111124 hrs (Fig. 1.13). The HQ drill rod was the11 
cenlented in fi-o~n 345.55 up to 50 ~ n b s f ~  using two HQ 
rubber cementing displacement b~~t igs .  in preparatio~i 
for NQ coring. 

NQ DRILLING PHASE 

The cementing bungs were top drilled with an NQ 
surface-set stepped-faced diamond bit. An NQ3 set-ies- 
2 in~pregnated-diamond bit was then substituted in place 
of the surface-set bit, and coring continued using a 6-111 
barrel cutting core45 mmin dian~eter. Core was recovered 
with an inner tube containing steel splits. as 6-m stainless 
steel splits are  ina avail able. The NQ coring phase, which 
ran from 345.85 to 939.42 mbsf, averaged 31 l d 2 4  hrs 
and ranged from 11-48 d 2 4  hss (Fig. l .  13). 

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

RECOVERY PHASE 

On completion of the final logging run, we cemented 
the HQ-cased section of the hole to within 50 m of the sea 
floor. using HQ cementing plugs and the NQ drill string 



Tali. l .  i Main drilling evcm.s din'in: CRP-3 

Diver installed air bags innlcr set1 ice beiiealh drill rig. 

Prepared sea riscr casing. Wire line nicasairciiacut to sc;i floor =290 111. 

Lowcrcd 132 m of sea riser. 

Lowered sea riscr to about 280 m ,  incl11di11gl12x4 in :ancl 1 x2 m rigid 1~oy;ilicy modules. 
Stripped over air bag tcnsionin~systcm ;ind prepared [-IQ drill siring. 24 hour operation 

begins. 

Lowered and bumpcdlwashed i n  sea riser about 2.3 inhsf. Tagged sea floor at 295 mbsf 

1 3 . 0 0  hrs). Ran HQ drill string and began slow coring from 2.8 to 5.4 inhsl' 

Cored to 6.9 mbsf, advanced riser to 4.3 mbsl'. cored to 9.1 mbsl', advanced riser to 

5.30 mbsf and cored to 13.17 lnbst'. 
Cored to 14.40 mbsf. ran in HQ drill s~i.ing. ;advanced sea riser to 9.4 mbsf. Ran in HQ 

string with casing shoe, cemented sea riscr and recovered HQ string. 

Ran in HQ coring string. 

Cored out cement and then cored forniaiion from 14.40 to 24.74 iiibsf. 

Cored HQ from 24.74 to 345.85 mbsf. 

Tripped out HQ string, changed core barrel to casing shoe for advancer. Set casing shoe at 

18.3 mbsf and conditioned hole for downhole lopping. 

Downhole logging interval 18.30-255.00 mbsf. 

Lowered HQ string with casing advancer to 345.80 mbsf. washed and drilled past shear 

zone. Cleared and conditioned hole and pulled back to 271 .55 mbsf. 

Downhole logging interval 27 1 .S0 to 345.50 nibsf. 

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

Care and maintenance while cement set. Prepared NQ drill string and drilled out rubber 

bungs (used in cementing) with a stepped surface set diamond bit to 348.82 mbsf. 

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

492.10 mbsf. 

Bit was replaced at 492.10 mbsf with another impregnated-diamond bit and NQ coring 

continued to 604.88 mbsf. 

Bit was replaced at 604.88 mbsf with another impregnated-diamond bit and NQ coring 

continued to 774.00 mbsf. 

Downhole logging interval 345.50 to 774.00 ~nbsf. 

Continue coring in NQ with new impregnated-diamond bit from 774.00 to 939.42 mbsf. 

Coring was terminated because of squeezing formation at 901.00-902.00 and 919.00- 

920.00 mbsf, 

Downhole logging interval 774.00 to 9 18.00 mbsf. 

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

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

HYDROCARBON CONSIDERATIONS 

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

CORE MANAGEMENT AND SAMPLING 

DRILL SITE AND CAPE ROBERTS CAMP 

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

The core was first cut into one-metre lengths and 
then longitudinally into an Archive Half and a Working 
Half using a rotary diamond saw. The Archive and 
Working halves were placed in separate core boxes (3 in 
per box for HQ size core and 4 111 per box for N Q  size 
core). Yellow plastic separators, with the mbsf depth 
written on them, were placed at one-metre intervals 
within the core box. Any voids in the core box were filled 
with foam blocking to minimize movement of the core 
during transport. 

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

TRANSPORTATION 

Core Boxes fro~n Cape Roberts Drill Site to M C I V L I / . ( / ~  
Helicopter Pad. Insulated, vinyl-covered carryingcases, 
with a capacity of three or four core boxes each. werc 
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 eachday 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 La/1orc;tory, 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 contamination of the core. The tcnipc~~~t i i r r  of' the 
room was maintained at 18'C. The relative Ininiitlity ol 
room 201 was low (40%). despite tlic iicklition of two 
humidifiers operating 24 hrs/d;iy. The I;il~orii~ory 
coiit~iiiied l0 m of bench space covered witli ; in easily 
clciincd surface. Fluorescent l i g l i t i ~  was ;u~gmentecl by 
lii~li-intensity halogen lighting to ci~liiincc the viewing 
of 1 lie core. 

' 'lie morniiig following the arrival o l  tlic core at 
McMui'do Station. the core boxes were repad<;iged into 
the insulated cases and then carried by hand to tlie ("ore 
Laboratory in the CSEC. Tlie core boxes were removed 
from the carrying cases and placed o n  the laboratory 
benches in depth sequence. 

Initial Core Appeurunce. In general, tlie core arrived 
from (lie Cape Roberts Camp in excellent condition. The 
core was moist. with a sheen of water o n  the cut surfice 
ofIliesediment. Occasionally. minor longitudinal shifting 
had occurred within the individual metre-long sections. 
The cores were misted with filtered water o n  a regular 
basis to counteract the dehydration effects of the low 
humidity in the room. 

Core Logs Rechecked, Pho togrq~ l~~ . ,  and Viewing oj 
the Core. Each day 18 to 40 111 of the WorkingHHf of the 
core were logged and photographed by the 
sedi~i~entologists, and the core logs received from the 
Cape Roberts Camp were checked for discrepancies 
against the core. Upon completion of core logging, the 
sedinientologists provided a short briefing and a tour of 
the displayed core to the Cape Roberts science group. 

Selecting Sample Intervals. On average, 18 to 40 in 
of core were available for sampling each clay. The 
investigators selected their sample intervals by placing 
disposable sample "flags" (a toothpick with an adhesive 
label wrapped around it) alongside tlie 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 
(Harwood, Janecek, Powell, Talarico). 

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

SAMPLING 

(Sciicriil ,Saiiifl/,q. The core i~iir;itoi~s c;u'ried out the 
routine daily sampliiig. with over 5 000 samples taken 
lbr on-ice invcstigiition. Common liihoratory spatulas, 
sm;ill scoops, iiii(1 forceps were used to remove samples 
from unlitliil'ied core. A diamond saw was used cut thc 
more lithifietl material, as well as the largeclasts. All of' 
these tools wcre cle;inei.l prior to the Dcginning of the 
sampling session :UKI between tlie s;inipling ofclifferent 
intervals. At n o  time was any tool used more than once 
before i t  was cleaned. 'Hie s;iiiipling tools were washed 
with hot water and a Iiibor:itory dctergeiit. rinsed with 
clean water. and then given a final rinse with filterecl 
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 
wcre filled with cut foam blocks to stabilize the core. 
Upon completion ofsampling. the core was misted with 
filtered water and (hen returned to the CSEC-Core 
StorageFacility. The benches. tlie floor. and all sampling 
equipment were washed i n  preparation for tlie next 
shipment of core. 

I'ulueomugneUc Sampling. 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 011 the loading dock of CSEC room 201). A 
diamond drill was used to remove the sample and the 
remaining core section was replaced in the core box in 
the proper orientation. 

CORE SHIPMENT 

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

The core boxes were placed into specially constructed 
wooden boxes that containednine separatecompartments 
holding four boxes each. The containers were marked 
with arrows pointing to the upriglit position and with 
signs designating the correct temperature for transport 
(40C/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 Greenwave to 
California, where they were off-loaded and transported 
overland via refrigerated truck to Florida. 





2 - Core Properties and Downhole Geophysics 

INTRODUCTION 

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

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

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

One type of downhole measurement, the vertical 
seismic profile, is discussed in a separate section because 
measurement frequency and volume are quite different 
from the downhole logs. The vertical seismic profile, 
conducted at a 7.5-m spacing throughout CRP-3, provides 
a precise link between seismic reflection travel-times 
and drillhole depth. This time-to-depth conversion shows 
an excellent match to that determined independently 
from the whole-core velocity log of the second section. 
In addition to the near-vertical seismic profile, two 
offset seismic experiments were undertaken, to image 
seismic reflectors up to 300 m away from the drill site 
and thereby examine dips and lateral continuity of these 
seismic reflectors. 

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

FRACTURE ARRAYS 

The Qipe Robcrts Project drill holes arc located 
aloiigthc rift margin between the Victoria Land Basin 
;mil the Tra~isantarctic Mountains (Barren et al., 1995). 
This  ma.jor structural boundary, k n o w n  as the 
I sansantarctic Mountains Front. has been inferred to be 
a ma.jor normal-displacement fault zone that 
accommodated the relative motion associated with uplift 
of the mountains and subsidence of the adjacent rift 
basin. Fracture studies of the cores and borehole walls 
during CRP drilling were aimed at documenting the 
brittle deformation patterns associated with theevolution 
of the Transantarctic Mountains Front and the 
contemporary crustal stress directions across this 
boundary. The CRP cores provide the opportunity to 
document the timingof faulting based on crosscutting 
relations with Cenozoic strataencountered by thecoring. 
The orientations of drilling-induced fractures record the 
modern crustal stress directions. 

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

FRACTURE STUDY PROCEDURES 

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

As part of fracture logging, we identified intact core 
intervals. which are continuous lengths of core where no 
internal relative rotation has occurred. The intact core 



intervals are bounded either by core-run breaks where 
Ihc core ends could not be fitted together, or by fractures 
in  the core where rotation occurred dusing the drilling. 
: o r  both HQ and NQ core, i". 55%' of core runs could he 
fitted together: the longcsi iiitact core intervals are c. 27 
111 long. This relatively high amount of intact core 
lengths will greatly facilitate core orientation, which 
will be achieved by feature matching between the core 
iiiid oriented borehole televicwer (BHTV) imagery. 

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

FRACTURE DISTRIBUTION AND DENSITY 

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

INDUCED FRACTURES IN CRP-3 CORE 

Petal, Petal-Centreline, and Core-Edge Fractures 

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

Fractures per metre 
0 2 4 6 8 

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

Probable causes for the decreased abundance include a 
decrease in the drilling-mud density used in CRP-3 
compared to CRP-2A because a decrease in drilling mud 
density would cause a decrease in the hydrostatic head 
exerted on the rock below. Alternatively, the decrease in 
abundance compared to CRP-2A could be related to the 
overall more indurated, stronger rock drilled at the base 
of CRP-2A and throughout CRP-3. Comparison with 
borehole televiewer imagery will allow us to determine 
the orientation of these drilling-induced fractures 
and, from that, the orientation of the maximum and 
minimum horizontal stresses. which are parallel and 
perpendicular respectively to the strike of these 
fracture planes. 



/,'i',q. 2.2 - Petal-ccntrcline fractures cxleiiclin~ froin c. 224.6 to 225 mhsf'. Base ol'corc to Icf't; 6 1 I I ~ I I I  (liainctcr corc 

Suhliorizontal Tensile Fractures 

A lasge population of subhorixontal fractures is 
present in CRP-3. In  fine-grained mudstones and 
sil~stones, well-developed surface fr:~ctogsaphic f'eatures 
inel~~ding hackle plume, arrest lines and ~wist hackle are 
present on these fracture surfaces. clearly documenting 
their I'oi-mation as Mode 1 extension fractures. I n  the 
abur~lant sandstones cored in CRP-3, surface features 
were rare on the subhorizontal fractures, but they are 
also likely Mode 1 extension fractures. There are a 
variety of mechanisms for causing axial tension in the 
core. For example, Mode 1 extension fractures are 
typically induced at the end of a core run. when the 
driller retracts the drilling assembly off the bottom of the 
hole to break the cored rock from the uncored interval 
below. Other causes include raising the hydraulic chuck 
during drilling, handling-related flexure of the core, and 
disking, where tension arises when the core is released 
from the host rock upon entering the core barrel. 

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

Fractures were also induced where advance of the 
core barrel was impeded by such factors as 'sticky' clay- 
rich material or abrupt changes from hard to soft material. 
In these areas, 'spin' fractures marked by circular grooves 
and/or torsion fractures were common. Some fractures 
developed during handling as the core was processed 
and transported. 

NATURAL FRACTURES IN CRP-3 CORE 

Microfaults 

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

Fig. 2.3 -Normal fault offsetting coal laminae at475.61-475.70 mbsf. 
Unrolled whole-core scan ol'45-i11m-dia111etcr core. 

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

these also mark fault planes. Planar fractures with well- 
developed slickensides, with or without evidence for 
bedding offset, are also common throughout the core 
(Fig. 2.5). Striae on the slickensided surfaces indicate 
that microfaults down to the fault zone encountered at 
c. 790 mbsf had very consistent dip-slip movement 
(Fig. 2.6a). Dip-slip microfaults commonly occur in a 
conjugate geometry, have dips that range from 55 to 70Â° 
and display normal-sense displacement where bedding 
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Fig. 2.5 - Slickensided microfault surface showing dip-slip motion in 
Oligocene strata. 407.81-407.90 mbsf. Core is 45 mm in diameter. 

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

Beginning at the depth of the fault zone at 790 mbsf, 
striae on slickensided fault surfaces document a striking 
change from dip-slip motion to more complex, oblique 
shearing (Fig .  2 .6b ) .  Within  the  shear  zone,  
approximately 44% of the n~icrofaults with observable 
striae had striae with rakes of less than 45' (Fig. 2.7), 

inclicating dominantly strike-slip movement. am1 (lu- 
remainder show mores~eepstriaerakes biitstill ind ii.-;ile 
oblique movement. The same kinematic pattern, will) 
both strike-slip and oblique-slip faults. ischaracteristic 
o f  faulting below the 790 mhsfshci~r zone t h r o ~ ~ g l i o u ~  
the Beacon strata to the base of the core (Fig. 2 . 6 ~ ) .  
Microfa~iltsobserved within the Beacon stratatypically 
have lower dip anglcs (45-55") than faults observed in 
Oligoccne strata. Faults with an apparent reverse-sense 
offset of bedding, which were very rare in Oligoccni,* 
strata, increase in abundance below the Oligoc-cius/ 
Beacon contact. The limited kinematic data f.roin 
slickenside surfaces suggest that the reverse-sense 
displacement may be due to oblique or strike-slip 
movement; however, we cannot rule out true dip-slip 
reverse displacement. Fault planes and fractures in the 
Beacon strata commonly are filled with either c lay 
material or acoarse-grained fill with clastic appearance. 
At this stage it is not clear whether these fills represent 
cataclastic gouge and breccia or in.jected clastic 1natcsi;il. 

