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Aerial view of the Ross Sea from the south. In the foreground is the pack ice (Ice sheets

are up to 10 km across) breaking northward Mount. Bird, Ross Island is in the top right of
the view.



"It is the nature of the history of the earth that a geologist has available to him only partial
information. Occasional lines from disconnected paragraphs in obscurantist chapters are
what can be read. Violence in the handling of the book through time has caused many of
these chapters to be ripped and reassembled out of context. That the gist of the early
chapters can be deciphered at all is a credit to perseverance and imagination not always
associated with other sciences. The geologist operates at all times in an environment
characterised by a high degree of uncertainty and omamented with end-products which are
the outcomes of the interactions of many complex variables. He sees only the end, and has
to induce the processes and the responses that filled the time since the beginning."

D.A. Pretorius (1973); The role of E.G.R.U. in mineral exploration
in South Africa: Economic Geology Research Unit. Witwatersrand
Informal Circular, no. 77, 16p.
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Abstract

Two independent records of latest Neogene (2.0 - 6.0 Ma.) glacioeustasy are presented,
one of Antarctic ice volume from East Antarctica and the other of eustatic sea level from
the South Wanganui Basin, New Zealand.

Glacial deposits in the Transantarctic Mountains (Sirius Group) and sediment at the
Antarctic continental margin provide direct evidence of Antarctic ice sheet fluctuation.
Evidence for deglaciation includes the occurrence of Pliocene marine diatoms in Sirius
Group deposits, which are sourced from the East Antarctic interior. K/Ar and 3°Ar/40Ar
dating of a tuff in the CIROS-2 drill-core confirms their Pliocene age at high latitudes (78°
S) in Antarctica. Further evidence for Antarctic ice volume fluctuation is recorded by
glaciomarine strata from the Ross Sea Sector cored by the CIROS-2 and DVDP-11 drill-
holes. Magnetostratigraphy integrated with Beryllium-10, K/Ar and 3%Ar/4%Ar dating
provides a high resolution (£ 50 k.y.) chronology of events in these strata.

In the Wanganui Basin, New Zealand, a 5 km thick succession of continental shelf
sediments, now uplifted, records Late Neogene eustatic sea level fluctuation. In the Late
Neogene, basin subsidence equalled sediment input allowing eustatic sea level fluctuation
to produce a dynamic alternation of highstand, transgressive, and lowstand sediment
wedges. This record of Late Neogene sea level variation is unequalled in its resolution and
detail. Magnetostratigraphy provides a high resolution chronology for these sedimentary
cycles as well as magnetic tie lines with the Antarctic margin record in McMurdo Sound.

These two independent records of Late Neogene glacioeustasy are in good agreement and
record the following history: The Late Miocene and Late Pliocene are times of low 'base
level' glacioeustasy (here termed glacialism, rather than glacial), with growth of
continental-scale ice sheets on the Antarctic continent causing a lowering of global sea
level. The Early Pliocene was a time of high 'base level' glacioeustasy (here termed
interglacialism, rather than interglacial), driven by collapsing of continental-scale ice
sheets to local and subcontinental ice caps. The middle Pliocene is marked by a move into
glacialism with an increasing 'base level' of glacioeustatic fluctuation. Higher-order glacial
advances and associated eustatic sea-level lowering occurred at approximately 3.5 and 4.3
Ma., separating the Early Pliocene into 3 sea-level stages. Still higher-order glacioeustatic
fluctuations are recognised in this study, with durations of 50 Ka. and 100 - 300 Ka.. The
100 - 300 Ka. duration cycles are prominent during interglacialisms, and the 50 Ka.
duration cycles are prominent during glacialisms. These shorter duration fluctuations in
glacioeustasy have already been recognised as glacial/deglacial cycles from detailed
studies of the Quaternary.

Four orders of sea-level fluctuation are recognised within the Late Neogene, these are of
approximately 0.05 Ma., 0.1-0.3 Ma., 2 Ma., and 4 Ma. in duration. The 2 Ma. and 4 Ma.
duration cycles are subdivisions of the third order cyclicity recognised by Vail et al. (1991)
(referred to here as cyclicity orders 3a and 3b). The 0.1-0.3 Ma. duration cycles are a
subset of the fourth order cyclicity recognised Vail et al. (1991), and the 0.05 Ma. duration
cycles are a subset of the 5 th order cyclicity recognised by Vail et al. (1991). 3a, 3b and
4 th order sea level fluctuations are driven by fluctuations in the volume of the Antarctic
Ice Sheet. Fifth order sea level fluctuations are also suggested to be at least partially driven
by fluctuations in the volume of the Antarctic Ice Sheet. Milankovitch cyclicities in
glacioeustasy (<100 Ka., fifth order cyclicity) are prominent in the geologic record at times
when there is large scale glaciation (glacialism) of the Antarctic Continent (e.g. for the
Pleistocene). Conversely, at times when the Antarctic continent is in a deglaciated state
(deglacialism) fourth order cyclicity is more prominent, with Milankovitch cyclicities
present at a parasequence level.
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and this study. These are annotated for reference in the text. N labelled
magnetozones are of normal polarity, R labelled magnetozones are of
reversed polarity, and T labelled magnetozones are of transitional polarity.
Magnetogram data are from Purucker et al. (1981) and Ishman and Rieck
(1993).

9.5 Correlation of the DVDP-11 magnetozones with the polarity timescale of 122
Ness et al. (1980), showing the depositional history of the core (from
Ishman and Rieck, 1993). Plot is drawn to show the average sedimentation
rate of the CIROS-2 strata and identify breaks in deposition.
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9.6

10.1

10.2

11.1
11.2
11.3

12.1

12.2

12.3

12.4

12.5

13.1

13.2

Summary of correlations of the CIROS-2 and DVDP-11 cores using
magnetostratigraphy and radiometric age data. Plot allows easy
identification of several reversal boundaries in the sections and consequently
a high resolution of chronology of the strata.

Map of New Zealand, showing the location of the Indian-Pacific plate
boundary (The axial shear belt, after Walcott, 1978). Velocity vectors
represent the relative motion of the Pacific plate assuming the Indian plate
fixed (Stern et al., 1986). Location of the North and South Wanganui
Basins, Taranaki Basin and Taupo Volcanic Zone are shown (figure
modified from Stern et al., 1986).

Cross-section of the southward progressing lithospheric wave. Profile runs
from south (left) to north. Centre of the figure is the presently subsiding
South Wanganui Basin and right hand side of figure is the presently uplifting
Wanganui Hinge Zone (from Stern et al., 1992).

Lithostratigraphic nomenclature of the Rangitikei River sequences.
Lithostratigraphic nomenclature of the Wanganui River sequences.

Present day outcrop map of the Matemateaonga, Tangahoe, Whenuakura,
and Paparangi Groups as recognised and defined by this study (modified
from Morris, in prep.).

Late Neogene geological timescale for New Zealand (modified from
Edwards et al., 1988), showing New Zealand stage names as used in this
study. Polarity timescale is from (Ness et al., 1980).

Summary of the Late Neogene relationships (modified from Edwards, 1987):
The magnetic polarity timescale of Ness et al. (1980), stage classifications
from Edwards (1987), and important biostratigraphic datums in this study
(modified from Edwards, 1987).

Correlation of Wanganui River magnetozones with the magnetic polarity
timescale of Ness et al. (1980), showing the main biostratigraphic datums
identified by Collen (1972) and this study. Plot is drawn to show the average
sedimentation rate of the Wanganui River strata and identify breaks in
deposition.

Correlation of Rangitikei River magnetozones with the magnetic polarity
timescale of Ness et al. (1980), showing the main biostratigraphic datums
identified by Collen (1972) and this study. Plot is drawn to show the average
sedimentation rate of the Rangitikei River strata and identify breaks in
deposition.

Summary of correlations of the Wanganui River, Hautawa Road, and
Rangitikei River sequences using magnetostratigraphy and biostratigraphy.
Plot allows easy identification of several reversal boundaries in the sections
and consequently a high resolution chronology of the strata.

Stratal characteristics of a coarsening upwards interbedded mudstone and
sandstone facies association.

Stratal characteristics of a fining upwards interbedded mudstone and
sandstone facies association.
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133

13.4

13.5

14.1

14.2

14.3

14.4
14.5

14.6
14.7

14.8
14.9

A diagrammatic representation of the Coarsening facies succession. It varies
from 100 to ca. 350 m in thickness with the individual facies associations
varying as depicted by the relative scale. Percent mud values are given to
allow further comparison with the depth models of Swift (1970) and Elliot
1986), see figure 13.5. A general interpretation is one of a gradually
shallowing depositional environment.