Veins 

Fractures were classified as 'veins' where discrete, 
planar fractures were sealed by precipitated fill and 
showed no offset of bedding. Veins of a variety of ty pes 
are common throughout CRP-3. Veins within (lie 
Oligocene section typically are filled with calcite and. 
less commonly, with pyrite. Fractures marked by p11111.11. 
bands of grey carbonate cement are also common in  the 
Oligocene strata. Both of these vein types are very 
sin~ilar to those seen in the lower portion of CRP-2A 
core (Cape Roberts Science Team, 1999; Wilson & 
Paulsen, in press). Fault surfaces within the sheared 
dolerite between c. 790 and 8 10 mbsf and within the 
highly altered porphyritic intrusion between c. 900 and 
920 mbsf have a fill of soft-green fibrous material, i n  
some cases together with calcite, that grew during fault 
displacement. Within the Beacon strata, fracture planes 
are commonly outlined by bands or patches of yellow 
and gray noncalcareous material of unknown 
composition. The composition and textures of this 
widely varied vein material need to be examined in thin 
section. 

b) Fault zone between c) Ol igocene - 810.12-823.1 1 & 
Oligocene above  789.50 mbsf 

789.50-810.1 2 m b s f  Beacon f rom 823.1 1-939.42 mbsf 

Fig. 2.6 -Rose diagrams of the rake of striae on fault surfaces for depth intervals as indicated. a) Note homogeneo~~s. steep pitches in Oligocene 
strata indicating dip-slip motion: b) note change to more complex, oblique-slip shearing at fault zone begimiing at 789.50 mbsf: c) note 
continuation of oblique-slip pattern through Oligocene and Beacon strata to base of core. 
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Fie. 2.7 - Low-ansle oblique striae on microfault surface at 808.90- 
809.30 mbsf. indicatins dominantly strike-slip movement. 

Veins typically dip at moderate angles similar to 
microfaults. are 1-3 mm thick, and occur in spatial 
association with microfaults .  Sparry calcite 
mineralization locally occurs in openings along faults 
that show offset of bedding, indicating mineralization in 
a dilatational fracture post-dating shearing. A few veins 
show a compound-branching or er7 echelon form typical 
of extensional Mode I fractures. The majority, however, 
are more likely to represent precipitation of vein material 
along fault planes because of their typical 50-70Â dips 
and arrangement in conjugate geometries (Fig. 2.8). 

Clastic Intrusions 

Clastic intrusions (dykes) occur in the upper section of 
the core, filling fractures with typical dips between 40 and 
7S0. Dykes typically have sharp and planar boundaries. but 
less commonly irregular geometries. Dykes are commonly 
cemented with calcite and have thicknesses that typically 
range from 3 to 10 mm. In some cases the sedimentary 
injections appear to follow normal fault planes. Intrusions 
with an apparent clastic texture are common in Beacon 
strata, in association with breccias, described below. 

Fig. 2.8 - Conjugate geometry of calcite veins at c. 407.28-407.39 
mbsf. probably formed along fault planes. 

LARGE FAULTS IN CRP-3 

Three larger-scale fault zones were drilled at c. 260, 
539, and 790 mbsf. The upper two fault zones are typical 
brittle faults. Only fallback material was obtained from 
the fault at 260 mbsf, consisting of intensely veined 
fragments and clay-size material. Dip-slip, normal- 
displacement, slickensided microfaults and calcite veins 
following microfaults increase in abundance downward 
through thecore toward this fault zone, but areuncommon 
immediately below it. Most fault material at 539 mbsf 
was also not recovered; however, the lowermost surface 
is preserved in the core. A minimum displacement of 6 cm 
normal dip-slip separation is constrained by the extent of 
breccia fragments derived from a distinctive bed near the 
top of the core; however, total displacement is likely to 
be significantly larger. The fault surface is lined by up to 
2 cm of calcite, including large, open vugs filled by 
sparry calcite. Both of these brittle fault zones were 
associated with extensive loss of drilling fluid into the 
borehole walls, indicating open fractures within the 
zone. They also a.re marked by negative temperature 
anomalies (seeDownholeLogging section), documenting 



calculated from wet-bulk density (WED) in the Cl<!>- l 
core. However, for CRP-2 we found that the eITcct ol' 
grain size on porosity and velocity is subtle hecaiisc 
cementation is the primary control o n  velocity-porosity 
relationships in the deeper part of the hole. This is caused 
by particularly strong carbonate cementation (Nicsscn 
et ill., in press). 

In  both CRP-1 and CRP-2, sequences are rcf'lcctcd 
hy the cyclic pattern of magnetic susceptibility (MS). In 
the upperpartoftheCRP- 1 core, this pattern is overprinted 
IT/ volcanic debris derived from the McMurdo volcanic 
province. CRP-1 porosity decreases strongly clown- 
core. which we interpreted as a secondary overprint o n  
consolidation, such as overcompaction by ice and 
cementation (Niessen et al., 1998). However. i t  has to be 
considered that thecore length of CRP- 1 is only 147.7 m 
tincl that steep porosity gradients are also commonly 
observed over relatively short depth intervals in CRP-2. 
In  the latter these are averaged out by an intercalation of 
strongly consolidated units  with weakly or  
nnconsolidated units of 1-1ig11er porosity, so that the 
overall porosity trend of CRP-2 was not oversteepened 
(Brink & Jarrard, in press). 

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

METHODS 

Measurements at the drill-site laboratory included 
non-destructive, near-continuous determinations of wet 
bulk density (WBD), P-wavevelocity (Vp), and magnetic 
susceptibility (MS) at 2-cm intervals. We used the Multi 
Sensor Core Logger (MSCL, GEOTEK Ltd., UK) to 
measure core temperature, core diameter, P-wave travel 
time. gamma-ray attenuation and MS. The technical 
specifications of the MSCL system are summarised in 
table 2.1. As with CRP-2, we logged the cores in plastic 
carriers to avoid destruction of non-consolidated rock 
material (Cape Roberts Science Team, 1999). Unlike 
CRP-2, the upper 38.13 111 of CRP-3 HQ-size had to be 
logged on split-cores (archive halves). Data were logged 
in continuous intervals of 6 to 23 m. Prior to and after 
each of these logging intervals, calibration pieces of 0.4 
m length were logged, including a blank carrier to 
measure non-attenuated gamma radiation. In addition, 
cylindrical standards (Tab. 2.2) for both HQ and NQ size 
were logged in order to monitor the accuracy of WBD 
and Vp values. 

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

MS ( 10-' Sl)  = measured value ( 1 SI) 1 K-re1 ( i  ) 
This sensor correction is based on a modified 

alprilh11-i provided by Bartington after the CRP-2 field 
season: 

wliere (1 = core climiefcr :incl DC = coil diaineter of'tii~~ 
sensor. Resulting HQ and NQ K-re1 is given in table 2. l .  

Vp was measured using Acoustic Rolling Cont;ic( 
Transducers (ARC. GEOTEK Ltd., UK). The sensor 
settings and the calibration (quantification of P-wavc 
travel timeoffset thro~~gh thecore carrierwall, transducer, 
and electronic delay) are described in detail in Ciipc 
Roberts Science Team (1999). 1'-wave velocities (Vp)  
were normalised to 20Â° using the temperature logs: 

Vp = Vpm + 3 '? (20 - tin) (iii) 

where Vpm = P-wave velocity at m e a s ~ ~ r c c l  
temperature (Tab. 2.1 ); tm = measured temperature. 

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

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

Porosity was calculated from the WBD as follows: 

where dg = grain density (2.7 g cm3);  dw = pore- 
water density (1.03 g cm3). 

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

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



P-wave Velocity and Core Diameter 
Sensor orienUition vci'lic:~l 
, 7  1 ransduccr / \ c o u ~ i r  Rollin$ Conliirl 'l'i'ii~isdiicer ( ( ; l ~ o ' l ' f < l <  l .ttl.) 

Transmitter pulse frequency 230 k l  l /  

Transmit~ed pulse repetition rate: l00 l!/ 

Received pulse resolution 5 0  us 

P-wave travel-time ol'f'sct I S . S k s  ( l  IQ), 10.8 us (NU) -. -. . - . -. -- - .. -- - - . - . - .- 

P-wave Transmission Seismograins 
ADC board ' .W (Ninioiial Instruments) 

Sampling f'recluency and  resolution 30 Mlv, I2 hit 

Sampling interval 5 0  ns 

Length of seismograrns -- 200 11)s -. -- - . -. 

Wet Bulk Density 
Sensor orientation verticiil 

Gamma ray source Cs- 137 

Source activity 356 IVIBii 

Source energy 0.662 McV 

Counting time 10 S 

Collimator diameter 5 mm (whole cores HQINQ). 2.5 mm (half cores HQ) 

Gamma detector Nal-Scintillation Counter (John Count Scientific Ltd.) 

Magnetic Susceptibility 
Loop sensor type MS-2B (Bartingtoi Ltd.) 

Loop sensor diameter 80 mm 
Loop sensor coil diameter 88 mm 
Alternating field frequency 0.565 kHz 
Sensitivity 1 S. 10s (HQ). 10 s (NQ) 

Magnetic field intensity approx. S 0  Ahn RMS 

Loop sensor correction coefficient K-re1 (HQ) 1.0884 

Loop sensor correction coefficient K-re1 (NQ) 0.5235 

Temperature 
Sensor type infrared 

original datausing a 20 data-point running window, then 
interpolated (32 000 data points per 600 nl of core) and 
resampled using 0.05-11-1 equal vertical spacing (Fig. 2.14). 
All data of good quality are presented without statistical 
treatment in two depth logs (0-500 mbsf and 500-940 
inbsf, Figs. 2.15 & 2.16, respectively), and, in more 
detail, for some depth intervals where major boundaries 
were observed in the lithology (Figs. 2.17 to 2.19). 

GENERAL OBSERVATIONS 

Magnetic susceptibilities range on a large scale from 
near zero to up to 6259 (10'' SI). Some sandstones even 
yielded negative susceptibilities (0 to - l ) ,  which are not 
shown in the graphs of this report because the data are 
plotted on alogarithmic scale. The highest susceptibilities 
are measured in dolerite clasts and intrusions. WBD 
ranges from 1.63 to 3.16 Mg m-3 with the lower values 

near the top of the core and maximum values in clolerite 
clasts. The corresponding porosities calculated after 
equation (iv) range from c. -0.27 to 0.64. Similar to 
results from CRP-l and CRP-2, the assumption of 
constant grain density of 2.7 Mg nr3 (equation iv) results 
in negative porosities for clasts of higher grain density 
(Niessen & Jarrard, 1998; Niessen et al., in press). Vp 
ranges from c. 1 562 to 6 703 ms-l and. in general, 
correlates remarkably well positively with density 
(Fig. 2.14). In the upper 820 inbsf, dispersion in the core 
physical property data is more common than in the 
lowermost part of CRP-3. Dominant gradients of physical 
properties are observed in the upper 140 m of the core 
and below c. 780 mbsf. However, systematic down-core 
trends in velocity, WBD, and porosity, which were 
clearly evident in data from CRP-1 and CRP-2, are not 
observed in CRP-3. This problem will be addressed in 
more detail in the CRP-3 Science Report. 



Tab. 2.2 - S 
- .- 

Standard 

1 material 
I 

No. of Menu 

Note: Density of aluminurn standard (1)  = 2.7 Mg m'-': velocity of aluminurn standard = 6 800 ins": density of plastic standard (2) = 1.42 
M g m  \velocity of plastic=2 370 ins": density of water (3) (includingcontaincrat 20Â°C) 1.0Mg m ": velocity of water(inc1udingcontainer . . 
at 20Â°C = 1 493 111s l: CPS = counts 1x1- second 

Fig. 2.12 - Measured densities of standards for different depth levels 
of CRP-3 core logging. Material and density of standards in table 2.2. 

Fig. 2.13 - Measured velocities of standards for different depth levels 
of CRP-3 core logging. Material and velocity of standards in table 2.2. 



Particle Size 
Depth 
(mbsf) 1 1 1 1 

Unit clay sami g ~ ~ e i  

Magn. Susceptibility (10"' Sl) 

1 10 100 1000 

WBD ( ~ g  171 ' ) vp (m S 

? 1 7 3 7 5 7 7 7000 3000 4000 5000 

Fig. 2.14 - Core physical properties of CRP-3 and core-physical property units (CPP). 

STRATIGRAPHY OF CORE PHYSICAL PROPERTIES Unit CPP- 1 extends from the top of the core to 144 mbsf. 
It is defined by relatively uniform MS and steep down- 

An overview of the down-core pattern of MS, WBD core gradients of WBD and velocity. Some fluctuations 
and Vp is presented in figure 2.14. By combining all are superimposed on these gradients, in particular in the 
three I-ecords together, eight major units (CPP-1 to CPP- density data. The strong down-core gadient in velocity 
8) can be distinguished (Fig. 2.14). At 144,790,823 and and density can probably be attributed to secondary 
901 mbsf, core physical property units match the units diagenesis rather than primary compaction of the core. 
defined using CRP-3 bore-hole logs. In this unit the core is also heavily fractured (coring 



Fig. 2.15 - Log of all core physical-property data in the upper part of CRP-3. Horizontal lines represent bo1111darics of lithostratigraphical uni~s.  

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

Unit CPP-2 (144 to 450 mbsf) is characterised by 
relatively high values of MS, WBD and velocity, and it 
exhibits stronger fluctuations in all three parameters 
than above. Fluctuations correlate well between velocity 
and WBD logs. and to a lesser extent also with MS. It is 
notable that. on average. WBD increases slightly farther 
down-core, whereas no such gradient is evident in the 
velocity. The different trends in velocity and density 
may imply stro11ge1- cementation in the upper half of the 
unit because velocity is relatively high compared to 
WBD, indicating higher rigidity. The reason is that 
cementation can have a major effect on rigidity. Thus, 
increased rigidity towards the top of the unit can keep 
velocities high despite the decrease of WBD. The lower 
boundary of CPP-2 is sharp in MS but appears gradual 

in WBD and velocity. 
Unit CPP-3 (450 to 620 mbsf) is defined by 

remarkably lower MS, in particular in two minima that 
correlate with light-colo~~red quartzose sandstone Units 
12.3 and 12.5. Theunitis also characterisedby decreased 
WBD and velocities compared to underlying and 
overlying units. The pattern suggests that the unit is 
characterised by relatively mature sands that may have 
lost magnetic components during reworking andlor 
different type of erosion. The lower boundary is gradual 
in the WBD and velocity, but is more distinctive in the 
MS records. 

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



Unit 

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

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

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

Unit CPP-6 (823 to 90 1 mbsf) is defined by aconstantly 
very low MS and a gradual decrease in velocity. WBD is 
significantly lower than in the overlying Unit CPP-5 but 
slightly higher than in Units CPP-3 and CPP-4. Unit CPP- 
6 con-elates with the Beacon sandstone (LSU 16.1). 

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

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

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

COMPARISON OF PHYSICAL PROPERTIES WITH 
LITHOLOGY AND SEQUENCES 

Two logs of higher vertical resolution are presented 
(0-500 mbsf and 500-939.42 mbsf, Figs. 2.15 & 2.16, 
respectively) and compared with the lithological units. 
These detailed logs include porosity data calculated 
from WBD. It is evident that some major changes of core 
physical properties match lithological unit boundaries. 



Sequences  Magn. Susceptibility (10 Sl) 

10 100 1000 10" 
Fractional Porosity 

-0 1 0 0.1 0.2 0.3 2000 
(m sel) Lithological 

4000 5000 units 

quartzose 
sandstone 

Fig. 2.17 - Coi~ipasison of core pliysical properties with lithological bon~~daries and sequence boundaries for a selected depth level of CRP-3 

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

Similar to CRP- 1 and CRP-2, units containing l q e  
single clasts exhibit lower porosities, higher velocities. 
and large dispersion in all three parameters. For all units, 
where larger amounts of gravel were logged, a spike of 
higher velocity and lower porosity is notable in the 
physical property records. Usually these spikes reach 
velocities to about 6000 m S" and result in apparent 
negative porosities. The latter is indicative of basement 
rock clasts having densities well above the assumed 
grain density of 2.7 Mg m 3 .  In most cases the occurrence 
of gravel and cobbles is also associated with increased 
MS. This kind of "bedrock signature"' is best seen in the 
boulder-rich dolerite conglomerates and breccias of 
LSU 13.2. 15.1 and 15.2. where velocities exceed 
6000 m S" and densities are as high as 3.06 Mg in3 .  The 
latter result in apparent negative velocities below -0.2. It 
is interesting to note that the relatively strong dispersion 

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

Low porosity and, in particular, high velocity values 
are not entirely restricted to lithologies rich in clasts. 
Despite lack of general depth trends in velocities and 
porosities, sandstones from different depth can have 
very different velocities and porosities. For example, at 
40. 115.445 and 900 mbsf velocities are c. 2 000,3 000, 
4 500 and up to 5 000 ms-' respectively. The porosities 
in these intervals are 0.4. 0.2. 0.05. and 0. These 
differences are attributed to a combined effect of 
consolidation and cementation. The importance of 
cementation has already been pointed out for CRP-2 
physical property data and was briefly discussed above. 
A detailed analysis of velocity/porosity relationships 
may help identify strongly cemented layers and will be 
presented in the CRP-3 Science Report. 

The results from CRP-1 and CRP-2 demonstrated 



thiil sedimentary sequences match tlie pattern of core 
physical boundaries better than lithological units. I t  is 
too ciii'ly to compare the entire sequence stratigapliy ol' 
Cl< 1'-3 to the record ofcore physical properties. However. 
for Tertiary strata the depth interval Irom 4 10 to 450 mbsl. 
was chosen as a key example to compare litliological 
boiiii(laries and sequence boundaries with physical 
properties (Fig. 2.17). The lithology describes light- 
coloured quartzose sandstone (LSU 12.1 ) overlain by 
sandstones and conglomerate (LSU 1 1.1) gradiiigiino 
minlstones (LSU 10.1 ). Sequence boundaries are located 
at 4 16.99 and 444.44 mbsf (onset and top of Sequence 
21). The lower lithological boundary at 444.44 mbsf 
matches the onset of Sequence 2 1. These boundaries are 
clearly reflected as steep gradients in MS, porosity and 
velocity (Fig. 2.17) at the base of the conglomerates at 
416.99 and 444.44 mbsf'. Within Sequence 21 fining 
upward is indicated by a gradual decrease in MS and 
velocity combined with increasing porosities. 

This pattern is repeated by the MS data at the onset 
of Sequence 20. Susceptibility exhibits a rapid shift to 
values above 1 000 (10-' SI). gradually decreasing back 
totlie level of about 10 in the overlying mudstones. This 
suggests that MS may be a powerful tool to identify and 
interpret sequences in the CRP-3 record. In turn, it may 
suggest that the MS record may be largely controlled by 
environmental changes such as those induced by climate 
and sea level fluctuation. 

Sequence boundary 20121 (Fig. 2.17), however, is 
not clearly indicated in the porosity and velocity data 
because a distinct change is indicated within the sequence 
(at c. 425 mbsf) rather than at the sequence boundary 
(Fig. 2.17). Higher velocities and lowerporosities above 
425 mbsf may indicate differences in the cementation of 
the sandstone. This pattern may suggest that diagenetic 
effects on physical properties are superimposed on 
lithological changes. As in the example of Sequence 21, 

Magn. Susceptibility (1 0 Sl) 

tliese elTrc~s may,  i n  pliices. mask evidence ol'sequence 
boiiinliiries i n  the vclocity/porosity data. None of tlie 
ihysiciil pi'opcrlics mii~~kstit~isti~ict shiIdit the lithological 
houi~liii~y between LSIJ 1 1 . 1 and 10. 1. 

'I'lic lop of the lieacon sandstone (LSU 15.2) is 
chtii~iicterised by ii distinct lithological change from light 
retl/hrown qiiiirt~ose stindstoncs into overlyiiig dolei'ite- 
clast conglonieriitc intercalated with a relatively thin 
imit ol' siiii(1stonc-clast breccia. This boundary is 
important because i t  marks the penetration o l  CRP-3 
drilliiig into Paleoy.oic bedrock. At this transition core 
physical properties are compared with litliologies 
between 8 17 :md 827.5 mbsf'(Fig. 2.18). The boundaries 
are marked distinctively by MS data. At the top of the 
Beacon, M S  exhibits a significant minimum close to 
x r o  followed by i\ steep gradient tlirougli the sandstone- 
clast breccia into overlying dolerite conglomerates. M S  
increases over four orders of magnitude. which is the 
strongest gradient observed in the entire core. On the 
other hand. porosities fluctuate rather insignificantly at 
this boundary. and velocities even remain stable. The 
reason could be that the top of the Beacon is strongly 
cemented and thus exhibits velocities almost as high as 
in the lower part of the overlying dolerite-clast 
conglomerates. 

Another major lithological change is the igneous 
intrusion into Beacon sandstone drilled between 901.48 
and 9 19.95 mbsf. The upper and lower contacts of the 
intrusion are clearly evident in the record of core physical 
properties between 895 and 925 mbsf (Fig. 2.19). The 
igneous rock is characterised by MS of about 100 (1 0" SI). 
including several distinct spikes up to 1 000. Porosity of 
up to more than 0.4 is significantly higher than measured 
in the overlying and underlying sandstones. Velocities 
are about 1 000 m S- '  lower than those measured in the 
Beacon (LSU 16.1 and 18.1. Fig. 2.19). It is interesting 
to note that the intrusion has obviously altered the 
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Fig. 2.18 - Comparison of core physical properties with lithological boundaries for a selected depth level of CRP-3 (transition into Beacon 
basement). 
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Fig. 2.19 - Co~l~parison of col-e pl~ysical propel-ties with Iitl~olo~ical b0~111da1-ies for a selectccl dei~th level of CRP-3 (co~itact of igl leo~~s illtrusio~) . ~ . 
wit11 Beacon sandstone). 

Beacon sandstones significantl>l neas the contact zones. 
All core physical properties exhibit strong gi-adients 
towards the igneous rock over depth intervals of S to 6 in 
(Fig. 2.19). Sandstone velocities are as fast as 
S 000 m S-' directly above and below the contact, and 
porosity is decreased to zero. This indicates strongly 
cemented sands near the intrusion. Alteration is also 
indicated by magnetic susceptibility. Generally, the MS 
of the Beacon (LSU 16.1 and 18. l )  is very low (mostly 
between 0 and l .  even negative in places), implying very 
low contents of fenomagnetic minerals such as magnetite. 
Towards the upper and lower contact of the intr~ision, 
MS increases up to 100, which indicates a secondary 
ovesprint of the sandstones by precipitation of magnetic 
minerals. It is suggested that the entire pattern is indicative 
of hydrothermal activity associated with the intrusion. 

TRANSMISSION SEISMOGRAMS 

Seisinograms recorded from the P-wave pulse though 
the core exhibit a broad range of shapes and freq~iency 

distributions, which have to be processed and analysed 
in detail. For n~arine sediment coses, BI-eitzke et 211. 

(1998) demonstrate that the primary control on sllape 
and frequency of full-wavefor~n; ~lltrasonic-trans~nissio~~ 
seis~nogran~s is sediment grain size. Variatiotl between 
coarse-grained sands and fine-grained clays can be 
visualised by plotting seismograms recorded at lligll 
vertical resolution IW-SUS depth. In addition, the authors 
present good co~~ela t ions  of spectral anlplitudes in the 
range of -10 to -90 dB to grain size variations from 2 to 
12.5 pm. 

For CRP-3 full waveform transmission seismograms 
were recorded in 0.02-m depth intervals. In order to 
demonstrate that t ransn~iss io~~ se isn~og~ams change with 
grain size and rock type, seven contin~ious core sections 
between l and 2 In in length were selected from different 
lithologies and depths. Surfer software is used to bui~dle 
the seisn~ogran~s and to plot them in three dimensions 
(amplitude, travel time and mbsf, Fig. 2.20) in order to 
visualise differences within a bundle of seismograms 
from a given lithology and also to conlpare different 



Fig. 2.20 - FLIII u,z~vefor~i~ tra~is~nissioi~ seis~nogranis a ~ i d  tlieis variatio~i wit11 depth (~nbsf)  fro111 7 different depth iiitervals a i~d  litliologies (A- 
G) of CRP--3. 



l ,OGGING OPERATIONS 

Do\vnl~ole loggilig of CRP-3 W:IS ~~~iclcriakcii iii l ' o~~r  
pli:ises. The first t\vo pllases (25-27 Octol>cr) occ~irrcci 
:~l'icr coinpletion of HQ (96-111111 (1i:iriicter) (l~~illing. 
\vIic~i total clepth of tlie hole was 346 11iL~sf'. 13cci1~1se the 
Si1~11ted iiiterval 257-261 111Lxf WIS decniccl to 11c ioo 
111istab1e for open-l~ole logging. we first r:~isccl tlic IHQ 
(lrillstring to 20 ~nbsf  and loggcci tlie o1>cii-hole intervi11 
20-256 nlbsf. Next. the drillstring \V:IS I~wc~~cci  to 272 11ibsf 
ailcl tlie ope~i-11ole interval 272-3% 111hsS was logged, ?. 
l his proced~~re ~ ~ s e d  [lie drillstrii~g as l~rotcciion Sol. the 
logging tools. b ~ ~ t  it preventecl logging of the k ~ l t  zone 
13)) tools ~ ~ n a b l e  to operate tliro~~gli pipe. 

After this second phaseof logging. tlie f-IQ clrillstri~ig 
W:IS ceinenteci in at 345 inbsf a~ id  ~~sec i  21s c:~sing for 
s~~l>seq~\eil t  NQ (76-111111 dialneter) coring. Tlic thiscl 
l~li:~se of logging ( l  1-1 2 Noven~ber) occ~~rrecl ulIle11 NQ 
coring had reached 774 ~nbsf.  The final IJ~:ISC of logging 
( l  9-22 Nove~nber) was ~~ndertaken ~vl~ei i  NQ corilig 
rc:~clied tile final total depth for CRP-3. 939 mbsf. 

Each logging phase incl~~ded r~ins of tlie following 
logging tools: te~iiperatLlre. spectral ~ : I I ~ I I I I ~  ray. d~ml 
li~terolog. magnetic s~~sceptibility. array incl~~ction. 
neutron porositj!> borehole teIevie\~ler. sonic velocity, 
\!cl-tical seismic profile. and dipt~leter. The seqLIence of 
tlicse logging runs was generally as listed, wit11 sn~all 
variations. f~~lfi l l ing a strategy of r~inning tools witho~it 
ce~itsalizers or pads first> thereby postponiilg possible 
liole degsadation associated with drag on tile borellole 
wall to niaxit~~ize log quality and cl~~antity. The first and 
last logs run were a l \ ~ a j ~ s  teinperatLire. as described later. 
111 addition to this standard s ~ ~ i t e  of CRP-3 c lo~~~i l io le  
tneasure1nents> the f o ~ ~ r t h  phase of logging i ~ ~ c l ~ ~ d e d  a 
clensity log and o b l i q ~ ~ e  seisinic experiinent. 

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

A brief descsiptioi~ of each logging tool. incl~~ding 
both principles and applications. is given in tlie CRP-2 
Initial Reports (Cape Roberts Science Team, 1999). 
Design of the vertical seisnlic profile and o b l i q ~ ~ e  seislnic 
experiment are described in the Vertical Seismic Pl-ofiles 
section. Although the physics of operation of each tool 
is different, these tools can be gso~lped according to 
geologicalapplicatio~is asfollo\vs: porosity tools (density. 
neutron porosity: array ind~lctioi~. d~ial laterolog. sonic 
\7eIocity): lithology tools ( g a ~ n ~ n a  ray ancl ~nagnetic 
susceptibility), structural iniaging tools (diptneter and 
borellole televiewer)> and seis~nic-link tools (vertical 
seisinic profile: oblique seis~nic experilnent? sonic 
velocity, and density). 

Al~nost all of the do\vnl~ole tools ~ L I ~ I  in CRP-3 are 
identical to those run in CRP-2. We modified the array 
ind~iction tool run in CRP-2 prior to CRP-3 to inlprove 
perforlna~~ce. CRP-3 was logged \vit11 a different borel~ole 
televiewer than that ~ lsed in CRP-2. b~ i t  the overall 
principles and operations of both are similar. The new 
Antares tool is digital. rises a rotating tnirror with 

Ijole size hacl [WO cSl'ccts 011 Cl?l1-3 logging. Firsi. :I 
liole co~istrictioti or "L>~.i(lgc" pi~\~c~itecl  the tools 1'1.0111 

reaclii~ig tlie lx~tto~ii  18-30 111 ofilie liolc. Sticky clays :\I 

the to11 a11ci l>otto~n ol~tlie vo lc~ i~~ ic  i~itrusion had C : \ \ I S ~ Y I  
pipe to stick ci~~ring cl~.illi~ig. 'I'lie (lce~>cr L > O L I I I C ~ Z I ~ ~  fot.~iic~l 
21 bricige that sto]~]~ccl tlie l.i~.sk logging tool ( te~npe~.;~lt t~.c 
tool) at 92 l inbsf. To 111~c1 i t  tool loss i n  these zones 0 1 '  
tight liole. we illiti:~tecI s ~ i l ~ s c q ~ ~ c ~ i t  logging r~i i i s  :II 
s l i~~l lon~er  deptlis of 900-9 l9 nilxl' (Tal~.  2.3 j. 

Seco~~cl? ei11argeci hole can clcg~~xie the accuracy 01' 
inost log types. Fortu~iatcly. virt~tally all of CRP-3 li:~d 
a hole dian~eter tl~at w:is ~~iiiforiiily olily sliglitly 1a1.ge1, 
tliai~ bit size (Fig. 2.2 1 ), so liole co~~clitions are t i ( > t  ;I 

significant s o ~ ~ r c e  of error for the CRP-3 logs. \VC 
detected about one cloze~i m!aslio~~ts to enlarged liolc si/.v 
in tlie dip~neter caliper log. All are less t1ia11 0.3-111 tliicli. 
ancl most O C C L I ~  at depths icie~ltit'iecl cl~~ring tile drillilig :IS 
~111stable hole associatecl with r~1111iy sands. 

Meas~~relnents nlade l>>! the clciisity tool are ~1nre1 i:~l>lc 
in intervals wit11 s ~ ~ d d e ~ i  c11:iiiges in hole dia~neter, bec:~~isc 
this tool needs to ~naintain fir111 contact with the boselioic 
wall. Loss of contact causes ano~iialo~~sly lo~v  13~iIli- 
density va l~~es .  Only one S ~ L I S ~ O L I S  spike was observc(i i n  
the density log: in tile interval 346-348 inbsf. w l i c ~ t  
drilling operations had deliberately fract~ired the borehole 
wall dt~ring a leak-off test of the c e ~ i ~ e ~ ~ t i n g  of the HQ clri 11 
rod. This spike lias been deleted fro111 the density log ploi. 