Diagrammatic representation of the Fining facies succession. Two main
types are recognised; a. a succession containing a fining upward
interbedded mudstone facies association; b. a succession containing muddy
shellbed facies association directly overlying a burrowed surface or
hardground. The two successions are between 10 and 30 m in thickness.
They are both inferred to have been deposited in a deepening depositional
environment, except succession a is inferred to have been deposited closer
to the sediment source.

A facies model for sedimentation on a wave dominated coast (from
Hambrey et al., 1989). It is used to infer variations in water depth of
deposition of the facies associations and successions discussed in this
chapter.

Stratal patterns, stacking patterns, and stratal disconformities in a type 1
sequence deposited in a basin with a shelf break (after Van Wagoner et al.,
1988).

Stratal patterns, stacking patterns, and stratal disconformities in a type 2
sequence deposited in a basin with a shelf break (after Van Wagoner ez al.,
1988).

Diagrammatic stacking patterns of parasequence sets (from Van Wagoner
et al., 1990); a. progradational parasequence sets; b. retrogradational
parasequence sets; b. aggradational parasequence sets.

Highstand systems tract (modified from Haq, 1991).

Lowstand systems tract; a. the lowstand fan; b. the lowstand wedge
(modified from Haq, 1991).

Transgressive systems tract (modified from Haq, 1991).

a. Morphology of the continental margin as required by the original
sequence stratigraphic model (e.g. Posamentier et al., 1988); sedimentation
on the margin is integral with margin morphology. b. Morphology of the
Continental margin as predicted by the present study; sedimentation takes
place on a larger relict shelf formed by external processes.

Shelf margin systems tract (modified from Hag, 1991).
Response of topset bed thickness and parasequence sets to eustatic fall.

Type 2 sequence boundaries (conformable) separate progradational and
retrogradational parasequence sets (modified from Posamentier et al., 1988).

14.10 Accommodation envelope as a function of eustasy and subsidence (from

Posamentier et al., 1988).
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14.11 A diagrammatic representation of the coarsening facies succession. It varies 198
from 100 to ca. 350 m in thickness with the individual facies associations
varying as depicted by the relative scale. Percent mud values are given to
allow further comparison with the depth models of Swift (1970) and Elliot
(1986), see figure 13.5. A general interpretation is one of a gradually
shallowing depositional environment.

14.12 Diagrammatic representation of the fining facies succession. Two main type 199
are recognised; a. a succession containing a fining upward interbedded
mudstone facies association; b. a succession containing muddy shellbed
facies association directly overlying a burrowed surface or hardground. The
two successions are between 10 and 30 m in thickness. They are both inferred
to have been deposited in a deepening depositional environment, except
succession a is inferred to have been deposited closer to the sediment source.

14.13 Bathymetric map of the current continental shelf of Wanganui. The relict 201
shelf break is marked and different from the zone of 'active sedimentation
(shaded) and possible depositional shoreline breaks.

14.14 Lithospheric control on sedimentation. The lithospheric wave (see chapter 202
10) uplifts older sediment to the north and provides a basin to accumulate
sediments to the south. As the lithospheric wave progrades southwards
earlier deposited sediments are uplifted at the Wanganui Hinge zone and
recycled into the basin ahead of the lithospheric wave. The inset shows the
resulting aggradation and progradation of stacking sediment wedges within
the zone of active sedimentation.

14.15 a. The location of sediment wedges on the shelf and their relationship to 204
still stands of sea level. b. A second, larger order, of eustatic sea level
variation, moving the absolute position of the respective wedges on the
continental margin. The position of deposition of the Wanganui River
sedimentary sequence is shown.

14.16 Development of the continental shelf morphology at Wanganui during a 206
single cycle of eustacy, as predicted by this study. Wedges of sediment
prograde beneath still stands of sea-level. Restricted wedges form beneath
rising and falling sea-level. a. the pattern of sedimentation beneath the lowest
stand of sea-level. b. the pattern of sedimentation beneath a rising sea-level.
c. the pattern of sedimentation beneath the highest stand of sea-level. d. the
pattern of sedimentation beneath a falling sea-level. Sedimentation is
lithospherically controlled, balancing basin subsidence and sediment input.
This prevents inundation of the continental margin by sediment (see
discussion earlier in this chapter)

15.1 Sedimentary cycles in the Wanganui River Section (polarity and age is 211
from section 4).

15.2 Sedimentary cycles in the Rangitikei River Section (polarity and age is from 214
section 4).

15.3 A sketch depicting the location of the stratigraphic section exposed in the 216
Wanganui River Valley, showing its relationship to the progradationally
stacking highstand and lowstand wedges on the continental margin.

15.4 The relative positions oh highstand and lowstand wedges on the Wanganui 218
continental margin during a) a high base level of eustasy (Early - Middle
Pliocene) and b) a low base level of eustasy (Late Miocene and Late
Pliocene). The position of the site of deposition of the Wanganui River strata
is shown to illustrate the effect on the deposition of a change in base levels
on these strata.
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15.5

15.6

15.7

15.8

159

Identification of the changes in the nature of stratal relationships during a 219
full cycle of deposition (see table 15.1 for definitions of toplap, downlap,

and onlap), The right hand side of each diagram shows the change in relative

sea level during deposition of the cycle. The left hand side depicts type 1
sequences and the right hand side type 2 sequences. LSW = lowstand wedge,
TSW = transgressive wedge, HSW = highstand wedge, RSW = regressive

wedge.

An onlap downlap curve for the Wanganui River Section. Onlap/downlap 221
interpretation of sequences is illustrated in figure 15.5. Deposition of

highstand wedges creates changes in onlap, with a low base sea level, above

the site of deposition of the Wanganui River section. Deposition of lowstand
wedges creates changes in downlap, with a high base sea level, above the

site of deposition of the Wanganui River section. Right hand side of figure

shows the eustatic sea level variation interpreted from the change in onlap

and downlap. Ages of major events are from the polarity (see section 4).

Correlation of the Rangitikei and Wanganui River sedimentary cycles 220
showing the agreement between the two in overall nature. Detailed
correlation is difficult.

The eustatic sea level curve interpreted from the South Wanganui Basin 223
sequences. Chronology is from chapter 12, assuming constant average

sediment accumulation between palacomagnetic reversals. Amplitude

estimation is explained in section 15.5.2.

The existing Late Neogene sea level curve (from Microstrat, 1990). 225

15.10 Percent mud versus depth for samples from Peka Peka, New Zealand, 226

Monterey Bay, Roussillion Shelf, and Bristol Bay, Bearing Sea (from
Perrett, 1990). Values from Peka Peka are expected to be underestimates as
applied to the Late Neogene Wanganui basin sequences as they are from a
more protected environment with a lower wave reach than is normal in the
South Wanganui Bight.

15.11 A model for the Late Neogene eustatic cyclicity recognised by this study. 227

16.1

16.2

16.3

16.4

Three orders of variation (0.1-0.5 Ma., 2 Ma and 4 Ma.) are recognised as
being superimposed on each. No scale of amplitude is shown, but the sketch
depicts relative change. Individual sea level events are a depiction for the
model only and not exact.

Core orientation and marking scheme: a) Orientation of core in outcrop. 233
b) Orientation of a single core. A line is marked down the long axis (+z) of

the surface of the core. Circumferential marking indicate the +y direction.

Core plunge is the angle between the z axis and the horizontal. ¢) Marking
scheme for individual specimens (from Roberts, 1990).

Component coercivity or blocking temperature spectra and resulting stereo 240
and vector component plots for a) non-overlapping spectra, b) partial overlap,

and c) total overlap. In both a) and b) individual magnetic vectors can be
identified and in c) neither can be determined (after Dunlop, 1979).

Example of remagnetisation great circle analysis: a) through f) are 241
individual specimen measurements, b) is a convergence plot of the

individual specimens. The solution is considered ill-conditioned if the

circles do not converge within a confined zone (from Roberts, 1990).

Examples of stepwise demagnetisation data of type A palaeomagnetic 243

behaviour in individual specimens (5% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).
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16.5 Examples of stepwise demagnetisation data of type B palacomagnetic
behaviour in individual specimens (23% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.6 Examples of stepwise demagnetisation data of type B1' palacomagnetic
behaviour in individual specimens (6% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.7 Examples of stepwise demagnetisation data of type B1" palacomagnetic
behaviour in individual specimens (6% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.8 Examples of stepwise demagnetisation data of type By palacomagnetic
behaviour in individual specimens (20% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.9 Examples of stepwise demagnetisation data of type B7' palacomagnetic
behaviour in individual specimens (2% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.10 Examples of stepwise demagnetisation data of type C palaeomagnetic
behaviour in individual specimens (3% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.11 Examples of stepwise demagnetisation data of type D; palacomagnetic
behaviour in individual specimens (5% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.12 Examples of stepwise demagnetisation data of type D palacomagnetic
behaviour in individual specimens (9% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.13 Examples of stepwise demagnetisation data of type D3 palacomagnetic
behaviour in individual specimens (12% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.14 Examples of stepwise demagnetisation data of type D4 palacomagnetic
behaviour in individual specimens (2% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.15 Examples of stepwise demagnetisation data of type E palaeomagnetic
behaviour in individual specimens (3% of all specimens) from South
Wanganui Basin sediments (see text for further explanation).