Rare spikes c a ~ ~ s e d  by artifacts are also observed on 
the following raw logs: the spectral gainln:l-lxy 
concentratio~i logs (K. Th. and U j. the sliallo~v-i11d~ictio11 
log. and the cleep d~ial-laterolog. Spikes on the spectr:il 
ga~n~na-ray conce~~tration logs res~llt from noise-ind~~cecl 
i~icorrect partitioning of the spectrLin1 of gatnln2l-ray 
energies. This effect is evideiit as a sharp (<0.5 111 thick) 
positive spike in one eleinei~tal conce~~tration aticl 
correspo~~di~ig  negative spike in one of the other t\vo 
elen~ental concentrations: these are deleted from tlie 
figures. A few spikes to iil~possible negative resistivities 
are evidei~t on the shztl lo~v-i~~d~~ction log and deep d~l;\l- 
laterolog. For the latter. the spikes can be attrib~~tecl to 
rock resistivities that are beyond tlie clyi~alnic range of 
the i ~ ~ s t r ~ ~ t n e n t .  These spikes were deleted from tlie 
figures. 

Log q ~ ~ a l i t y  and reliability are j~~dgecl to be excellent 
for nearly ail of the CRP-3 loggii~g tools. We  base this 
conclusio~~ on the followii~g criteria: interllal consistency 
and calibratio~l tests for sonic tools. replicability as 
observed in short in ter~~als  logged t\vice by the satlie 
tool. and si~liilarity of log character among different 
logging tools that use different pl~ysics to detect the 
same geological variables. 





call HQ 90 

The one exception to this generalization concerning this velocity log is unreliable. and the log is not shoivn 
log quality is the sonic-velocity tool. This tool measures in the sumInasJ1 fig~ires of this vo1~11ne. Sonic wavefosl~~s 
P-wave velocity based on picked traveltimes of refracted were recorded during logging, but repickil~g these 
waves from a sound source to two receivers. waveforms is too time-co~~sulning to be feasible in 
Unfost~~nately, the strength of this refracted wave was Antal-ctica. 
~ e ~ ~ e r a l l y  too weak to be reliably detected by the far 
L- Hole deviation must be corrected for any stsuct~iral 
so~~rce-receiver combination. Consequently, most of analysis of CRP-3 core or imaging log data. We meas~ised 



CRP-3 hole deviation with the dipineter and telcviewer 
tools, based on 3-axis n~agnetomcter and  2- or 3-axis 
acc~:lei~onietcr recordings. Measured hole deviiitions i n  
CRI'--3 ;ire remarkably small: I .O"-2.5" to the southwest 
in tlic top 350 m. and about 1 .So to the southwest in the 
lower part of the hole. 

I 'he  spectral gamma,  neutron. density. a n d  
temperature tools are the only logging tools that can 
provide useful formation diit;i through drillpipe. Pipe 
attcnii;it ion does affect the spectral gamma, neutron, and 
density logs, but these effects can he estimated and 
compensated for. 

At CRP-3, weobtained through-pipespectral cT unma 
logs lbr the intervals 0-20 and 247-272 mbsf. We 
estimated the effect of pipe 011 K.Th. and U measurements 
by comparing open-hole and through-pipe data for the 
in tu~ i i l  247-272 mbsf; i t  was confirmed by observing 
the baseline shift across the pipelopen-hole transition at 
20 nibsf. Uranium through-pipe logs are -0.7 ppm 
higher than open-hole logs, whereas K and Tli 
concentrations appear to be less affected by pipe. Thcse 
logs have been corrected for pipe effects. 

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

Open-hole density logs were obtained for the NQ 
portion of the hole, whereas through-pipe lob o-s were run 
in the HQ portion (above 345 n~bsf) .  Approximate 
correction for the thi-ough-pipe density values was 
undertaken by comparing average density values in the 
100 m below and above the change from HQ to NQ 
drilling. The whole-core density logs of the Physical 
Properties from on-Site Core section demonstrate that 
average density for these two intervals is about the same. 
Comparison of log and core measurements provides a 
check of the quite different assumptions and techniques 
inherent in the two data types. Core and lea 0 measurements 
of bulk density are consistently very similar, indicating 
that both are reliable. 

IX~pth shil'ts of as much ;is I in can occur among 
clilTcrent lazing runs, caused mostly by c;ihle stretch. 
All sin~li shifts have  been removed by ad,justing log 
depths to a standard log. the dual l a t e r o l o ~  ;usually. a 
single constiint shift w;is needei.1 for ail entire log. A 
secoiul clcpth sliil.t was tlicn applied: the full suite of 
downliolc logs \was shifted to a core-based standard, the 
wliole-c01.c porosity log. This sliil.! increased with depth 
within e;icli logging r u n ,  typically by about I in. The 
cause ofthis second, variable shil't is cumulative stretch 
ol' the loggingccable of about 0. 1 (X associated with the 
increased cable weight i7,s depth. 

Figure 2.22 is a ?-page summary ofthc CRP-3 logs. 
For clarity, these logs arc smoothed. Dipmeter and 
boreliole-telcviewer data are not shown, as these data 
require ma,jor processing: some preliminary televiewer 
observations are discussed in the Core Fracture section. 
Expanded log plots, at a scale of 100 inlpage, are 
provided at (lie end of this chapter. 

Temperature Logging 

The temperature tool was run twice during each 
phase of logging: i t  was the first and last tool run. 
Circulation of drilling mud prior to logging lowered 
temperatures for the first run to less than equilibrium 
values, whereas temperatures during the second run are 
probably close to equilibrium v '1 l ues. 

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

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

The CRP-3 temperature logs detected substantial 
fluid flow at five locations: 264,537.606,748, and 840 
mbsf (Fig. 2.21). In each case, a local temperature 
anomaly of-0.5 to-1 .OO was observed in both open-hole 
logging runs. This anomaly could be caused either by 
active equilibrium fluid flow through an aquifer, or by 
drilling-induced fluid flow. We hypothesize that the 
latter is responsible for the CRP-3 anomalies, because 
the 264 inbsf anomaly had vanished by the time this 
interval was logged through pipe. Mud circulation during 
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F?,?. 2.22 - Summary of most CRP-3 downhole logs: spectral gamma say (SGR) and its three components (K. Th. and U). dual laterolog (shallow 
SRes anddeepDRes). neutronporosil~~(NPH1cor). bulkdensityfDENS 1. ancl mapet ic  susceptibility (SUSC). Note thatthe scales forSRes. DRes. 
and SCSC are logarithmic. 

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

zones during logging: a positive head was maintained 
during logging to prevent backflow, and this head induced 
a downward flow of 10011 per hour (-23 mlhr). 
Consequently. temperature anomalies mark the zones of 
highest permeability in CRP-3. 

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



_.aD__K/Th. 1.50.2 SUSC 2000.5 DRes  50- 

0 PHI 

Fie 2.22 - continued. 

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

The equilibrium geothermal gradient at CRP-3 is 
apparently slightly nonlinear (Fig. 2.21). probably 
because downhole variations in porosity cause 
associated downhole  f luc tuat ions  in  thermal  
conductivity. Based on the seafloor temperature of - 
.8OC and near-bottom temperature of 23.0Â° at 870 

mbsf, the average geotl~ermal gradient is 28.5OC/km. 
This value is higher than the 24'CIkm measured at 

was run CRP-2, because the CRP-2 temperature lea 
only a few hours after completion of drilling, whereas 
the CRP-3 final temperature log was run 2.5 days after 
completion of drilling. This value is less than the 
geothermal gradients of 35OCIkm n~easured at CIROS- 
l (White, 1989). MSSTS-1 (Sissons. 1980). andDVDP- 
15 (Bucher & Decker. 1976). White ( 1  989) calculated 
that the actual equilibriun~ thermal gsadient at CIROS- 
1 is even higher, 403C/kin, based on extrapolation of 
time-temperature results wit11 the method of Dowdle & 
Cobb (1975). That 1net11od: however. predicts an 
extremely nonlinear thermal gradient at CIROS- 1. 



.og-Based Units 

Based on log responses. the interval 0-901 mbsf ol' 
('RP-3 can be divided into five logging units. Downholc 
changes. from top to bottom, are discussed in this 
section. 

Log Unit I. 0-144 mbsf,  is generally very 
homogeneo~~s in log responses, particularly for the 
gamma-ray, magnetic susceptibility. and KITh logs. 
Porosity varies smoothly and subtly, except for a rapid 
drop at 83-94 mbsf. This log unit is mostly finer grained 
and muddier than deeper units. The open-hole neutron 
log of this log unit, obtained during the first phase of 
logging, exhibited rapid fluctuations. but this pattern 
was not confirmed by the more reliable through-pipe 
logs of the third logging phase. 

The transition from log Unit I to I1 is a sudden major 
increase in heterogeneity of all logs. It is placed at the top 
o f  the first bed with markedly lower porosity (low 
neutron porosity, high resistivity and density), lower 
susceptibility and gamma ray, and higher KITh. 

Log Unit 11, 144-641 ~nbsf ,  is bimodal in all log 
responses, with one mode similar to log Unit I. 
Alternations on a scale of 10-30 m are probably 
lithological sequences. Most are marked by a basal 
conglomerate with high resistivity and density. low 
porosity, and high susceptibility. The gamma-ray 
responses of the conglomerates change downhole from 
low to high values, and the characteristic low K/Th 
signature becomes more distinctive downhole. The 
conglomerates aremost evident as spikes on the resistivity 
logs, because of the combination of poor sorting and 
high cementation. Lithological changes from clean sand 
to muddy sand and silt also have visible log responses: 
decreasing porosity and increasing gamma ray and 
susceptibility. 

The transition from log Unit I1 to 111 is somewhat 
arbitrary. It is identified as lying at 641 mbsf based 
prin~arily on the susceptibility log, which changes 
downhole from bimodal to more uniformly high at this 
depth. The WTh baseline drops at -6 17-64 1 mbsf. The 
bimodal character in porosity logs, however, continues 
below 641 mbsf with higher frequency variations: 
resistivity does show a step increase at about this depth. 
The bimodal response of gamma ray is lost earlier, 
across a transition zone at 412-463 mbsf. 

Log Unit 111, 641-790 mbsf, appears to be relatively 
homogeneous lithologically. with low gamma-ray and 
WTh values and with high susceptibility. This log unit 
corresponds approximately to lithological Unit 13, 
although the top boundary is ill-definedinlogs, as discussed 
above. Porosity is heterogeneous, with variations similar 
to those in log Unit 11: low porosities in the conglomerates 
andcemented sandstones, with higher-porosity sandstones 
also present. Except for the conglomerates, grain-size 
changes are not as evident in gammaray and susceptibility 
as in log Unit 11; this observation is consistent with core 
descriptions of this unit as mostly greenish sandstone. 

However. fining- and coarsening-iipw;ii.d 11ecl.s iin- 
apparently seen in the susceptibility log. 

The transition from log Unit 111 to IV is a m;ijor, 
sudden decrease in porosity. 

Log Unit IV. 790-823 mbsf, is clitii-acteri~cd b y  v r ry  
low porosity. high density. high susceptibility. anii low 
gainma ray. This unit corresponds to lithological I'nils 
14 and 15, consisting of a fault /.one and underlyini.', 
Tertiary sediments. The fault zone itselfis charactcri/,cd 
by enhanced gamma-ray values and by the Iiighi.~s[ 
susceptibility values of the entire borehole. 

The transition from log Unit IV to V is a step upward 
in porosity, accompanied by a sudden step clownwar(l in 
susceptibility. This boundary. at 823 mbsf, is thesharpcs[ 
boundary evident in the CRP-3 logs. I t  corresponds to 
the major unconformity between Tertiary and Devonian 
sedimentary rocks. 

Log Unit V. 823-901 mbsf, is the upper portion ol'the 
Beacon Sandstone. It exhibits high and variable porosity. 
comparable to that of log Units I1 and 111. Susceptibi 1 itics 
are the lowest of all CRP-3, generally below the noise 
level of the logging tool. The gamma-ray logs are 
surprisingly high and remarkably heterogeneous through 
this unit. including the highest K and Th concentrations 
of the entire hole. These high values are incompatible 
with expectations based on the mineralogical maturity 
of analogous Beacon outcrops, suggesting that diagenetic 
precipitation has enriched these sandstones in K and Th. 

Clay Content 

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

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

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



to provenance variations within C'RF-3 is beyonil tlic 
scope ofthis report. Our prclimin;iry hypot hesis, however, 
is i l i i i i  this broad pattern of dow~iholc SGR variations 
reflects the combination oi'decreiising mini component 
and increasing Beacon source downhole. II'so. the 144- 
462 mhsf transition zone is a particularly promising 
region for detailed provenance studies. The broad-scale 
chiiiiges in magnetic susceptibility, like those of gamma 
ray, appear to be more closely related to provenance 
changes than to variations in grain size. 

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

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

Porosity Variations 

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

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

am1 laicr, wiih deeper burial, by plastic deformation of 
weaker minerals (Taylor, 1950: Hayes. 1979). 
Mcchaniciil compiiction is more intense in slialy 
sediments. ;is ihe i n i i i i i l  "ciirdliouse" l';ibric of randomly 
oriented chiy ~-i;irticlcs is forced into a generally parallel 
arrange~iicnt (o,,y. 1 Iedhe~y, 1936; Magara, 1980). With 
greater burial, cheniiciil cli;igenesis - including pressure 
solution, recrystallimtion. and replacement - replaces 
physical companion as the dominant mechanism of 
porosity recliic[ioii (o.,y. l lciyes, 1979: Foscolos, 1990; 
Hutchcon. 1990). 

Figure2.22 shows plots of'thc three porosity-sensitive 
logs. The broad trends i n  all three logs are very similar, 
except l o r a ~ i d u a l  decrease in resistivity that is expected 
to occur independently of' porosity change. Rock 
resistivity depends o n  both porosity and pore-fluid 
resistivity. Pore-fluid resistivity decreases gradually 
downhole clue to thermal gradient, causing an associated 
downhole decrease in observed forintition resistivities 
that is superimposed on the pattern of porosity variations. 

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

VERTICAL SEISMIC PROFILES 

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

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

Analysis of VSP data provides: 
- down-going travel-time data that can be used to 
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determine velocities and to serve as a basis for 
comparison with downhole sonic and co re  
measurements, 

- up-going reflections that can be used to tie directly into 
marine seismic reflection data, 

- information about strata below the bottom of the well. 

PROCESSING 

The processing completed so far concentrated o n  
near-vertical and offset Z-component data. Near-vest ical 
X- and Y-component data have also been processed i n  
an effort to recover shear-wave sections. Preliminary 
processing of the data includes trace display and editing. 
Down-going waves are marked by clear first arrivals and 
a low frequency (<l0 Hz) complex coda that includes 
the source signature and shallow reverberations in the 
seaice and reflections from the seafloor. This wavetrain 
masks up-going reflection arrivals. Separation of down- 
going and up-going waves was carried out by median 
filtering and polygon mute in the frequency-wavenumber 
(f-k) domain. Figure 2.24 shows a series of plots 
representing progressive processing steps: a) raw data, 
b) processed up-going reflection data after f-k filtering, 
and c) aligned up-going wavefield. The aligned data 
have a static shift applied, equal to the first-arrival times. 
In this way the VSP can be compared to two-way 
traveltime, marine single-channel (SCS) reflection data. 
An 80 msec corridor after the first arrival is used to 
correlate well data to SCS reflection data (see Fig. 2.26). 
Further processing will involve deconvolution and 
wavelet extraction. 