16.16 NRM intensity versus stratigraphic position for Wanganui River data.
Different symbols identify different measurements from the same
stratigraphic position.

16.17 Palaecomagnetic end point direction versus stratigraphic position for
Wanganui River data. All site directions are solutions from several fully
stepwise thermally demagnetised specimens, see table 16.1 for
interpretation information.

16.18 Stereoplot of remanence directions from Wanganui River section. Left is
the individual specimen NRM directions, right is the stepwise demagnetised

site directions.

16.19 Location map of Hautawa Road palacomagnetic sample sites. Stratigraphic

sample heights are given in table 16.2.
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16.20 Palacomagnetic end point direction versus stratigraphic position for

Hautawa Road data. All site directions are solutions from several fully
stepwise thermally demagnetised specimens, see table 16.2 for
interpretation information.

16.21 NRM intensity versus stratigraphic position for Rangitikei River data.

Different symbols identify different measurements from the same
stratigraphic position.

16.22 Palaeomagnetic end point direction versus stratigraphic position for

Rangitikei River data. All site directions are solutions from several fully
stepwise thermally demagnetised specimens, see table 16.3 for
interpretation information. North part of the section is from north of the
Rauoterangi Fault and South part is from south of the fault.

16.23 Stereoplot of remanence directions from Rangitikei River section. Left is

the individual specimen NRM directions, right is the stepwise demagnetised

site directions.

16.24 Stereoplots of stepwise thermally demagnetised site polarities from middle

Pliocene Strata from the Wanganui, Turakina (Data from McGuire; 1989)
and Rangitikei River. All sample measurements are corrected for bedding
and magnetic declination, but no account is taken of the rotation of the
Australian Plate about its euler pole. Amount of clockwise rotation is given
for each section with alpha-95 confidence intervals.

16.25 Palacomagnetic rotation directions from the South Wanganui Basin,

17.1

17.2

17.3

18.1

18.2

18.3

18.4

showing the more westerly extent of shear associated with faulting within
the Axial Shear Belt. Magnetic directions are represented as corrected to
true north. Turakina magnetic direction is from McGuire (1989). All shear
and associated rotation has occurred since the top of the Gauss Chron

(2.4 Ma.). Tectonic terrains are taken from Walcott (1981).

The iron-titanium oxide ternary system with distributions plotted for typical
individual ilmenites grains analysed from south Wanganui Basin.
Compositions were determined using the method of Stormer (1983). Plots
appear rich in TiO7 because they contain up to 6.5 MnO.

Diagrammatic representation of the overall process of sedimentary pyrite
formation (after Berner, 1972).

Schematic presentation of results of textures developed during
sulphurisation reactions (from Sweeney and Kaplan, 1973).

Examples of zero field thermal demagnetisation (50°C steps) of samples
that demonstrate a high temperature normal component of magnetisation
remaining after removal of an initially reversed component.

Saturation isothermal remanent magnetisation (SIRM) curve for a sample
from site 69 in the Wanganui River section. Negative side of figure is the
reversed sample SIRM curve.

Examples of saturation isothermal remanent magnetisation (SIRM) curves
for magnetic extracts from Wanganui River sites, a sample chip SIRM is
given for comparison. The low SIRM values are indicate of large domain
behaviour of a mineral other than magnetite or haematite.

A comparison of sediment hysteresis from Wanganui River site 85 (upper)

with hysteresis for a magnetic extract from the same site (lower). The poor
closure of the hysteresis loop is indicative of antiferromagnetic behaviour.

XX

261

265

266

267

268

282

286

286

291

293

295

296




18.5

18.6

18.7

18.8

18.9

19.1

19.2

19.3

19.4

19.5

20.1

Hysteresis loops for magnetic grain separates from site 69 on the Wanganui 297
River.

Further hysteresis loops for a single grain (upper) and magnetic grain 298
separate (lower) from site 69 on the Wanganui River. The high degree of

right shear of the loops is indicative of ferromagnetic behaviour, suggesting
magnetite or titaniferous magnetites are not remanence carriers in these
sediments.

Explanation of the components on natural remanent magnetisation (NRM), 302
and their controls, in sediments from the South Wanganui Basin strata.

Explanation of the effects and process of diagenesis on natural remanent 303
magnetisation (NRM).

The complete process of acquisition of NRM, with examples of the 304
component contributions at various stages of sediment maturity.

Late Neogene Wanganui River polarity magnetozones. These are annotated 310
for reference in the text. N labelled magnetozones are of normal polarity, R
labelled magnetozones are of reversed polarity, and M labelled magnetozones

are of indeterminate polarity due to necessarily wide sample site spacing.

Correlation of Wanganui River magnetozones with the magnetic polarity 312
timescale of Ness et al. (1980), showing the main biostratigraphic datums
identified by Collen (1972) and this study. Plot is drawn to show the average
sedimentation rate of the Wanganui River strata and identify breaks in

deposition.

Late Neogene Rangitikei River polarity magnetozones. These are annotated 315
for reference in the text. N labelled magnetozones are of normal polarity, R
labelled magnetozones are of reversed polarity, and M labelled magnetozones

are of indeterminate polarity due to necessarily wide sample site spacing.

Sections either side of the Rauoterangi Fault are combined for ease of

annotation and identification.

Correlation of Rangitikei River magnetozones with the magnetic polarity 317
timescale of Ness et al. (1980), showing the main biostratigraphic datums
identified by Collen (1972) and this study. Plot is drawn to show the average
sedimentation rate of the Rangitikei River strata and identify breaks in

deposition.

Summary of correlations of the Wanganui River, Hautawa Road, and 319
Rangitikei River sequences using magnetostratigraphy and biostratigraphy.

Plot allows easy identification of several reversal boundaries in the sections

and consequently a high resolution chronology of the strata.

Correlation of the eustatic sea level curve (from the South Wanganui Basin, 325
chapter 15) and the Antarctic ice volume curve (predominantly from

McMurdo Sound, chapter 6). The resolution of chronology on both curves is

100 k.y. ( 50 Ka.). Sea level variation is reported in amplitude (m) and ice
volume is reported as volume (with respect to the present day volume).
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Plates

2.1

3.1

32

33

6.1

7.1

8.1

10.1

11.1

13.1

13.2

13.3

13.4

13.5

13.6

Aerial view of Ferrar Fjord and Ferrar Glacier from the east, showing the
location of the CIROS-2 drill-hole and a cross section of the fjord (from
Barrett and Hambrey, 1992).

Sketch of the Antarctic Ice Sheet during the Cainozoic intervals of
deglaciation postulated by Webb et al. (1984) (after Denton, 1985).

Sirius Group tillite cropping out in the Skelton Glacier area, note the
compactness and consolidation of the deposit

Timing of significant events in the Late Neogene glacial history of
Antarctica as dated by diatoms in the Sirius Group (after Harwood and
Webb, 1991).

General Palaeoceanographic configuration for various equilibrium stages
in Antarctic Ice Sheet growth (figure prepared by David Harwood).

Photomicrograph of the CIROS-2 ash grain-mount. Glass coated
anorthoclase crystal bottom left, glass shard centre, and diatom top right
(Photograph; P.J. Barrett).

The IGNS tandem accelerator facility. Left is the Tandem accelerator, right
upper is the electrostatic deflector and detector line, right lower is a close up
of the gas detector facility.

Location map of the South Wanganui Basin. The major sections studied
include those cropping out in the Wanganui and Rangitikei River valleys.
The Miocene-Pliocene boundary is shown towards the north of the basin
and the Hautawa Shell bed separating Middle and Upper Pliocene strata
and also marking the top of the section studied here.

Greywacke basement in the upper reaches of the Rangitikei River.

An example of the coarsening upwards interbedded mudstone and sandstone
facies association, from the upper part of the Mangataunoka Siltstone,
Wanganui River section (Frame of view is 100m from top to bottom). It is
underlain by the mudstone facies association (section 13.1.3), and overlain
by the massive well sorted sandstone facies association (section 13.1.5).

An example of the fining upwards interbedded mudstone and sandstone
facies association, from the Waiouru Sandstone, Rangitikei River section
(spade is 1m tall).

An example of the mudstone facies association, from the Mangaweka
Mudstone, Rangitikei River Section (sandwich is 10 cm tall).

An example of the rhythmically bedded mudstone facies association, from
the Mudstone Member of the Kahura Siltstone, Wanganui River Section
(Iens cap is 7 cm wide).

An example of the massive well-sorted sandstone facies association, from
the Otuitahi Sandstone, Wanganui River Section (field of view is 50m tall).

An example of the muddy shellbed facies association, from an unnamed
shellbed beneath the Hautawa shellbed in the Rangitikei River Section
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13.7

13.8

13.9

15.1

15.2

15.3

16.1

17.1

17.2

17.3

17.4

17.5

17.6

17.7

(lens cap is 7 cm wide).

An example of the sandy shellbed / reef facies association, from the basal
part of the Jerusalem Sandstone, Wanganui River Section. It is overlain by
the rhythmically bedded mudstone facies association.

Examples of type A unconformities in strata of the South Wanganui Basin.
a. (upper, frame of reference is 20 m tall) a well developed channel with
more than 10 m of relief, underlain by mudstone facies and overlain by
sandstone facies. b. (lower, bluff is ca. 60 m tall) an angular unconformity
like a., but with much less relief developed (photo; Mike Wizevich).

An example of a type C paraconformity. A bioturbated mudstone
hardground. It is inferred to be relatively deep water in origin.

An example of the more sandy nature of the sedimentary cycles
(W12 - W15) higher in the Wanganui River Section (Bluff is ca. 30 m
high).

The Wilkies shellbed at its type locality, Wilkies Bluff on the Wanganui
River Road. The Crassostrea dominant bluff formed during a long sea level
fall that was equal to, or slightly outpaced by basin subsidence.

An example of the thick uniform sedimentary successions in the Upper
reaches of the Rangitikei River. Cycle boundary is commonly marked by a
thin and often inconspicuous sandy to silty mudstone horizon.

The Oxford University, two axis semi-automated Cryogenic Consultants
magnetometer which was one of three magnetometers used to measure
palacomagnetic specimens in this study

Transmitted light (crossed-nicols) photomicrograph of South Wanganui
Basin sediment. Opaque grains are oxides. Large dull grey grains are quartz
and feldspar grains. Matrix is fine quartz, feldspar, muscovite and sericite
(frame of view is 0.1 mm tall).

Reflected light (crossed-nicols) photomicrograph of South Wanganui
Basin sediment. Large subangular to subrounded browny grey, pitted
grains are quartz. Shiny, brassy coloured grains are oxides and sulphides
(frame of view is 0.1 mm tall).

A backscattered electron image (BEI) of a single titanite grain. Note the
Ti rich grain rim. (scale bar is 10 microns).

Transmitted and reflected light (crossed-nicols) photomicrograph of pyrite
framboids formed within a foraminifera test. Framboids are a dull brassy
colour and calcite has high fourth order birefringence. (frame of view is 0.1
mm tall).

Reflected light (crossed-nicols) photomicrograph of microcrystalline
haematite grains filling available pore spaces in South Wanganui Basin
sediment. Haematite is translucent to opaque red in the centre of the frame
(frame of view is 0.1 mm tall).

Transmitted and reflected light (crossed-nicols) photomicrograph of
haematite coating pyrite framboids as an alteration product, from late stage
oxidation (centre of frame). Haematite is translucent to opaque red and
pyrite is brassy light-yellow (frame of view is 0.1 mm tall).

A backscattered electron image (BEI) of different ilmenite grains. Note
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exsolution pitting and weathering along cleavage and fracture planes
(scale bar is 10 microns).

17.8 A backscattered electron image (BEI) of different ilmenite grains, showing
the ubiquitous occurrences of them in the magnetic grain extracts. Note
exsolution pitting and weathering along cleavage and fracture planes
(scale bar is 100 microns).

17.9 Reflected light (crossed-nicols) photomicrograph of large ilmenite grain.
Ilmenite is dull, metallic, brassy-yellow and shows well developed solution
weathering along grain weakness planes (frame of view is 0.1 mm tall).

17.10 A backscattered electron image (BEI) of chromite. Chromite grain is the

very bright, late phase mineral holding several feldspar grains together (scale

bar is 100 microns).

17.11 Reflected light (crossed-nicols) photomicrograph of South Wanganui
Basin sediment, showing ubiquity of brassy yellow pyrite framboids (frame
of view is 0.1 mm tall).

17.12 Dark-field transmission electron microscope image of ilmenite. Light
regions are Fe-poor domains and dark regions are Fe-rich domain
boundaries (X-phase) from Lawson and Nord (1984); figure 3.

17.13 Reflected light (crossed-nicols) photomicrograph of pyrite framboids
formed within a foraminifera test. Framboids are a dull brassy colour
(frame of view is 0.1 mm tall).

17.14 A backscattered electron image (BEI) of single pyrite framboids, showing
there spherical form retained from a precursory greigite phase (scale bar
is 10 microns).

18.1 Examples of the magnetic separates suspended in non-magnetic Yoohoo

glue within non-magnetic perspex cylinders. The left hand specimen has
been prepared for electron microprobe analysis.
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Tables

5.1 Observed facies transition matrix for core Antarctic margin strata in 50
McMurdo Sound.
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Chapter - 1

Introduction

1.1 The nature of the problem

"The Paleogene glacial history of the Antarctic was predestined to be a controversial
subject because by necessity, that history has been written largely from indirect evidence
of glaciation gathered from the oceans beyond that remote, ice shrouded and inhospitable
continent" (Wise et al., 1991 ).

This statement is true not only for the Paleogene but, for the same reason is also true for
the Neogene and much of the Pleistocene. A history for the Antarctic ice sheet based on
these indirect or proxy records has established the Late Neogene as a time of little
variation in the form of the Antarctic ice sheet. In this history the ice sheet was inferred to
have formed in middle Miocene times (ca. 14 Ma.) as a cold polar feature, as it is today,
and remained essentially like this until the present (e.g. Kennett, 1977) (figure 1.1). At the
same time a global sea level model was being constructed by the staff of the EXXON oil
company (e.g. Vail et al., 1977) that found large variations in global sea level since the
middle Miocene. This variation they attributed to fluctuation in the volume of ice stored in
continental ice sheets (figure 1.1). More recently the stability and cold polar nature of the
Antarctic Ice Sheet has been challenged by evidence directly from the Antarctic Continent
(e.g. Webb et al, 1984), suggesting a more varied glacial history of the continent, including
deglaciation as recently as the Pliocene (figure 1.1). It is this prospect of Pliocene
deglaciation that provided the impetus for this study.

Indirect methods of observing Antarctic ice volume and sea level variation have been
based primarily on the interpretation of varying stable isotope ratios as they reflect climatic
variation (Emiliani and Milliman, 1966; Shackleton and Kennett, 1975; Savin, 1977;
Matthews and Poore, 1980 and Miller and Fairbanks, 1985). These isotopic ratios vary
with changes in temperature and ocean volume. If assumptions about temperature variation
hold, then further assumptions between ocean volume variation and its relationship to the
volume of ice on land and further the position of this ice on land allows construction of a
model of Antarctic ice volume variation. While such a model is based on various other
indicators, there is not yet a sufficient calibration of the variation in the stable isotope
record for it to be an accurate measure of Antarctic ice volume variation. The
interpretation of this proxy record is presented in Chapter 2 as part of a review of the
current knowledge of Antarctic Ice Sheet development focused from the standpoint of its
bearing on the Late Neogene record.
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1.2 Aims of the present study

The main aim of this thesis is to provide a high resolution Late Neogene record of ice
volume variation directly from the Antarctic Continent and relate this to a direct record,
with equal resolution, of eustatic sea level variation. These two data sets complement each
other allowing construction of a model of ice volume and sea level variation compiled
independently of the established proxy records and their inherent inadequacies. A new and
more complete model of Antarctic psychrospheric development between 2.4 and 6.0 Ma.
might then be established. This time range was chosen in the expectation that periods of
major deglaciation of Antarctica occurred during the Late Neogene (Webb ez al., 1984),
but that the resolution of chronology was poor in defining its time range and there was no
direct indicator of the extent of glaciation. Further knowledge of eustatic sea level
variation (Haq et al., 1988) suggested that a global minimum occurred in the latest
Miocene Epoch. Particular evidence of major shallowing is evident from the Messinian
salinity crisis (Ryan ez al., 1976).

It was considered important not to use the proxy records of Antarctic ice volume or
eustatic sea level variation in developing these new models. Then the proxy records could
be compared and checked against independent criteria, and hence allow them to be more
widely applicable to interpreting Antarctic psychrospheric development and the associated
eustatic sea level variations.