VELOCITY VS DEPTH 

163'36 163=3B 

Fig 2 23 - Detailed map of the dull site showing location of the VSP 
expeiiments. seismic-reflection lines (annotated with shot points), and 
bathyinetiy (contouis in 20 metre intervals) 

An important application of VSP data is to provide 
accurate velocity-depth data for the formations penetrated 
by the well. Downhole sonic logs (see section on 
Downhole Logging) and velocity measurements of the 
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Fig. 2.24 - Progressive steps in the processing of the near-offset VSP 
vertical-component data. a) Raw data after editing of bad traces. b) Up- 
going wavefield after f-k filtering, c) Up-going wavefield aligned with 
first arrivals, 

core (sec section o n  Physical Properties) provide 
siil~stiin~iiillyg~~etiterdepth resolution, hilt the VSPresults 
tire much less sub,ject to borehole conditions. Indeed, 
they iiveragc cover a much larger volume ofthe formation 
sothat they provide velocities that are more representative 
ol'seismic reflection velocities than thoseobtaincd from 
core o r  Jownliole logs. Interval velocities are calculated 
from travel times picked off first-arrivals of near-offset 
VSP data (k 2 msec accuracy) and plotted as a function 
o l  depth together with core velocities in  figure 2 . 2 5 a .  -. I hecore velocities are median-filtered over a sliding 10- 
m window of core. Our filter will also rc,ject outliers if 
they are greater than 2.5 times the median value. A 
comparison of the velocity and time-depth curves 
(Fig. 2 . 2 5 )  show they are remarkably similar, with VSP 
velocities dominated by anomalies of wavelengths greater 
tl i t i i i  50 111. Higli-velocity peaks associated with thin 
( < 2 0  111) conglomerate beds are not resolved in the VSP 
traveltime data. The dominance of high-velocity clasts 
within the core results in the two-way traveltime to depth 
conversions differing by about 20 to 30 m between 300 
and 500 mbsf (see Fig. 2 . 2 5 b ) .  In general, velocities in 
CRP-3 are about 3.2 5 0.6 kmls, apart from the first 80 
m of core, where velocity is close to 2 . 0  kmls, and a 50- 
in dolerite shear and conglomerate zone from 790 to 823 
~nbsf,  where velocity is greater than 4 . 5  kmls. 

Traveltime data from the long-offset VSP data are 
also plotted in figure 2.25b. A small change in gradient 
is apparent in the in-line VSP data at the depth where the 
high velocity dolerite conglomerate is encountered in 
the well. This change in gradient is observed at a shallower 
depth in the orthogonal VSP data and indicates the upper 
contact on this interface has an apparent dip of about 10Â 

Depth (m) 1 

0 0 ,  , 1 , l  
0 100 200 300 400 500 600 700 800 900 1000 

Depth (m) 

Fig. 2.25 -a)  Velocity measurements on core samples smoothed with 
a 10-m median filter (shown in the solid line) and interval velocities 
derived from the near-offset VSP first arrival times (dashed). 
b) Traveltime depth curves from VSP experiments and core sample 
velocity measurements. 
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to the east. However, no corrections have been made for 
water depth changes or offset from the well. 

CORRELATION OF SEISMIC REFLECTORS WITH 
CRP-3 

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

CRP-3 reached a depth of 939.42 mbsf, equivalent to 1 
030 msec two-way time below sea level (twt bsl). At least 
9 seismic events can be identified at this depth or above in 
the SCS and VSP data (o to W). Table 2.6 summarizes the 
correlation between seismic reflectors from line NBP960 1 - 

89 and lithostratigraphical units in CRP-3. 
Seismic events on SCS data (o, p, S, U, and v) were 

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

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

INTRODUCTION 

fliischapterpresents the resultsofa lithostratigraphical 
subdivision of the CRP-3 core, and of a variety of 
preliminary sedimentological investigations. In the first 
section, the core is divided into 1,itliostratigrapliical Units 
am1 Sub-Units, and the lithologies in each are described. 
In the following section, a facies analysis provides a 
process and paleo-e~ivironmental interpretation of the 
core. from which preliminary depositional models arc 
developed. This is in turn followed by: a sequence 
stratigraphical interpretation of the succession encountered 
in thc drillhole; an initial exploration of potential. small- 
sciile cyclicity in the core; a study of clast roundness 
trends; and a description and a preliminary interpretation 
of diagenetic and deformational features. Finally, a core 
description is shown at a scale of 1:500, including a 
summary of sequences, sedimentary environments, and 
facial proximity. 

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

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

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

with minor fine-and coarse-grained sandstone. These 
occur only i n  the Beacon Siipergroup. 

1;ticies 6 (stra~ilic(i di;nnictitc) and 17acies'7 (massive 
diamictitc) arc interpreted to rcflect a variety o f  
depositional processes i n  ice-proxiinal. marineproghicial 
environments. Fiicies X (rliythniically interl~cddecl 
sandstone and siltstone) is interpreted as resulting from 
suspension settlii~g from turbid plumes originating from 
fluvial discharges into the sea and producing cyclopsam 
and cyclopel deposits in ice-proximal glacimarinc 
environments. 

Facics 9 (clast-supported conglomerate). i s  
interpreted to have been deposited by. or redeposited by  
a mass-flow mechanism from fluvial discharges. Facies10 
(matrix-supported conglomerate) is inferred to have 
been clcposited from higli-density mass flows. 

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

The first 14 (glacimarine) sequences typically 
comprise afour-part architecture ter1nedMot;'fA involving, 
in ascending order: A) a sharply-based, coarse-grained 
unit, and B) a fining-upward succession of sandstones 
into sandy mudstones, these two parts interpreted by the 
majority of the Science Team as a combined Lowstand 
and Transgressive Systems Tract deposit; C) a mudstone 
interval, commonly fossilifero~is and in some cases 
coarsening upward into muddy sandstones, and D) a 
sharply-based, sandstone-dominated succession, these 
latter two parts interpreted as a combined Highstand and 
Regressive Systems Tract. Observations on the overall 
stratigraphical stacking pattern permit some prelin~inary 
speculations as to the geological factors responsible for 
the cyclical facies pattern. 

The remaining 9 sequences with minor glacial 
influence typically comprise a two-part architecture 
termed Motif B, involving in ascending stratigraphic 
order: A) a sharp-based, poorly-sorted coarse-grained 
unit comprising clast or matrix-supported pebblelcobble 
conglomerate, pebbly sandstone andlor granular 
sandstone that are often arranged into superposed stacks 
of crudely graded beds, and interpreted as a combined 
Lowstand and Transgressive Systems Tract, and B) a 



f'iiiing-upwai-dslgradational transition into an interval of 
well-sorted stratified (lociilly cross-strati ficd) sandstone, 
interpreted as a combined Highstand and Regressive 
Systems Tract. 

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

The interval between 789.77 and 805.60 mbsf. 
described as a dolerite (cataclastic) breccia, displays 
evidence of intense shearing and fracturing. In an effort 
to determine whether or not the larger clasts were of 
sedimentary or tectonic origin, we examined their 
roundness characteristics. As the breccia zone was part 
of a larger interval of conglomerates dominated by 
dolerite clasts, we included within our examination 
clasts between771.70 mbsfanci 822.87 mbsfto determine 
ro~nidness trends. 

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

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

Preliminary investigations into diagenesis of the 
CRP-3 core have revealed a variety of diagenetic features, 
many of which can be readily identified in hand specimen. 
These include carbonate concretionslnodules, carbonate 
cementation, pyrite, "black stains" within coarse 
lithologies, and mineral-fills in veinslfractures. 

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

ihout 2x0 inI>sf, wliere i t  occurs as an extensive strat i Sonil 
cenienliitioii . M;iny I'racl~~res and veins noted within tin.- 
core are lined or filled by mineral material, no~iihly 
ciirbonates i incl  pyrite. Pyrite occurs as tiny grains 
disperseti within the matrix in  all lithologies, and as 
infilling associated with calcite in sedimentary dykes. I t  
is also present as a ceine~itingphase, most commonly 
Sound filling burrows, and associated with detrital coal 
particles. The origin of black stains occurring within I In.' 
matrix ofconglomerates is uncertain, but is composctl ol 
organic matter of unknown composition. 

The research reported in this section provides 
important documentation and useful first interpretat ions 
of depositional environmeiits recorded in the C R P 3  
core. Futiirc work will undoubtedly reveal furtherdetiiils 
of the geological history of  the Cape Roberts area. 

DESCRIPTION OF SEQUENCE 

The sedimentary sequence recovered in CRP-3 is 
shown graphically in figure 3.1. The Palaeogene portion 
of that sequence has been divided into 15 major 
lithostratigraphical units; many of those major units 
subsequently were divided into submits,  and all 
subdivisions have been numbered as lithostratigraphical 
subunits (LSU). Below a sharp erosional contact at 
823.1 1 mbsf, the remainder of the cored sequence has 
been subdivided into three lithostratigraphical units. 
One of those units (LSU 17.1) is an igneous intrusion of 
intermediate composition, which is heavily altered and 
of unknown age; LSU 17.1 is overlain and underlain by 
lithostratigraphical units composed of Devonian 
sandstones (LSU 16.1 and LSU 18.1). 

Lithostratigraphical subdivisions of the core were 
established in "real time" as the core was described at the 
Cape Roberts camp. As a result, the lithostratigraphical 
importance of a particular boundary (that is, whether the 
boundary separated subunits  within a s ingle  
lithostratigraphical unit or separate lithostratigraphical 
units) was assigned on the basis of lithological 
distributions seen within approximately the first 10  111 
underlying that boundary. For this reason, the hierarchy 
of lithostratigraphical units and subunits presented here 
provides an initial framework for describing the 
stratigraphical section in this report. 

Each lithostratigraphical subdivision is described 
here. Preliminary interpretations of these rocks are given 
in the  Facies Analysis sec t ion,  where the  
lithostratigraphical subdivisions, the sedimentary fades, 
and their interpreted depositional environments are 
discussed in detail. Diagenetic features in the core are 
listed here in a general form; for example, the term 
'pyrite cement" is used to denote a variety of occurrences 
of diageneticpyrite, including disseminatedpyrite. pyrite 
micronodules, and true pyrite cement. The diagenetic 
features and their origin are discussed in more detail in 
the Diagenesis section. 
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00 t m l  Report o n  CRP-3 

l 1 1 HOSTRATIGRAPHICAL SUB-UNIT 1 1 ( 2  80 ih  72 mhsl) 

( I AST-POOR DIAMICTITE TO MUDDY SANDS I O N 1  

LSU 1 . l  is composed of massive, clast-poor sandy 
diainictite. which grades locally to clast-poor muddy 
iliiimictiteandn~uddy sandstone with dispersed clasts. All 
lilhologies arc dark grey (5Y 4/11 in colour. Clasts in LSU 
l .  l range from angular to subrounded in shape, and 
average granule to small pebble in size. The clasts arc 
predominantly grey, fine- to medium--grained volcanic 
imd intrusive lithologies. but a few are dark grey. fine- 
grained, pyrite-cemented sandstones and siltstones, up to 
5 cm in diameter, LSU 1 . 1  is sparsely fossiliferous. with 
macl-ofossils occurring at two levels. Colour monling. 
interpreted as resulting from bioturbation, is only present 
at 8.37 to 8.49 mbsf. A lens of sandstone at 12.12 to 
2 . 2 2  mbsf records soft-sediment deformation, and a 
carbonate-cemented sedimentary dyke is present at 
10.42 to 10.53 mbsf. The lower contact of LSU 1 . 1  is 
sharp. 

LITHOSTRATIGRAPHICAL SUB-UNIT 1.2 (1 6.72 
52.00 mbsf). MUDDY SANDSTONE 

LSU 1.2 is composed of dark-grey (5Y 411) muddy 
sandstone and muddy fine-grained sandstone. both with 
dispersed clasts, and sparse laminations of siltstone and 
niiiclstone. The sandstones primarily are massive to 
weakly laminated at a cm-scale; at 27.70-30.80 mbsf, 
some of the laminae exhibit dips as steep as 3 0 ~ .  Clasts 
generally are more abundant in the lower half of this unit 
than in the upper half, and includedolerites and granitoids. 
Below 26.03 mbsf. carbonate-cemented intraforn~ational 
clasts are present in low abundance. Macrofossils are 
present throughout LSU 1.2, with relatively high 
concentrations at 38.40-39.40 nibsf, 41.00-44.00 mbsf. 
and 49.22-5 1.28 mbsf, and include serpulid tubes and 
molluscs. Simple tubular burrows occur at 50.18 and 
50.46 mbsf. Fracturing is common, withintense fracturing 
and brecciation in zones up to 1 m thick. A calcite vein 
is present at 17.89- 17.9 1 mbsf, and carbonate-cemented 
zones up to 25 cm thick occur sparsely throughout LSU 
1.2. The lower contact of LSU 1.2 is gsadational. 

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

LSU 1.3 is composed of dark-grey (5Y 4/1)  sandy 
mudstone. locally with dispersed clasts. The sandy 
mudstone is massive to weakly stratified (cm-scale). but 
becomes better-stratified downcore. Most of LSU 1.3 is 
bioturbated, and fossils are present above 65.22 mbsf. 
Macrofossils are concentrated at 61.08-61.35 mbsf 
(serpulid tubes and bivalves). Fractures are present 
throughout LSU 1.3, with some open and some filled 
with carbonate andfor pyrite. Scattered zones up to 

30 cm thick arebrecciated. A sedimentary dyke at 5 2.0.' 
52.76 mbsfcontains acomplex carbonate till. incliidinp, 
dogtooth sparry calcite. Carbonate and pyrite a r e  ; 1 I . ~ 1  

present as sparse patches o f  cement. Thin becls/laiiii~~;ic 
of medium-grained sandstone occur at 64.39-64.4 1 nihsl' 
(contains load casts and flame structures). 66.95-67. l l 
mbsf and 69.96-70.02 mbsf ( 1 ~ 1 t h  have a sharp base and 
contain rounded intrafoniiational clasts). LSU 1.3 h;is i i  
very graclational lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 1 4 (70 40 - 
83 10 mbsf). VERY FINE-GRAINLD SANDSTONE A N D  

MUDSTONE 

LSU 1.4comprisesi11terla111i11ated-to-tl1inly becklcti. 
very fine-grained sandstone and mudstone, wit h 
proportions of the two lithologies varying through (Ins 
interval. Discrete sandstone beds up to 22 cm thick iirc 
present at 74.10-74.28, 76.20-76.24, 79.21-79.43, and 
81.93-81.98 mbsf; some of these beds contain ripple 
cross-lamination and parallel lamination. Parallel- 
laminated intervals have dips less than 5 ~ .  Other beds 
within LSU 1.4 lack primary structures, but contciin 21 

combination of sand, mud, and granules that apparently 
was mixed during deposition. Most beds show evidence 
of extensive soft-sediment deformation; bed bases arc 
loaded, bed tops have flame structures, and beds 
commonly are deformed internally. No bioturbation is 
evident, but macrofossils are present at 75.53 and 
76.03 mbsf. LSU 1.4 contains few fractures, but two 
microfaults are present below 79.50 nibsf. The lower 
contact of LSU 1.4 is sharp. 