An additional aim of the present study is to establish a pattern of Antarctic ice sheet and
sea level behaviour to help in predicting future changes. This history of behaviour of the
Antarctic ice sheet is very important in predicting its role in future global change. An
approach that, to date, has seen little use in predicting the effects of future climate change
is in observing a geologic era when conditions were similar to the present day and studying
the patterns of change in the geologic record. This is perhaps due to the poor resolution of
variation and change currently available from these records. From other studies (e.g.
Dowsett et al, 1992) the Pliocene era is known as a time of global warmth, even warmer
than the present day (Dowsett er al., 1992), with CO; levels similar to the present day
(Barrett, 1991). In terms of warmth, using CO3 levels as a temperature indicator during the
geologic past, the nature and behaviour of the Antarctic Ice Sheet during those times can
be used as a basis for prediction of what may happen in the future. This study presents a
record with substantially improved resolution providing a detailed account of the Late
Neogene (2.4-6.0 Ma.) climatically controlled variation in Antarctic Ice volume and
eustatic sea level. It is hoped that this may be used as an indicator of possible changes
during predicted global warming.



1.3 The Present Physiography of the Antarctic Ice Sheets.

The Antarctic has two large physiographically different components to the ice sheet (figure
1.2): The West Antarctic Ice Sheet, resting on bedrock well below present sea level, is 3.3
million km3 in volume, a sea level equivalent of 6 m (Denton et al., 1992). It is buttressed
by two ice shelves, the Filchner-Ronne and the Ross, that help to keep the ice sheet in
place. The East Antarctic Ice Sheet, resting largely above sea level on an ancient craton, is
26 million km3 in volume, a sea level equivalent of 60 m (Denton et al., 1992). The East
Antarctic Craton does however have basins that are currently below sea level, a portion of
which will remain below sea level if the loading ice is removed and isostatic rebound
occurs. The four main basins are the Wilkes, Pensacola, Aurora and Amery Subglacial
Basins.

The West Antarctic ice sheet is known to be unstable, and its latest deglaciation is
supposed to have occurred within the last 400 Ka. (Scherer, 1991). Ice volume and
associated sea level variation being considered in this study is far greater than the present
day 6 m sea level equivalent of the West Antarctic. Its contribution to the variations
observed in the present study is not considered separately from that of the larger East
Antarctic ice sheet. For the pre Late Pliocene, variations in the volume of the West
Antarctic Ice Sheet is considered to have been synchronous with variations in the volume
of the East Antarctic Ice Sheet, but much less than those of the East Antarctic Ice Sheet.

1.4 Methodology of the present study

Many of the data and the method of interpreting them presented here are new. Each
chapter presents a new idea and is headed by an introductory paragraph that outlines the
approach taken in that chapter. Methodology and systematics of the individual models are
also presented at the beginning of each chapter, as well as their relationship to other
chapters. Each chapter should both stand alone and also fit into the larger framework and
aims outlined here. While major findings of the research are presented and summarised in
each chapter, the major conclusion and Antarctic ice volume and sea level record are
presented and discussed only in the final chapter, which is based on the findings of all
previous chapters and is written using supporting findings and conclusions from each of
the preceding chapters.

This thesis makes contributions to stratigraphy, sedimentology, sequence stratigraphy,
palacomagnetism, rock magnetism, geochronology, eustacy and the Late Neogene history
of Antarctic ice volume and associated sea level variation.
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1.2

Figure




As already stated, the main aim of this thesis was to provide a high resolution Late
Neogene record of ice volume variation on the Antarctic Continent and relate this to a
record of eustatic sea level variation of similar resolution. To achieve this, four sub-aims

WEre necessary:

1) The further development of a direct but stratigraphically controlled ice volume variation
indicator for the Antarctic continent in the Late Neogene. This included documenting the
stratigraphic indicators of variation, particularly the DVDP-11 and CIROS-2 drillholes
(figure 1.3), and presentation of a model by which this variation may be interpreted.

2) The development of a high resolution record of eustatic sea level variation, again from
direct stratigraphic evidence. Here I use the 4 km of Late Neogene strata in the South
Wanganui Basin, New Zealand, for the same time period (figure 1.3). This also included
documentation of the stratigraphic indicators of variation and presentation of a model by
which this variation may be interpreted.

3) & 4) Development and implementation of a high resolution chronology for both records
that allowed both dating of individual events and direct correlation of records.

For the Antarctic record this has included; dating of the CIROS-2 ash, and development of
beryllium-10 as a dating method for Antarctic margin sediments. This provides a
calibration for both the magnetostratigraphic and biostratigraphic record of the Antarctic
margin cores being studied and demonstrates the applicability of biostratigraphy within the
Antarctic circle.

In the south Wanganui basin this required further understanding of the sedimentary
controls on palacomagnetism and presentation of a model by which this complex signal
can be interpreted and detrital remanent magnetisation established for the strata. After this,
a reliable magnetostratigraphy and hence chronology could be presented for the new Late
Neogene eustatic sea level record.

1.5 Approach

The organisation of the thesis is along the same lines as the sub-aims presented above.
Chapters are numbered consecutively and are subdivided into 4 sections which address
each of the sub-aims. Section 1 deals with the record of Antarctic ice volume variation
through the Late Neogene. It is partly a review chapter and partly an extension of models
previously suggested for glaciomarine indication of ice volume variation (Hambrey et al.,
1989). Chapter 3 presents a review of current knowledge of Late Neogene variation in the
Antarctic Ice cover. Chapter 4 presents the stratigraphic framework from the Antarctic
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margin in McMurdo Sound. It is based on two drill-holes CIROS-2 in Ferrar Fjord and
DVDP-11 in Taylor Valley. They both sample independent records of Late Neogene
variation in glaciers fed directly from the East Antarctic Ice sheet. This provides a more or
less continuous record both for the development of increased chronology and a reference
for correlation of spot data points from elsewhere on the Antarctic Continent. A facies
analysis of these sequences and an interpretation of ice extent from these ice sheet fed
glaciers is presented in chapter 5. This builds on the work of Barrett and Hambrey (1992).
In particular this section establishes a consistent record of variation from several indicators
of variation from different parts of the East Antarctic Craton. The resulting composite
record is entirely the work of this thesis and is presented briefly in chapter 6. Chronology
for development of this record is taken from section 2.

Section 2 details new developments of a high resolution chronology for the stratigraphic
sequences described in Section 1. Chapter 7 presents the dating of an ash at 125 m depth in
the CIROS-2 core. Because of contamination it required development of simultaneous
equation analysis as part of the K/Ar dating procedure. The age was later confirmed by
single crystal laser fusion 39Ar/40Ar dating of erupted feldspar crystals within the ash. The
significance of this first radiometric age of these strata is discussed and particularly its
calibration of the biostratigraphic chronology used elsewhere on the continent (e.g.
Harwood, 1986).

Much time was spent in developing the newly proposed Beryllium-10 method for dating
the Late Neogene glaciomarine strata from the Antarctic margin. This work required not
only development of the technique to make it applicable to the Antarctic margin, but also
development in the sample preparation and measurement procedures. Beryllium
systematics and sample preparation procedures are presented in appendix 2. Rodger Sparks
of the Institute of Geological and Nuclear Sciences is responsible for development of the
Accelerator Mass Spectrometer to measure Beryllium and this will be reported on
elsewhere. Because Beryllium dating is such a new procedure it was necessary to make
several interlaboratory checks. The collaboration of John Southon of the Lawrence
Livermore National Laboratory, U.S.A. and Grant Raisbeck of the Centre de Spectrometrie
et de Spectrometrie de Masse (CNRS) is acknowledged in making this possible. This work
encountered several problems which took time to resolve. One of them was the discovery
that the standard provided by the National Institute of Standards and Technology (NIST),
U.S.A. was found to have a different value to that assigned by NIST. The theory,
development, and results of beryllium-10 dating is reported in chapter 8.

The final chapter in section 2 (Chapter 9) deals with palacomagnetism of the CIROS-2 and
DVDP-11 sequences. Measurements were made independently at the United States
Geological Survey (USGS) and interpretations have been reported elsewhere (Harwood,




1986 and Ishman and Rieck, 1993). Here a reinterpretation of the palacomagnetism from
basic measurements is reported (these basic measurements are still as yet unpublished). A
magnetostratigraphy is then established for both cores based mainly on the findings of this
study.

Sections 3 and 4 deal with the independent record of Late Neogene sea level variation as
recorded by stratigraphic sequences in the South Wanganui Basin, New Zealand. Section 3
deals with the stratigraphic record. Basic lithostratigraphy and lithostratigraphic correlation
is presented in chapter 11, based on the logged Wanganui and Rangitikei River sections
presented in Appendix 3. Formations are defined and described within a Group framework
extended from that of Fleming (1953). The complete Late Neogene sea level record from
the South Wanganui basin is presented in Chapter 15. It is based on the chronology
established in section 4 and summarised in chapter 12. Chapter 13 presents an analysis of
sedimentary facies comprising the South Wanganui Basin strata, constructing a model of
common facies successions. A sequence stratigraphic interpretation of these successions is
made in chapter 14. Although based on the initial work of the EXXON oil company
(Payton, 1977) this chapter provides a new model based on the observations made in
chapter 13. This model, which incorporates knowledge of the tectonic development of the
basin, is the basis for the new Late Neogene eustatic sea level record interpreted from the
stratigraphic sequences of the South Wanganui Basin. The resulting curve is much
improved both in accuracy and resolution from that presented by Haq et al. (1988) and
Vail et al. (1977).

The development of detailed chronology for strata of the South Wanganui Basin is
presented in section 4. Much time was spent developing the palacomagnetic technique for
the coarse and weakly magnetised sediments of the South Wanganui Basin to establish that
the resulting record was accurate and reliable. Chapter 16 presents the basic
palacomagnetic observations and interpretations of measurements presented in appendix 4.
To ensure a correct understanding of the magnetic signal and its relationship to the original
deposition of the sediments a study was made of the sedimentary petrography and
mineralogy and its associated rock magnetic properties. This is presented in chapters 17
and 18 along with a model for the origin of magnetic remanence in the Late Neogene
South Wanganui Basin, and other Tertiary New Zealand strata. A complete integrated
magnetostratigraphy and hence chronology of the south Wanganui Basin sequences is
presented in chapter 19.

The final chapter, chapter 20, presents the correlation of the Antarctic Ice Volume and
eustatic sea-level records for the Late Neogene. Their relationship with establish records is
discussed and a complete model presented for the variation of the resulting Late Neogene



record. This record provides a major revision of Kennett's (1977; 1982) model of Antarctic
Ice Sheet development and the Global sea-level model (of Haq et al., 1988).

10




SECTION - 1

THE RECORD OF LATE NEOGENE

ANTARCTIC ICE VOLUME
VARIATION

Areal view of Ferrar Valley from the east. In the foreground is the permanent sea ice of
New Harbour. The East Antarctic Ice Sheet is beyond the mountains and feeds the Ferrar

Glacier.

Chapter - 2:
Chapter - 3:
Chapter - 4:
Chapter - 5:

Chapter - 6:

Introduction and aims

Synthesis of existing knowledge of the Antarctic Ice Sheet
Stratigraphy of Antarctic Margin sediments in McMurdo
Sound

Facies analysis and interpretation of the CIROS-2 and
DVDP-11 drill-cores

Late Neogene ice volume history
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Chapter - 2

Introduction

Section 1 presents the record of Late Neogene ice volume variation on the East Antarctic

craton, from previous observations of Antarctic outcrop (chapter 3) and from the record at

the Antarctic Margin (chapters 4 and 5). Most of the resolution comes from strata cored in
the CIROS-2 and DVDP-11 drillholes, McMurdo Sound, and the extent of variation
estimated from observations from other areas on the Antarctic Continent. The resulting

model uses new chronology from section 2 and is presented in chapter 6.

2.1 Introduction

Late Neogene strata drilled in the
McMurdo Sound area in Taylor Valley
(DVDP-10 and 11) and Ferrar Fjord
(CIROS-2), reveal a history of glacial
advance and retreat over the last several
million years. The cores record periodic
ice advance from the Transantarctic
Mountains and Plio-Pleistocene ice
grounding in the Ross Sea due to major
expansion of the East and West Antarctic
ice sheets.

The CIROS-2 drill core was drilled in
Ferrar Fjord, south western Ross Sea
(figure 2.1), in the 1984/85 austral
summer, with the aim of understanding
the Cainozoic geologic history of
southern Victoria Land and the adjacent
Ross Sea (Barrett, 1982). The drill site
was in 211 m of water near to the valley
axis, about 1 km offshore from the Ferrar
Glacier snout (plate 2.1). A 166.47 m
sequence (67% recovery) of sand and
glacial debris (Pyne et al., 1985) was

cored. Drilling terminated when

13

basement gneiss was reached. Well-
preserved marine diatoms in the lower
part of the sequence (Harwood, 1986),
were dated as Early Pliocene. The
highest part of the core ranges up to a
possibly Pleistocene age. This
chronology is disputed by Burkle and
Pokras (1991) and others, who believe
the diatom flora could be as old as Early
Miocene.

Barrett and Hambrey (1992) suggested
that the advances and retreats of the Polar
Plateau and Ross Sea Ice are recorded in
the CIROS-2 and DVDP-11 cores. These
ice movements should be related to
global variations in ice volume and sea
level. A more refined chronology is
required to understand the relationship
and 1s presented here in section 2.

The DVDP-11 core was drilled in Taylor
Valley, southern Victoria Land (figure
2.1) as part of the multi-national Dry
Valley Drilling Project. The project
obtained geophysical and stratigraphic
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Plate 2.1:

SEA ICE

Aerial view of Ferrar Fjord and Ferrar Glacier from the east, showing the

location of the CIROS-2 drill-hole and a cross section of the fjord (from Barrett and

Hambrey, 1992).

information to determine the complex
history in the dry valleys, particularly the
Cainozoic glacial history (Smith, 1981).
Drilling took place 3 km inland from the
coast near the terminus of the
Commonwealth Glacier (McKelvey,
1981), at an altitude of 80.2 m. The drill-
hole was 328 m deep with 94% of the

core recovered (McKelvey, 1981).

The sequence recovered comprised very
poorly sorted sedimentary rocks ranging
from laminated sandy mudstones to
diamictite and pebble conglomerates
(McKelvey, 1981). Initial chronology for
the sequence was from biostratigraphy,
the lower part of the core from diatom
flora (Brady, 1980) and the upper part of
the core from foraminifera (Webb and
Wren, 1982). These fossils indicate a
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Late Miocene age for the oldest part of
the core ranging up to a Pleistocene age
for the top of the core. Again Burkle and
Pokras (1991) disputed the ages of these
flora and fauna.

2.2 Aims

The aim of this section of the thesis is to
present a high resolution record of ice
volume variation on the East Antarctic
craton. This has required development of
new chronology to integrate with existing
chronology (presented in Section 2). Sub
aims of this section were: 1) To create a
reliable and working lithostratigraphic
framework for interpretation, correlation
and dating of the cored Antarctic Margin
strata; 2) To test and extend the

glaciomarine facies models of Hambrey



et al. (1989); 3) To correlate depositional
events in the DVDP-11 and CIROS-2
cores both between each other and with
other direct records of Late Neogene East
Antarctic Ice Sheet variation.

The aims of section 2 were to develop
the chronology necessary for a 100 k.y.
the
interpretation record and to correlate it

resolution of ice volume
with a similar resolution eustatic sea
level record from the South Wanganui
Basin, New Zealand. This required
development of new dating methods and
testing of the existing Antarctic

biostratigraphy.

2.3 Fieldwork methods

Cores from the DVDP-11 and CIROS-2
drill-holes were relogged at the Antarctic
Core Facility, Florida State University
with permission of Dennis Cassidy. This
was done during two extended visits to

the facility.

Only the Late Miocene - Late Pliocene
(2.4 - 6.0 m.y.) stratigraphic sections and
unit descriptions of the CIROS-2 and
DVDP-11 cores are restudied and
1). The
observations differ from the original

reported here (Appendix

stratigraphic logs of Pyne et al. (1985)
and McKelvey (1981). The core is
reassessed using a facies analysis
approach with special emphasis placed
on recognising unconformities in the
cores and the interpretation of individual
facies associations and successions
(chapter 5).
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Confusion in the depth measurements of
core lengths recovered in the DVDP-11
core resulted from the original metric
conversion of measurements and
repacking of the core for shipping to the
U.S. (Dennis Cassidy, pers. comm.). This
meant that it was necessary to measure
the entire core and its lithostratigraphic
units directly. The original hole depths
and on-site logs were used as a guide to
ensure that correct unit thicknesses and
depths are reported for both the DVDP-

11 and CIROS-2 cores.

Units assigned in this study are different
from those reported by Pyne ez al. (1985)
and McKelvey (1975) (figure 4.1).

2.4 Setting

The Ferrar and Taylor Valleys are U-
shaped, formed by pre-Neogene glacial
down-cutting through the Transantarctic
Mountains. Currently the Ferrar Valley is
filled by the Ferrar Glacier which is fed
from the polar plateau. It flows beyond
its grounding line and floats out into
Ferrar Fjord, and appears to be advancing
at present (plate 2.1). The Taylor Valley
to the north is ice free, the Taylor Glacier
terminating close to the head of the
valley (figure 2.1).