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

LSU 2.1 is composed of clast-poor to locally clast- 
rich sandy diainictite, which gsades locally to muddy 
medium-grained sandstone with dispersed clasts. These 
sediments are dark grey (5Y 411) in colour, and range 
from unstratified to locally vaguely stratified (defined 
by slight colour variations). Clasts appear randomly 
oriented in LSU 2.1. Clasts are up to 20 mm in size, and 
are predominantly subrounded to rounded dolerite and 
basalt. Minor clast lithologies include quartz, quartzose 
sandstone, and granitoid. and one clast at 88.16-88.21 
mbsf is a transported, angular, sei-pulid-bearing, carbonate 
nodule. A small fragment of detrital coal is present at 
93.61 mbsf. Accessory lithologies include a sharp- 
bounded, internally soft-sediment deformed, coarsening- 
upward bed at 87.16-87.75 mbsf (from sandy mudstone 
to fine-grained sandstone), and a sharp-bounded. 
unstratified sandy mudstone at 90.47-90.56 mbsf. Shell 
fragments, open fractures, andzones of carbonatecement 
are all present, but sparse, in LSU 2.1. The base of this 
unit is sharp, planar, and inclined. 



1.1 I I IOSI1<ATIGRAPlIICAl~ SUB-UNIT 2 2 (95 48 - 
120 2 0  mbsl). MUDDY HNE-GRAIN1.D SANDS 1 0 N 1 -  

I .S U 2.2 is composed of fine-grained muddy 
sandstone with dispersed dasts. grading locally to clast- 
poor siindy diamictite. The dominant colour in this unit 
is (liirk grey (5Y 411), with crude cm- to elm-scale 
stsiitil'ication outlined by slight colour variations in some 
i~~I~ i ' \ ! i i l~ .  Clasts are dominated by dolerites and dioritcs, 
will1 9-anule-sized coal fragments at 98.24-99.97 mbsf. 
Vnriousforms of soft-sediment deformation arecommon 
to pervasive in LSU 2.2. including deformed bedding, 
loiul casts. and load balls. Deformation is particularly 
obvious at 100.73- 102.02 mbsf. where mudstone and 
muddy fine-grained sandstone occur as distinct bodies 
sepai.citec1 by irregular, near-vertical boundaries. 
Sedimentary dykes are common above 98.20 mbsf and 
at 109.32-1 10.27 mbsf; dyke fills include claystone. 
sandstone, and pyrite-cemented sandstone. Shells ancl 
shell fragments are concentrated at 97.07-99.61 mbsf 
and below 119.00 mbsf. Carbonate-cemented patches 
and carbonate-filled veins are common, especially below 
100.73 mbsf. The base of LSU 2.2 is gradational. 

LITHOSTRATIGRAPHICAL SUB-UNIT 3.1 (120.20 - 
144.67 nibsf). SANDY MUDSTONE 

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

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

LSU 4 .1  contains pebble  to  cobble  sandy 
conglomerate, greenish-black (5BG 2.511) sandstone 
with abundant clasts. and sandstone. Conglomerates and 
sandstones with abundant clasts are interbedded above 
152.84 mbsf. whereas fine-grained to medium-grained 
sandstones are interbedded with minor amounts of dark 
grey mudstone and pebble to cobble conglomerate below 
U 

152.84 mbsf. 
The conglomerates and sandstones with abundant 

clasts are moderately to poorly sorted, and contain both 

111;:ular am1 roundcil rlasts. A l'cw of the clasts arc very 
well 1.oiiiidet.1. ('last ahiintiance rtiiiges fsoni 10% to 8056, 
;iinl dasts range in six up to 150 mm. ('lasts are 
p ~ ~ e d o i ~ ~ i ~ ~ i i n ~ l y  dolcrilc ;ind oilier intrusivcs, with lesser 
proportions o f  quart/,, granitoids. and oilier litliologies. 
' h e  matrix is poorly sorted, medium-grained sandstone. 
with a black coatingor cement around the framework 
grains. 11111-scale stratiSication is developed locally by 
griiin-six changes: cross-stratification may be present 
in a sandier Lone at 148.50-149.00 mbsS. The m;itrix i s  
locally carbonate-cemented. and carbonate-filled hairline 
fractures arc also present. 

Below 152.14 nibsf, LSU 4.1 is do1iiin;itcd by well- 
sorted, well-stratified, fine-graincd to medium-grained 
sandstoncs; parallel lamination, ripplecross-lamination, 
and cross-stratification arc prescnf. Some of these 
sandstones exhibit soft-sediment deformation and loading 
structures, as do dark-grey siltstones (less than 10 cm 
thick) interbecldecl with the sandstones at 155.16- 156.36 
mbsf. Theinterval below 152.84 mbsf is locally fractured 
and contains small faults. some of which are mineralised 
with carbonate. The sandstones (here with abundant 
clasts) and m~~clstones are interbedded with pebble to 
cobble conglomerates at 156.36-1 57.22 mbsf. The base 
of LSU 4.1 is sharp and planar. 

LITHOSTRATIGRAPHICAL SUB-UNIT 5.1 ( 157.22 
169.47 mbsf). SANDY MUDSTONE 

LSU 5.1 comprises dark-grey (N41) sandy mudstonc 
with dispersed clasts, which is bioturbated througllo~~t. 
Muddy medium-grained sandstone with dispersed clasts 
forms a sharp-based bed at 159.00- 159.47 mbsf. Below 
159.95 mbsf, the sandy mudstone with dispersed clasts 
is diffusely interbedded with muddy. very fine-grained 
sandstone with dispersed clasts, accompanied by soft- 
sediment deformation features. Shells and shell fragments 
are present throughout LSU 5.1, but are common to 
abundant below 165.60 mbsf. A pebble appears to 
puncture underlying laminae at 164.34 mbsf; angular 
clasts occur below this level, and a faceted clast is 
present at 167.42 mbsf. The entire unit contains carbonate- 
filled fractures and open fractures. The base of LSU 5.1 
is sharp and planar. 

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

LSU 5.2 consists predominantly of muddy fine- 
grained sandstone with dispersed clasts. but grades 
locally to sandy diamictite and conglomerate. The 
sandstone is dark grey and contains only rare vague 
lamination above 173.00 mbsf, but becomes well- 
stratified on a cm-scale below that level. Soft-sediment 
deformation, patchy carbonate cement, and possible 
sedimentary dykes also become more common below 
173.00 mbsf. Shell fragments are present. but not coninion 



Initial Rcpoit o n  ('RI'-I 

in  the sandstone. The diamictites range from clast-poor 
to clast-rich sandy diamictites: the conglo~iieratcs arc 
muddy and sandy pebble conglomerates. Large clasts 
arc dominated by dolerites. but smaller clasts include 
dolerites. granitoids (including the youngest occurrence 
o f  large pinklorangc granitoids), and quartz. Clasts 
exhibit a range of  shapes. including a relatively high 
abundance of angular and very angular clasts. The base 
of LSU 5.2 is sharp and inclined. 

I.ITHOSTRATIGRAP1-IICAL SUB-UNIT 5 3 ( 1  76 42 - 
184.45 i-nbsfY FINE-GRAINED TO COARSE-GRAINED 
SANDSTONE AND PEBBLE TO COBBLE 
CONGLOMERATE 

Fine-grained to coarse-grained sandstones are the 
primary lithology of LSU 5.3, locally containingdispersed 
clasts. Clast concentration increases withinsome intervals 
of LSU 5.3. either within beds or because of mixing by 
soft-sediment deformation, to produce lesser amounts of 
pebbly sandstone and pebble to cobble conglomerate. 
Clasts are dominated by dolerite, with lesser amounts of 
other intrusives, granitoids, and orthoquartzites. The 
sandstones generally are moderately to well-sorted, mud- 
free. andshow parallel lamination andcross-stratification. 
The bases of some sandstone beds exhibit loadcasts. Soft- 
sediment deformation is pervasive in the sandstones, and 
small faults arepresent above 179.501nbsf. Shell fragments 
occur above 177.40 mbsf. Mudstones form recognizable 
bodies within intervals that have been extensively soft- 
sediment deformed (177.54- 178.95 mbsf), and also form 
discrete interbeds within sandstone-dominated intervals 
f 178.95-1 81.85 mbsf). Below 181.45 mbsf, well-sorted, 
well-stratified sandstone and pebbly sandstone grade 
downcore to vaguely stratified pebble conglo~nerate; a 
large pebble protrudes from the top of this bed. Patchy 
carbonate cement is common in LSU 5.3; the base of this 
unit is sharp and planar. 

LITHOSTRATIGRAPHICAL SUB-UNIT 6.1 (1 84.45 - 
202.18 mbsf). SANDY MUDSTONE AND MUDDY 
FINE-GRAINED SANDSTONE 

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

and 1'97.07- lOX.OS mbsf is weakly biolu~~haled. Tin- 
base ol' LSU A. I is sharp and planar. 

LI'I I IOS'~l?A'I'IGl<AI'HICAL SUB-UNIT 7 1 (202 1 <S 

21 l 40 mbsf). FINU-GRAINED SANDSTONI; AND 
MhPIUM-GRAINED SANDSTONE 

-. 
r'liic-grained and medium-grained sandstones are 

thcdominani lithologies in LSU 7.1, with lesseramounts 
of pebble lo cobble conglomerate. Mud generally is 
lacking from all of these lithologies. Primary stratific;i~ioii 
is well-developed in much of this unit, and includes 
parallel lamination, ripple cross-lamination, and cross 
bedding. Primary stratification is disrupted to varying 
degrees by soft-sediment deformation (i~icl~~clingpossible 
dish structures at 202.95-203.40 mbsf), by fracturing 
and small-scale faults, and possibly by low-angle shear 
zones at 204.57-205.47 nibsf (which may offset a l:lrgc 
dolerite clast). Coal fragments are common in this i i n i l .  

both in dispersed form and concentrated into discre~e 
laminae. Two thin conglomerates (27 cm and 53 cm 
thick) are present in LSU 7.1; these range from granule 
through cobbleconglon~erate, but only the thinner bcd is 
graded. The conglomerates are poorly sorted, raiigc 
from clast-supported to matrix-supported, and have a 
matrix of medium-grained sandstone, whose grains hear 
a black surface stain or ce~nent. Clasts are angular to 
well-rounded, up to 1 1 cm in diameter, and composed of 
dolerite (predominant), other intrusives and sedimen tary 
rocks (including quartzarenites), and rare granitoids and 
quartz. Carbonate cement and carbonate-filled veins iirc 
present to abundant in some sections of this unit. The 
base of LSU 7.1 is gradational. 

LITHOSTRATIGRAPHICAL SUB-UNIT 7.2 (21 1.40 - 
264.33 mbsf). INTERBEDDED SANDY MUDSTONE, 
STRATIFIED SANDSTONES. AND CONGLOMERATI: 

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



('1;ists i n  LSU 7.2 arc pi~ecloiiiii~iiiiily doli~rilc, with 
csser abundances of oilier in~nisives, ( H I ; I I . ~ Z  and 
gr:initoids, and sedimenkiry litliologics. Ii~rcgtilarly- 
shaped weathered clasts :ire present at 2 12.08- 
212.32 ml'isf. Coal fragments are present to abundant i n  
sprcific intervals within this iinit,generally in  thecoarse- 
siiiid to granule-size fractions. Fossils ;ire scarce. and 
only occur above 226.00 mhsl'. Most ol'this unit has a 
cliirk-grey colour, due to the presence of a cement or a 
dark surface stain on the sand grains. Carbonate cement 
istlisiributed irregularly through this unit: pyritecement. 
nodular carbonate cement, and secondary porosity are 
present locally. Sedimentary dykes, open and healed 
fractures, and small faults are also present to abundant in 
some intervals; one example is a single fracture at 
21 7.47-220.47 mbsf, which changes froin open to 
mineralised with carbonate along its length. The interval 
from 256.98 to 263.02 msbl is composed of heavily 
brecciated mudstone and saiulstone, with extensive 
mineralised fractures: this may be a zone of faulting. 

The base of LSU 7.2 is sharp and irregular. 

LITI-IOSTRATIGRAPHICAL SUB-UNIT 7.3 (264.33 - 
270.5 1 mbsf). SANDY MUDSTONE 

LSU7.3 comprises medium-grey to dark-grey sandy 
mudstone with dispersed clasts, which is locally 
carbonate-cemented and contains carbonate-filled 
fractures. At least two generations of fractures are present, 
as indicated where one fracture offsets another fracture. 
Disseminated pyrite is present. The dark colour of LSU 
7.3 is caused by the presence of a black surface stain or 
cement on the sand grains. No primary structures can be 
seen, due to the extent of cementation and fracturing. 
Shells and shell fragments are present, most notably an 
articulated bivalve at 266.13 mbsf. LSU 7.3 has a 
gradational lower contact. 

LITHOSTRATIGRAPHICAL SUB-UNIT 7.4 (270.5 1 - 
293.43 mbsf). WELL-STRATIFIED MEDIUM-GRAINED 
SANDSTONE 

The primary lithology in LSU 7.4 is well-stratified, 
medium-grained sandstone with dispersed clasts, which 
is interbedded with lesser amounts of sandy mudstone, 
sandstone with abundant clasts, and pebble to cobble 
conglomerate. The sandstones are predominantly 
medium-gained, but range from very fine- to medium- 
grained; they are generally well-sorted and well-stratified, 
with parallel lamination, ripple cross-lamination, and 
cross-bedding. Soft-sediment deformation features are 
present locally, but becomemore abundant below 288,00 
mbsf. The sandy mudstone is medium grey and exhibits 
vague stratification in some intervals. The conglomerates 
range from granule- to cobble-conglomerates; pebble 
conglomerates are most common. The conglomerates 
are moderately to poorly sorted, contain angular to well- 
rounded clasts, have clast contents from 10% to 80%, 

;ind p~i~cr;illy show wc:il< to DO ,str;i!iSictitioii. 
asts 111 1,SU 74 we predominantly dolerite, will) n Â ¥  

lesser ;il'iundiinci:s of oilier iiitriisives. quart/, ii11cI 
panitoicls. and sccliniciitiiry lithologies. A dolcritc clast 
with a weatlierinp~ind is present at 284.20-284.24 n-ibsf.. 
and pebbles with rims of pyrite cement occur at 287.13- 
287.85 mbst. Coal I'rapiients arc present to abundant in 
specific intervals within this u n i t ,  generally in the coarse 
sand- to granule-si~e fractions. A deformed mass of 
Sine- to medium-griiincd sandstone at 276.48-  
276.88 nibsl' may be a sedimentary dyke. Patchy 
carbonate cement is widespread throughout LSU 7.4. 
Oneshell is present, at 278.02 mbsl'. The interval 293.10- 
293.43 mbsS is an incoherent mix of basement clasts, 
sand. and carbonate cement, whose original lithology is 
unknown: this is interpreted as a strongly sheared and 
carbonate-cemented fault breccia. The base of LSU 7.4 
is sharp. 

LITHOSTRATIGRAPI IICAL SUB-UNIT 7.5 (293.43 - 
306.26 mbsf). PEBBLE TO COBBLE CONGLOMERATE 

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

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

The upper one-third of LSU 8.1 is predominantly 
muddy fine-grained sandstone with dispersed clasts, 
with a few thin interbeds (less than 10 cm thick) of 
medium-grained to pebbly medium-grained sandstone. 
The dominant lithology in the remainder of LSU 8.1 is 
sandy mudstone with dispersed clasts; one medium- 
grained sandstone and one muddy medium-grained 
sandstone are present (47 and 137 cm thick, respectively). 
The muddy medium-grained sandstone is an interbed 
that contains dispersed clasts and grades locally to both 
clast-poor and clast-rich sandy diamictite. The origin of 
the carbonate-cemented medium-grained sandstone is 
uncertain, as it may be either an in situ interbed or a large 



sedimentary clast. Most of LSU 8.1 is biotiirha~ed and 
weakly stratified; soft-sediment deformation is common 
i n  the sandstones. Large clasts occur only above 308.64 
mbsf, and some have possible weathering rinds. Shells 
;ind shell fragments are present t o  common throughout 
, S U  8.1. Patchy carbonate cement is distributed 
throughout this unit, but is more abundant above 3 12.30 
mhsf; pyrite cement is present. especially below 322.50 
mbsf. The base of LSU 8.1 is gradational. 