The two valleys are cut into the
crystalline basement complex of
Precambrian to Cambrian metamorphic
rocks of the Skelton Group, and the
Precambrian Granite Harbour intrusive
complex which are unconformably

overlain by the Palaeozoic and Mesozoic
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sediments of the Beacon Supergroup and
the Jurassic Ferrar Dolerite (Gunn and
Warren, 1962) (figure 2.2).

The Transantarctic Mountains began to
rise about 50 Ma. ago (Gleadow and
Fitzgerald, 1987) at the western margin
of the West Antarctic Rift System
(Behrendt and Cooper, 1991). Rifting is
causing extension and depression of the
Ross Sea region as well as uplift of the
Transantarctic Mountains. Associated
with the rifting is extensive basaltic
volcanism in the Ross Sea region, with

the Ross Island volcanoes to the east and -

extrusives in the Dry Valleys to the west
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(figure 2.1). The volcanic activity has
been active since at least the Late
Miocene (Kyle, 1981).

Some phases of wuplift in the
Transantarctic Mountains may have
occurred within the Late Neogene
(Behrendt and Cooper, 1991). Evidence
for this is from young fault scarps and
raised shorelines. This possible late
tectonic uplift of the Ross Sea Margin
may complicate interpretation of glacial
sedimentary facies changes, as may
isostatic adjustment to ice loading or
unloading.




Chapter - 3

Synthesis of existing knowledge of Late
Neogene Antarctic ice sheet history.

This chapter summarises the existing data set, prior to this study, contributing to

knowledge of Antarctic glacial history in the Late Neogene. Information is presented both

from Southern Ocean floor sediments and from Antarctic continental outcrop. The

significance of each data set is discussed in each subsection. Previous models of Antarctic

glacial history are discussed to allow later comparison with the new findings of this work

(Chapter 6). Evidence from drilling on the Antarctic continental margin is presented later

in chapters 4 and 5. An analysis of the evidence presented in this chapter and chapters 4

and 5 is presented in chapter 6, where it is used to assess the extent of glacial maxima and

minima suggested by the higher resolution record from the continental margin (presented

in chapter 5).

3.1 Introduction

Many other reviews have documented
Cainozoic Antarctic glacial history (e.g.
Mercer, 1983; Webb, 1990; 1991;
Hambrey and Barrett, 1993). Only
records relevant to the Late Neogene are
discussed here, in as much detail as is
available to establish evidence of glacial
development of the Antarctic continent.
The discussion is also confined mainly to
the Late Neogene development of the
East Antarctic ice sheet. On the scale of
change discussed in this study, the West
Antarctic ice sheet is assumed to behave
under the influence and in synchrony
with the East Antarctic ice sheet.

19

3.2 Oceanic evidence for Ice
Sheet development

3.2.1 The Southern Ocean

Kennett (1977) first suggested and
established the pattern of evolution of the
Antarctic psychrosphere. He recognised
the

interaction of tectonic,

oceanographic, atmospheric and
geographic controls on developing the
psychrosphere and the ways in which
sediments in the southern ocean record
the developing history. Kennett (1977
and 1982) used several different
sedimentary indicators to infer climatic
evolution and development of the
Antarctic continent. These included: the
presence of ice rafted detritus (IRD) in
otherwise marine settings; increased
bottom water events in the deep marine

record, inducing hiatuses (hiatus



stratigraphy); large

latitudinal movements in siliceous
sedimentation patterns; and oxygen
stratigraphy jointly indicative of
fluctuating temperatures and absolute

oceanic volumes.

3.2.2 Palaeoceanographic Development
of the Southern Ocean

Kennett (1977; 1982) suggested that
initiation of the Antarctic psychrosphere
occurred during the early Oligocene,
instituted by opening of the Drake
Passage and the initiation of the circum-
Antarctic current (figure 3.1). According
to Kennett, the development of the
circum-Antarctic current began a general
trend of cooling of the continent leading
to development of sea ice and glaciers.
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Further tectonic activity that may have
changed the circulation patterns of the
southern ocean include isolation of the
Mediterranean Sea (Kennett, 1982) in the
Late Miocene and closing of the Central
American sea way in the Pliocene
(Kennett, 1977).

There is still much debate on the
development of extensive Northern
Hemisphere ice sheets. Shackleton and
Berggren (1972) initially suggested that
this occurred during the late Pliocene and
this timing was adopted by Kennett et al.
(1975). Poore (1982), Shackleton and
Opdyke (1977) and Keigwin and Thunell
(1979) date this more precisely at ca. 3.0
Ma. Further work (Shackleton and Hall,
1985) has suggested that ice sheet
development did not occur until 2.4 Ma.
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earliest Oligocene (pre-psychrosphere), before opening of the Drake Passage, but after
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with the Drake Passage open and a circum polar current developed.
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when the first the major onset of ice
rafted debris in the northern Atlantic
Ocean. Other workers (e.g. Dowsett and
Loubere, 1992) recognise minor ice
rafted detritus in some North Atlantic
cores around 2.7 Ma. and consequently
define the preglacial to glacial northern
hemisphere transition to occur between
2.0 and 3.0 Ma. With respect to Antarctic
glacial development, it is not yet
established whether this latest Pliocene
development of the northern hemisphere
ice sheet was a cause or effect of
continued Southern Ocean development.

3.2.3 The deep sea 5180 record

Oxygen isotope ratios of the world
oceans have varied over geologic time
(Emiliani and Milliman, 1966; Duplessy,
1978; Shackleton, 1967; Shackleton and
Opdyke, 1973; and Kennett, 1982). Most
calcareous microfossils precipitate
oxygen in the same ratio as the
surrounding water column. Two main
factors cause fractionation in the ratio of
precipitation of oxygen-16 to oxygen-18:
Temperature and the preferential removal
of 160 from the oceans to terrestrial
reservoirs. The 8180 record in deep sea
strata becomes more positive with
decreasing temperature and increasing
terrestrial ice.

Analysis of the 8180 in specific
microfossils in deep sea strata provides a
record of fluctuating Cainozoic
temperatures and ice sheets. Analysis of
solely benthic species should prevent any
effect from fluctuating sea surface
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temperatures. However, measurement of
the resulting record will still be a
composite of both changing ocean
bottom water temperatures and ice

volume.

If the effect of temperature can be
calculated from another source and
removed from the composite record, the
remaining portion of the record should be
due to ice volume fluctuation alone. Both
cooling temperatures and increasing ice
volume on land will enrich the relative
oxygen-18 value recorded by microfossil
tests. Shackleton and Kennett (1975)
calculated the value of 180 ocean
enrichment by the present ice sheets.
Hence, they calculated a lesser value of
enrichment beyond which must be
accounted for by ice accumulation on
land and not temperature alone.
Measurement of the changing oxygen
isotope ratios from leg 29 (Kennett,
1977) showed three major enrichment
phases of 180: One at the Eocene-
Oligocene boundary, the second in the
middle Miocene (approximately 14 Ma.)
and the third in the late Pliocene (3.5-3
Ma.). Further composite benthic §180
records were constructed from many
more deep sea cores (eg; Miller and
Fairbanks, 1985; Miller et al., 1987) to
rule out the effect of local temperature
3.2). These
composite records still contain the major

fluctuations (figure

developments proposed by Kennett
(1977).

Matthews and Poore (1980) recognise the
circularity of previous 5180 models in
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assessing temperatures and Antarctic ice
volume history. They eliminate some of
the assumptions inherent in previous
models by constructing a model using the
planktonic equatorial 5180 signal. This
assumes constant equatorial sea surface
temperatures. Based on the new model
they suggest significant periods of ice on
land throughout the Cainozoic and
Cretaceous. Prentice and Matthews
(1988) following the approach of
Matthews and Poore (1980) also
recognise that the benthic 5180 signal
dominantly reflects temperature
variation. They also recognise that the
Antarctic is not the only source of bottom
water throughout the Cainozoic. They
develop a refined model using the
planktonic equatorial 5180 signal, again
assuming constant equatorial sea surface
temperatures throughout the Cainozoic.
While they recognise more significant
variation in the 8180 record than Kennett
(1977; 1982), with significant ice volume
flux since 40 Ma. (figure 3.3), they still
suggest major glaciation of the Antarctic
continent in the middle Miocene, with

little variation subsequent to ca. 14 Ma.
3.2.4 The Ross Sea

Leg 28 of the Deep Sea Drilling Project
drilled 4 holes on the Antarctic
continental shelf in the Ross Sea (Hayes
et al., 1975). Only sites 271 and 272
recovered Late Neogene strata (Hambrey
and Barrett, 1993). Core recovery from
these two sites was poor, only 7% in hole
271, but several events relating to Late
Neogene glacial history were recognised.
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A pre-Pliocene hiatus in the sequence
was related to ice grounding and
extension in the Ross Sea Region
(Anderson, 1992). What was recovered
of the Pliocene strata was mainly
diatomaceous, but with a few lonestones.
Petrology indicated provenance from
West Antarctica (Barrett, 1975). This
evidence suggests a glacial advance in
the Ross Sea in immediately pre-Pliocene
times and a relative retreat and open
marine sedimentation pattern during the
early-middle Pliocene.