1 I rHOSTRATIGRAPHICAL SUB-UNIT 9 I ('324 88 - 
&06 00 mbsf). WELL-STRATIFIED SANDSTONE AND 
SANDY MUDSTONE 

LSU 9.1 is composed of well-stratified sandstone, 
sandy mudstone, and muddy sandstone, all with dispersed 
clasts, interbedded at thicknesses ranging from less than 
50 cm to greater than 4 m. Conglomerates also are present, 
hiit are approximately half as abundant as the well- 
stratified sandstones. The well-stratified sandstones range 
from fine-grained to medium-grained, and generally 
exhibit parallel lamination, ripple cross-lamination, and 
some cross-bedding; a few intervals, however, are only 
vaguely stratified. The well-stratified sandstones also 
form the thickest beds within LSU 9.1, which are generally 
sharp-based and are preferentially carbonate-cemented in 
the upper half of this unit. Conglomerates are the second 
most common lithology in LSU 9.1, being present as 
pebble to cobble conglomerate beds up to 1.5 m thick. 
These conglomerates range from matrix-supported to 
clast-supported, with angular to well-rounded clasts up to 
80 mmin diameter. Dolerites are the most abundant clasts, 
with lesser amounts of other intrusives, granitoids, quartz, 
and sedimentary rocks. The conglomerates are poorly 
sorted, but have a bimodal distribution of clast sizes, 
together with a matrix of poorly sorted coarse to very 
coarse sandstone. The sandy mudstones are generally 
medium grey in colour, bioturbated, with some weak 
stratification, and soft-sediment deformed in some 
intervals. Shell fragments are present at 358.95-359.3 1 
mbsf. Patchy carbonate cement, pyritecement, andnodular 
carbonate cement occur irregularly above 387.30 inbsf; 
below that level, all three cement types are common. The 
base of LSU 9.1 is sham and planar. 

LITHOSTRATIGRAPHICAL SUB-UNIT 10.1 (406.00 - 
41 3.56 mbsf). MUDSTONE 

The dominant lithology in LSU 10.1 is medium-grey 
to dark-grey mudstone. which is internally unstratified 
but contains very low abundances of dispersed clasts. 
Above408.42 mbsf and below 41 1.34 mbsf, the mudstone 
is interstratified with sharp-bounded sandstones of 
various grades (fine-grained sandstone and granule-to- 
pebbly medium- to coarse-grained sandstone). The 
sandstone beds range from less than 1 cm to 30 cm in 
thickness. are unstratified or parallel-stratified, and 
occasionally a re  overprinted by soft-sediment 

deformation. Thc sii~i(lstoiies iisc preferentially cemeiiird 
with pyrite cind c;irhonatc. The base of LSU 1 0 .  1 i \  
gradational. 

LlTI1OSl~I~A'~lGl<APf llCAl. SlJl5-UNIT 1 1 1 (413 5 0  
444 44 mbsl). SANDS I ONh AND CONGLOMERATIS 

LSU 1 1 .  1 comprises sandstone and cong1omei';ile. 
with sandstones approximately twice as abundant :is 
conglomerates. Thickerconglomerates are concenti~tited 
in the upper 3 m and lower 4 in ofthis unit. whereas t h i n  
conglomeratic horizons are scattered through the interior 
of LSU 1 1.1. The sandstones are generally "clean" ( i .e .  
they do not contain mud). moderately to well-sorted, 
fine- to coarse-grained, and stratified, with pamlld 
stratification and some suggestions of possible cross- 
bedding. At 416.99-425.60 and 439.60-440.64 nibsl'. 
gravel is common to abundant within the sandstone. 
both dispersed and concentrated in laminae. At 434.75- 
438.30 mbsf. unstratified fine-grained sandstone is 
interbedded with intervals of stratified fine-grained 
sandstone and rhythmic fine- to medi~im-grai ned 
sandstone laminae. The coarser-grained intervals 1-angc 
from pebbly medium- to coarse-grained sandstone [o 

pebbleconglomerate, with angularto well-roundedclasts. 
mainly of dolerite. Patchy carbonate cement and pyrite 
cement aredistributed widely throughLSU 11.1;nodular 
carbonate cement is present, but rare. A shell fragment 
is present at 422.75 mbsf. The base of LSU 1 1.1 is sharp. 

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

LSU 12.1 consists almost exclusively of "clean'". 
well-sorted, grey (10Y 611) quartzose sandstone. The 
sandstone is medium- to fine-grained, generally with 
rare dispersed gravel, and shows local vague cross- 
bedding and parallel stratification above 450.67 mbsf 
and below 455.60 mbsf. Coal fragments are concentrated 
into numerous laminae within the sandstone at 456.14- 
456.41 mbsf. Two thin beds of s~nallpebbleconglomerate 
are present below 458 mbsf; these conglomerates are 
clast- to matrix-supported. moderately sorted, with 
angular to subrounded clasts less than 22 mm in diameter, 
mainly of dolerite, and with a matrix of fine- to coarse- 
grained sandstone. Patchy carbonate cement is common 
throughout LSU 12.1; nodular carbonate cement and 
pyrite cement are distributed sparsely in this unit. Steeply 
dipping carbonate-filled fractures are present below 
452.70 mbsf. The base of LSU 12.1 is sharp. 

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

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



s;inilstonescontain some parallel stratification. and some 
arc soft-sediment deformed. A few beds grade upward 
from fine-grained sandstone to sandy mudstonc. Coal 
I'raj:ments are common, especially in the upper 2 111 of' 
1,SH 12.2. Patchy carbonate cement is common. The 
biisc o f  LSU 12.2 is sharp and planar. 

L,I I l IOSTRATIGRAPIUCAL SUB-UNIT 12 3 (462 91 - 

570 11 mbsl). LIGHT-COLOURED QUARTZOSk 
SANDSTONE 

I .SU 12.3 is dominated by "clean", well-sorted, light- 
coloured, fine- to medium-grained, quartzose sandstones, 
mosi ofwhich exhibit vague parallel stratification. Cross- 
bedding may be present in afew intervals, and low-angle 
divergent laminations at 5 17-5 19 mbsf may be suggestive 
of  possible hummocky cross-stratification. Coal 
frapiients are common in the sandstones, both dispersed 
and concentrated into laminae; coal laminae are abundant 
at 52 1 .60-522.80 mbsf. Soft-sediment deformation is 
present. but rare. Pyrite and patchy carbonate cements 
are distributed widely in this unit. Shells and shell 
fsiiginents are present at  466.79-466.82 mbsf.  
Conglomeratic intervals are relatively thin (ranging from 
less than l 0  cm to greater than 120 cm thick), and consist 
of pebble to cobble conglomerate, matrix- to clast- 
supported, with angular to well-rounded clasts up to 180 
mm in diameter. The clasts are mainly dolerite, and the 
matrix is fine- to coarse-grained sandstone. The base of 
LSU 12.3 is sharp. and is placed at the base of a 49-cm- 
thick dolerite boulder. A portion of the boulder may have 
been removed by a fault, and carbonate- and pyrite-filled 
fractures pass through the clast. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.4 (539.3 1 - 
558.87 mbsf). DARK-COLOURED SANDSTONE AND 
CONGLOMERATE 

The dominant lithology in LSU 12.4 is dark greenish- 
g e y  (5GY 2.511) sandstone; pebbly sandstones and pebble 
conglomerates are minor lithologies. The dark greenish- 
grey sandstone is quartzose and mainly fine-grained, but 
a coating on the grains imparts the dark colour to this unit. 
The nature of this coating is unknown at present, but it 
may be due to the presence of chlorites. These sandstones 
locally are parallel stratified above 555.67 mbsf. but 
exhibit well-developed parallel laminations and cross- 
bedding below that level. Low-angle divergent laminations 
below 558 mbsf may be suggestive of possible huniniocky 
cross-stratification. The sandstones contain dispersed 
clasts, with carbonate cement surrounding some clasts. 
Both open and carbonate-filled hairline fractures are 
present. Pebbly sandstone to pebble conglomerate occurs 
as several beds less than 50 cm thick. The conglomerates 
are poorly sorted, matrix- to clast-suppoited, with amatrix 
of fine-grained sandstone, and contain angular to well- 
rounded clasts that are mostly dolerite. The base of LSU 
12.4 is ~radatinnal . 

1'hc dominaiit lithology in LSLJ 12.5 is "clean", well- 
sorted. qiitirt~osc. light-coloured, medium-grained 
sandstone with rare scattered gravel. The sandstone is 
wcll-.slratificd only in  the upper 2 in of I,SU 12.5: i t  i.s 
uncemcntecl to poorly cemented i n  some intervals 
(especially near intervals lost ckiring coring). but becomes 
1i;ii'der clowncore due to more extensive carbonate 
cementation. Pebbly sandstones and a pebble to cobble 
conglomerate form minor lithologies. The conglomerate. 
at 56 1.37-562.54 mbsf. is poorly to moderately sorted, 
mostly clast-s~ipported, with a matrix of poorly sorted 
medium-grained sandstone. Clasts arc angular to well- 
rounded, less than 90 mm in diameter. and mainly 
composed of dolerite, with lesser amounts of granitoids, 
metamorphics, sedimentary lithologies, quartz. and 
basalt. The base of LSU 12.5 is gradational. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.6 (576.28 - 
605 90 mbsf). DARK-COLOURED SANDSTONE AND 
CONGLOMERATE 

The dominant lithology in LSU 12.6 is poorly sorted, 
muddy, green-grey (10Y 311), medium- to fine-grained 
sandstone, with rare dispersed clasts. These sandstones 
show local parallel and inclined stratification, and have 
a mottled appearance that may be due to bioturbation. 
Nodular carbonate cement and narrow carbonate-filled 
fractures are abundant in this sandstone. Coal frab "merits 
are common at 588.00-592.00 inbsf, and are concentrated 
intolaminae at59 1.80-591.90mbsf. Above580.62 inbsf. 
LSU 12.6 comprises interbedded quartzose, well-sorted, 
fine- to inedium-grained sandstone and pebble to cobble 
conglomerate.  Pebbly sandstone and pebble  
conglomerate also form the basal 92 cm of this unit. The 
base of LSU 12.6 is sharp and planar. 

LITHOSTRATIGRAPHICAL SUB-UNIT 12.7 (605.90 
61 1.03 mbsf). LIGHT-COLOURED QUARTZOSE 
SANDSTONE 

LSU 12.7 is dominated by "clean", grey (2.5Y 611), 
moderately sorted, quartzose, fine-grained sandstone, 
which is carbonate-cemented and contains low 
abundances of dispersed small coal particles. A pebble 
to cobble conglomerate, at 607.77-607.99 mbsf, is the 
only minor lifhology in LSU 12.7. This conglomerate is 
poorly to n~oderately sorted, mainly clast-supported, 
and has a matrix of carbonate-cemented. poorly sorted 
fine- to coarse-grained sandstone. Clasts are angular to 
well-rounded, less than 87 mm in diameter, and composed 
mostly of dolerite. A wood fragment is present at 
606.10 mbsf. The base of LSU 12.7 is gradational. 



l l rHOSTRATIGRAPHICAL SUB-UNIT 13 1 (61 I 01 - 
707 70 mbsf). GREENIGREY QUARTZOSE 
SANDSTONE AND MINOR CONGLOMERATE 

The most abundant lithology in LSU 13.1 is dark 
greenish grey (5Y 2.511) quartzose, muddy fine-grained 
siindstone. This lithology forms more than 50% of this 
unit; the remainder is divided subequally between "clean" 
sandstones, matrix-supported conglomerates, and clast- 
supported conglomerates. The slightly muddy sandstones 
range from vaguely stratified to well-stratified, with 
pilrallel lamination and parallel rhythmic lamination; in 
some cases the laminae are defined by concentrations of 
r a v e l  or coal fragments. Well-defined lamination is 
common in n~uddy sandstone beds at 635.00-644.38, 
659.60-661.30,663.70-664.40. and 695.30-700.28 mbsf. 
Local convex-up laminations at 743.72-752.43 mbsf 
(e.g. 748.62 mbsf) and low-angle divergent laminations 
at 704-705 and 764-765 mbsf may be suggestive of 
possible hummocky cross-stratification. Ripple cross- 
lamination, cross-bedding, and soft-sediment 
deforn~ation are present locally within the muddy fine- 
grained sandstones. 

The "clean" sandstones, which are most abundant 
above 635.52mbsf, aregreenishgrey (5Y 512), quartzose, 
and fine-grained, with rare dispersed gravel and rare 
vague stratification. Nodular carbonate cement is 
common, and pyrite cement is rare in the "clean" 
sandstones. The conglomerates occur as beds that 
generally are less than 1 m thick, separated by 1-3 metres 
U 

of sandstone. The conglomerates are pebble to cobble 
conglomerates, poorly sorted, matrix- to clast-supported, 
and with a matrix of poorly sorted fine- to coarse- 
grained sandstone. Clasts are angular to rounded, and 
dominated by dolerite, but with other lithologies present. 
Many of the conglomerates have gradational boundaries, 
al though sharp-based conglomerates do occur 
occasionally. 

An induratedmudstone clast with striations is present 
at 738.40-738.42 mbsf. Theinterval 752.43-753.40 mbsf 
has a mottled appearance, probably due to bioturbation. 
Patchy carbonate cementation is extensive in LSU 13.1, 
with lesser occurrences of pyrite and nodular carbonate 
cementation. The base of LSU 13.1 is gradational. 

LITHOSTRATIGRAPHICAL SUB-UNIT 13.2 (767.70 - 
789.77 mbsf). GREENIGREY QUARTZOSE 
SANDSTONE AND PEBBLE CONGLOMERATE 

LSU 13.2 is dominated by pebble to cobble 
conglomerates and pebbly sandstones, with lesser 
amounts of greylgreen muddy sandstones. Many 
occurrences of the coarser-grained lithologies form 
fining-upward sequences,  f rom a sharp-based 
conglomerate at the base to apebbly sandstone at the top: 
a few are symmetrically graded or ungraded. Thicknesses 
of the fining-upward beds range from c. 40 cm to c. 1 m. 
The thickest conglomerate bed is almost 4.4 m thick, and 

appears 1 0  hc symmetrically graded (782.80-787.15 
mhsf).  'l'he conglomerates are pebble to cohblc 
conglomerates, matrix- to clast-supported, and with ;I 

matrix of poorly sorted. muddy, incdiiin'i-grtiiiic*tl 
sandstone. Clasts are angular to well-rounded, and 
predominantly composed of dolerite. The m i u k l ~ ~  
sandstones arc fine- to medium-grained. and show viigm- 
to well-defined parallel stratification. Some of tin.' 
sandstones are soft-sediment deformed. :111(l 
concentrations of coal particles define both priiniiry 
stratification and soft-sediment deformation feati~r(-s. 
Two indurated m~~dstone clasts, with striations, iirc 
present at 775.55 and 775.80 mbsf. A macrofossil is 
present at 78 1.34-78 1.36 mbsf. Patchy carbonatecemci~ 
is common in LSU 13.2, and dispersed pyrite cement is 
common in its lower half. The base of LSU 13.2 is sliiir1-i. 

LITHOSTRATIGRAPHICAL SUB-UNIT 14.1 (789.77 
805.60 mbsf). DOLERITE BRECCIA 

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

LITHOSTRATIGRAPHICAL SUB-UNIT 15.1 (805.60 - 
8 13.4 1 mbsf). LIGHT-COLOURED QUARTZOSE 
SANDSTONE WITH LARGE CLASTS 

LSU 15.1 is con~posed of quartzose, light-brown 
(10Y 411). medium-grained sandstone and pebbly 
sandstone, up to 50 cm thick, alternating with dolerite 
clasts up to 1.6 m long. The sandstones are stratified, 
predominantly with parallel laminations, and the 
pebbly sandstones contain clasts of quartzose 
sandstone and rare dark-grey mudrock. The dolerite 
clasts contain some slicken-lined surfaces. fractures. 
and carbonate veins. The base of LSU 15.1 is sharp. 
and is placed at the bottom of a 1.6-m-thick dolerite 
boulder. 



l .SlJ 15.2 is ti clark greylblue (5(;H 2.511 ) pebble to 
boulder conglomerate. very poorly sorted, iniiinly clcist- 
supported, and with a matrix ofwell-rounded, moderately 
sorted. quartzose. black-stiiined. coarse-sprained 
siiiulslone. Clasts in the congloineratc arc subang~ilar to 
well-rounded. and composed predominantly of'dolerite; 
however. qiiartzosc sandstone clasis are also present in  
low abundances. most notably a quartzose sandstone 
boulder at 817.64-8 18.30 nibsf'. Most of' the dolerite 
cliists are less than 150 mm in diameter. although the 
largest dolerite clast is 660 mm in  diameter. Clast 
abundances decrease in some intervals of LSU 15.2. 
prodiieing small-pebble congllo~iic~~ates with angular 
cla.sfs. Rims of carbonate cement o n  some clasts, 
carbonate-filled fractures. and carbonate-filled veins 
occur throughout LSU 15.2. Sand-filled sedimentary 
dykes show consistent steep clips. and cut dolerite clasts 
throi~spliout this unit. The base oI'LSU 15.2 is sharp and 
irrcg~ilar. 

L1 rHOSTRATIGRAPHICAL SUB-UNIT 15 3 (822 87 - 
823 I I mbsf). SANDSTONE CLAST BRECCIA 

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

LITHOSTRATIGRAPHICAL SUB-UNIT 16.1 (823.1 1 - 
901.48 mbsf). LIGHT REDIBROWN QUARTZOSE 
SANDSTONE 

LSU 16.1 is dominated by light redlbrown (5YR 61 
6) medium-grained, quartzarenite sandstone, with some 
coarse- to very coarse-grained sand present, both 
dispersed and concentrated in discrete laminae. In general, 
the sandstone is well-stratified, mostly with parallel 
lamination defined by colour and grain-size variations; 
however, cross-stratification is present locally, and some 
intervals between 855 and 890 n ~ b s f  show no 
stratification, perhaps because of a bioturbation overprint. 
Average dip of the stratification is approximately 15'. 
Open and carbonate-filled fractures are common, 
sometimes showing offsets across the fractures. LSU 
16.1 contains local zones of brecciation throughout its 
length. At 866.70-867.52 mbsf, the core exposes the 
wall of a broad vertical fracture, which juxtaposes 
unstratified but coherent medium-grained sandstone 
against the brecciated sandstone that fills the fracture. 

lk'low S05.50 mhsl', lili~e/grcy zonesaiid Ici~i~inaebecome 
more common. Fracture I'ills o l  sprcylpiirplc clay are  
present, iiiul (lie sandstone becomes more compact and 
liimlcr. The abundiiiice of ctirhonate-filled fractures 
increiises Ix'low SOS.00 mbsf, aiii.1 tlie sandstone becomes 
purple-coloured (51) 212) and strongly carbonate-veinecl 
below 000.40 mhsf'. A brecciated zone is present at  
901 .09-90 1 .30 mhsf. with light brown (7.5YR 4/4), 
angultir to very angular bodies of altered intrusive rock 
ill a fine-pxineij matrix of' the same colour. The base of 
l ,SU I ft. I is slitirp cind irrespiilar. 

An  alternative interpretation of the contact between 
.SU 16.1 and l ,SU 17.1, which has been proposed by 
petrologists working at CSEC but has not been followed 
i n  this report, places tlie base of the sandstone (LSU 
16.1) at 90 1 .00 mhsl'. In  this interpretation, thcbrecciatecl 
zone at 901.09-901.30 mbsf is thc top of the intrusion, 
and the sandstone at 90 1 .X-90 1.48 mbsf is a fragment 
that was entrained, but not completely assimilated, within 
the intrusion. 

LITHOSTRATIGRAPHICAL SUB-UNIT 17 1 (901.48 
91 9.95 mbsf), ALTERED DOLERITE(?) INTRUSION 

LSU 17.1 is heavily-altered intrusive or subvolcanic 
rock. which was classified as a dolerite during initial 
description of the core. Subsequent thin-section 
examination has highlighted the heavily-altered nature 
of this interval: however, the absence of quartz in altered 
glassy intervals suggests that the original glass was at  
least intermediate in composition (see Igneous Intrusion 
section). A light brown (7.5YR 414) breccia of the 
altered igneous rock extends from 901.48 to 902.10 
mbsf; the same rock is more coherent below 902.10 
mbsf, although restricted zones of brecciation extend to 
approximately 906 mbsf. Where less brecciated andlor 
altered, the intrusion is light blue-grey (5BG 5/1), 
becoming purple (5P 212) downcore. Zones and veins of 
cream- to brown-coloured alteration persist throughout 
LSU 17.1. Brecciated zones and the light brown colour 
become more common below approximately 918 mbsf. 
LSU 17.1 has a strongly brecciated, sharp and irregular 
base. 

LITHOSTRATIGRAPHICAL SUB-UNIT 18.1 (9 19.95 - 
939.42 mbsf). LIGHT RED/BROWhT QUARTZOSE 
SANDSTONE 

LSU 18.1 is dominated by light redhrown (5YR 61 
6) medium-grained, quartzarenite sandstone, with some 
coarse- to very coarse-grained sand present, both 
dispersed and concentrated in discrete laminae. In general. 
the sandstone is well-stratified, mostly with parallel 
lamination defined by colour and grain-size variations. 
Cross-stratification is present locally. and some intervals 
show no stratification, perhaps because of bioturbation 
or soft-sediment deformation overprints. Average dip of 
the stratification is approximately IS0. Open and 



carbonate-filled fractures are common. sometimes 
showing offsets across the fractures. Notable examples 
include a4-cm-wide, near-vertical I'ractiire. filled with a 
breccia of sandstone clasts and clay. at 027.00-928.54 
mhsf, and a 3-cm-wide fractiire. filled with sandstone 
breccia and clay, at 934.76-935.10 mlxf. LSII 1 S. 1 is 
brccciated locally. The sandstone is tough. hard. purple- 
stained and carbonate-veined above 920.25 mhsf. and 
similar characteristics become more common below 
935.10 mbsf. 

FACIES ANALYSIS 

The lithofacies scheme used for CRP-3 follows that 
for CRP212A (Cape Roberts Science Team, 1999) with 
theexceptionof twofacies (intraformatioiial clast breccia 
and volaniclastics) that occur in CRP-2 but not  in CRP- 
3. Although the same scheme is followed, modifications 

I'.acics I consists ol'massive. very finesandy mudsloin- 
and mudstone. The ~iiudstonc I'acics varies from silly 
cliiystone and clayey sillstone that locally gr:iilcs 
vertically to s;ui~lstone over lens of centimetres. '1 '11~ '  
niudstorie includes intervals that are laminated to thinly 
bedded. asshown bolh by colourcliii~igesand by inclusion 
of siltstone and very f'ine sandstone laminae (Fis. 3 . 2  a. 
11 &c). Beds above about 350 inbslare up to 10 to 15 in 
thick whereas below that depth. mudstone is rare :nu1 
thin. generally being lesh than 1 111 thick. Genenilly. 
bioturbation is weak hiit locally some intervals lark 
evidence of primary original stratification witlioiit 
necessarily being biotin-bated. Where stratified. this 
fades  shows soft-sediment deformation structures 

/-'{,L. 3.2 - a) Mudstone of 
Facies 1 at 55.61-58.04 
mbsf. shown here with 
laminae at inconsistent dips. 
dispersed clasts and patches 
of carbonate cement. 

F i g .  3.2 - b) Massive 
mudstone of Faeies 1 at 
139.62-141.05 mbsf with 
soft-sediment deformed 
sandstone and bioturbation 
in theupper core section and 
a concentration of macro- 
fossils (solitary scleractinian 
corals. serpulid tubes and a 
carditid bivalve) in thelower 
core section. 

Fie .  3.2 - c) Massive 
mudstone of Facies 1 at 
407.01-407.43 nibsf over- 
lain by matrix-supported 
conglomerate of Facies 10 
which loaded into the 
mudstone below while it was 
still soft. 



through discrete intervals, and locally that deformation 
is intense. Dispersed clasts occur within many intervals 
of this facies. and they vary from less than 1 %  to 
increasing quantities such that the mudstone locally 
grades into muddy diamictite. Mudstones are commonly 
interbedded with massive to normally graded. moderately 
sorted and ripple cross-laminated very fine- to medium- 
grained sandstone and massive, poorly sorted. muddy 
very fine-grained sandstone. Marine macrofossils and 
their fragments are commonly scattered through 
mudstone facies. 

F;;,'. 3.2 - c} Intei-laminated 
and iliinly interbeddetl 
inudstones and very fine- t o  
'inc-grained sandstones ol  
Facics 2 at 76 .42-  
78.88 mbsf. The  image  
shows rhylliinic inter-  
bedding. sharp-boundedanil 
some normally g raded  
s:indstonc beds. diffuse 
patches of carbonate 
cementation and dispersed 
clasts. one of which shows 
an impact structure from 
being dropped onto the sea 
floor. The m~iddy intervals 
are vaguely laminated in the 
styleofcyclopelsofFacies 8. 

Fig. 3.2 - f )  Interlami~iated 
and thinly interbedded very 
fine- to f ine-grained 
sandstone and mudstone of 
Facies 2 at 155,04-156.47 
mbsfshowing soft-sediment 
deformation in tlie form of 
injection, f lame and 
microfault structures. and 
local bioturbation. 

Facies 1 mudstones represent the quietest water 
conditions within theCRP-3 sequence. These are thought 
to be heinipelagic sediment which. due to their high silt 
content. probably had their main contributions from 
fluvially-derived turbid plumes discharging into coastal 
waters. These sediments also had contributions from 
distal or dilute sediment gravity flows in the form of very 
fine sand and silt laminae and from icebergs contributing 
lonestones as well as contributing sand and more silt 
particles. 



I-'i,y. 3.2 - g) Poorly sorted. 
nn~ddy. vaguely stratified 

68 1.62-685.05 rnbsf. This 
h o f a c i e s  is locally 

(li11f'use contacts, as are 
shown here 

/ Â ¥ 7  .?.2 - h )  A variation of 
poorly-sorted. muddy sand- 
slonc of Facies 3 at 169.49- 
170.9 1 mbsf with dispersed 
gravel and a local con- 
centration of clasts making 
a matrix-supported con- 
glomerate with indistinct 
contacts. 

Fig.  3.2 - i) Poorly sorted 
muddy sandstone of Facies 
3 at 116.88-1 17.30 mbsf 
with better sorted very-fine 
grained sandstone to silt- 
stone laminae that show 
loading and soft sediment 
deformation. Clasts arerare. 

Fig. 3.2 - j )  Well-sorted. fine- 
grained. finely laminated 
sandstones of Facies 4 at 
745.95-749.38mbsf.Notethe 
horizontally laminated and 
low-angle cross-bedded 
nature of the sandstones. 
especially in the first and 
fourth core section. The 
stratification includescurved. 
convex-upward lamination 
reminiscent of small-scale 
hlltn1110~k~ cross-stratifica- 
tion. Small blackparticles are 
detrital coal. probably 
reworked from the Beacon 
Supergroup. Facies 4 
sandstones in the two middle 
core sections appear 
structureless. andoneinterval 
of poorly sorted. pebbly. 
muddy sandstone occurs in 
the third core section. 



I-/\( 1 1  S 2 - INThRS l R A  l l 1  I 1  1) S/\NI)STONI- A N D  
M I  IDS row 

lÂ¥'iicie 2 comprises very fine- and fine- to loc;illy 
medium-grained sandstone. interstratified with very 
finr-grained sandy ~ii i~lstonc,  the sandstone having 
sharp lower contacts and sharp or gradational upper 
coiitiicts (Fig. 3.2 d. c. I'. & r). The sandstone is either 
missive or normally gracled and locally includes ripple 
cross-lamination. some of 'which appears to have been 
~iive-i~ifluenced.  and planar lamination in the upper, 
finer-graiiied intervals of the sandstone beds. 
I t i~n'st~~atif icatio~i is o n  a scale that ranges from 
aniination to beds a fcw metres thick. and when 
laminated. units may include siltstone laminae. Where 
bioftirhation occurs i t  is commonly within the finer- 
grained intervals, especially the muclstoties. Dispersed 
lonestones locally deform laminae beneath them and 
are intcrpretedas dropstones. Intervals may fine upward 
through an increasing proportion of mudstone strata, 
with a cossesponding increase in bioturbation upward, 
or they may coarsen upward through an increasing 
number of sandstone beds. Soft-sediment deformation 
is common within depositional intervals or may occur 
on a slightly larger scale to include several intervals; 
clastic dykes occur locally. Marine macrofossils are 
common. 

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

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

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

con[acis. Commonly. when tlie sandstones are massive, 
<-~liists may he coiiccn~~~ii~cd iit one horizon and then 
progrcssivcly becomcdispersetl upwiird while the matrix 
reiii;iins ihe s;ime sani-l s i ~ c  throughout. This indicates 
cithcr tii;i( two beds hi ic l  been iiin;ilgamatcd o r  that there 
~ i i s  variation within one deposition;il event. In  contrast. 
stuitified sandstone intervals may be produced by either 
;ilicrnating s;iiid grain-six changes or variation in 
proportioiis ol.iiincl. causingcolour variations. Shapesol. 
dispersed clasts and those in the conglomerates range 
from anpilarto rounded. These muddy sandstones locally 
may be interl~eddcd with Facics 5 sandstones: they grade 
vertically into niiiclstone or locally exhibit fining t r e ~ ~ d s  
in tlie sands from fine to very fine-grained, with a 
concomitant increase in mudstone. Soft-sediment 
defosniation is apparent only locally as are fragmental 
coal partings. Facies 3 is locally weakly bioturbated, has 
local lonestones as ontsized clasts and has rare marine 
~iiacrofOssils. 

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

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

Moderately- to well-sorted fine sandstones, which 
exhibit low-angle cross-bedding and cross-lamination 
or are planar thin-bedded to laminated, characterize 
Facies 4 (Fig 3.2 2. j & k). This facies is relatively rare, 
but where it occurs it includes possible hummocky 
cross-stratification (HCS) where laminae have a similar 
convex upward shape. However, it is difficult to assign 
unequivocally in the narrow core. Compositionally, 
these sandstones are rich in quartz and locally contain 
coal ga ins  dispersed along laminae or constituting 
distinct laminae. Very fine, medium and coarse sand 
occurs locally. These units are most commonly associated 
and interbedded with sandstones of Facies 5.  Some 
intervals exhibit peneconteinporaneous soft-sediment 
folding and microfaulting. Facies 4 sandstone is also 
locally weakly biot~irbated. 

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




























































































































































































































































