3.2.5 Prydz Bay

Two drill sites (739 and 742) on ODP leg
119 recovered Late Neogene strata from
Prydz Bay, East Antarctica (Hambrey et
al., 1991). The strata recovered was
inferred by Hambrey et al. (1991) to be
indicative of the general nature of
behaviour of the East Antarctic ice sheet.
Chronology is based largely on diatom
stratigraphy which limits the resolution.
Poor core recovery in places also reduces
the available resolution. The Late
Neogene record is an incomplete and
poorly cored sequence that caps a more
extensive and complete Cainozoic

sedimentary pile.

According to Hambrey et al. (1991) prior
to Pliocene times, ice was grounded in
Prydz Bay. The Late Miocene to mid-
Pliocene 1s marked by retreat but not
total withdrawal of the ice sheet. The
Late Pliocene to Pleistocene is
characterised by a further advance and

grounding of the ice sheet across Prydz



Bay. Hambrey et al. (1991) recognise ice
grounding and fluctuation by the
changing nature of depositional
lithofacies in the cored sequences.
Models of lithofacies variation within
glaciomarine environments have
previously been presented by Hambrey et
al. (1989) and will be reviewed briefly
here in chapter 5.

3.3 Continental evidence for East
Antarctic Ice Sheet development.

3.3.1 The Sirius Group

The name Sirius Formation was initially
proposed by Mercer (1972) for the
"compact glacial drift that
unconformably covers pre-Tertiary
rocks". By this definition the Sirius
Formation outcrops as some tens of
discrete units along the length of the
Transantarctic mountains for 1300 km
(figure 3.4). All deposits occur above
1600 m elevation, with most occurring
above 2000 m (Mayewski and
Goldthwait, 1985). Mercer (1972) had
noted that only scattered remnants of
these deposits had survived subsequent
ice action on the landscape. The deposits
themselves all consist of till draped over
striated bedrock material, with a few
outcrops preserving a stratified member
of glaciolacustrine origin. McKelvey et
al. (1991), recognising the thickness
(greater than 180 m), variability,
scattered distribution and possible age
differences of individual outcrops, raised
the Sirius Formation to group status. This
allowed individual outcrops to be
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described as formations, and even each
outcrop to contain different formations
(eg. the two members of Mayewski and
Goldthwait, 1985), or be subdivided into
members.

Originally, Mercer (1972) had suggested
that these deposits were derived from
local ice accumulation at high level
plateaus within the Transantarctic
mountains. He also noted that the till's
thickness, compactness and the evidence
of abundant water suggested that the
glacial conditions during deposition were
temperate, and deposition occurred about
the contemporary equilibrium line. From
this, Mercer believed that the deposits
must date from soon after the formation
of ice cover in the Transantarctic
Mountains and long before the formation
of the present cupoloid East Antarctic Ice
Sheet. Mayewski and Goldthwait (1985)
from observation of Sirius Group
outcrops along the length of the
Transantarctic Mountains agreed that the
till was waterlain, but suggested that it
originated from a continental-scale ice
sheet which contained wet based zones
as depositional centres. The model of
Mayewski and Goldthwait (1985)
requires the age of individual Sirius
Group outcrops to be similar, with
deposition occurring towards the end of
East Antarctic Ice Sheet formation and
subsequent to geomorphic development
of the Transantarctic Mountains. Even if
deposition was from a continental-scale
ice sheet, flow directions in southern
Victoria Land are markedly discordant to
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present day ice flow directions (Brady
and McKelvey, 1979 and 1983).

Little was known about the significance
of Sirius Group deposits until Webb et
al. (1984) reported the recovery of
marine microfossils from them in the
Reedy and Beardmore glacier areas. The
assemblages are diverse and include
foraminifers, diatoms, radiolarians,
sponge spicules, ostracodes and
palynomorphs. The microfossils are
within the matrix of Sirius Group tills
and sometimes included in clasts.
Particularly useful in age control are the
presence of Late Eocene through late
Oligocene, Miocene, and Pliocene
diatoms (Harwood, 1986). These age
ranges were based on the southern high-
latitudes zonal schemes, amongst others,
of Gombos and Ciesielski (1983) and
Ciesielski (1983). Although the diatoms
are reworked into the glacial till, distinct
time zones of productivity can be
identified (Harwood, 1986; Wise et al.,
1991), and included periods of non-
productivity between them (figure 3.5).
Assemblages from the Reedy Glacier,
Dominion Range, Mount Sirius and
Mount Feather areas (figure 3.4) include
diatoms specific to the Thalassiosira
insigna Zone through the Thalassiosira
vulnifica Zone (Harwood, 1986), 3.1 to
3.5 Ma. (Harwood et al., 1992). This
indicates time of marine productivity
about the source of the glacial deposits.
Early Pliocene diatoms were also
recovered from these same deposits.
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Webb et al. (1984) considered two
possible sources for the diatoms and
other microfossils. Firstly an in situ
deposition with Sirius Group deposits
subsequently uplifted by at least 2,000 m.
Secondly they considered the fossils as
reworked from an area closer to the
source of the ice on East Antarctica. Two
factors support the East Antarctic source:
The occurrence of diatoms within
glacially transported clasts and the range
of ages of the diatoms within these clasts
requires reworking prior to glacial
emplacement. There is a lack of geologic
support for such rapid uplift of the
Transantarctic mountains. Present and
(reconstructed) past flow lines indicate
the source to be the subglacial Wilkes
and Pensacola Basins (Drewry, 1983).
Large glaciers (such as the Beardmore)
transported material from the base of a

3T TRANSANTARCTIC .
MOUNTAINS

o

SIRIUS GROUP

veu,
e,

subsequently formed ice sheet and
depositing it high in the Transantarctic
Mountains (figure 3.6).

Each
represented by microfossils recovered

time zone of productivity

from Sirius Group outcrops requires the
interior Antarctic basins to be free of ice
during that time interval. This then
required a shrinkage of the East Antarctic
Ice Sheet, with open marine conditions in
parts of the Antarctic interior at various
times (plate 3.1) in the Cainozoic and as
recently as only 3.5 to 3 Ma. This finding
gave
Goldthwait's (1985) theory of deposition

support to Mayewski and
of Sirius group being from a continental-
scale ice sheet, the age of which must
postdate the youngest fossil assemblage
recovered from the tills.

90°E

— T T T presentica oval |
'''''''''' “-...... ANTARCTIC A :
el IOE SHEET = o

-------------

........
..............

\ . \/'\4'

2007 400 KM X '\/ Bt

- . LN
S - . -

Figure 3.6: Cross-section from the East Antarctic interior through the Transantarctic
Mountains to the Ross Sea, showing the location of Sirius Group deposits and their
inferred source in the interior (after Barrett et al., 1992).
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180*
after Denton (1985)

Plate 3.1: Sketch of the Antarctic Ice Sheet during the Cainozoic intervals of deglaciation
postulated by Webb et al. (1984) (after Denton, 1985).

The Ross Sea region has been suggested
as a possible source for the microfossils
and also the possibility of the
microfossils being windblown into Sirius
Group deposits (Clapperton and Sugden,
1990, Denton et al., 1992). Ice flow
directions, petrology of the clasts and
matrix in the tillites (Webb et al., 1984),
and the occurrence of the same
microfossil assemblages in Elephant
Moraine, 80 km west of the Allan Hills
(figure 3.4) (Faure and Harwood, 1990),
all preclude a Ross Sea origin for the
microfossils. The compacted nature of
the tills (plate 3.2) and the occurrence of
these microfossils within transported

clasts precludes a windblown origin.
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A Pliocene glacial minimum is also
recorded in the wood and leaves of
Nothofagus in the Dominion Range and
Beardmore Glacier area (Webb et al.,
1986; Hill et al., 1991; Webb and
Harwood, in press). The leaf mats are
bounded by glacial till members
containing the Pliocene microfossils
derived from the West Antarctic Interior.
By the nature of the fossil leaves locality
it seems that Sirius Glaciation must have
extinguished the surviving trees at least
in the Beardmore Glacier region, again at
a time postdating the youngest
microfossil assemblages in the tills (plate
3.3). Temperatures must have been much
warmer in the Beardmore Glacier region
to allow survival of the trees at such a
southerly latitude. Burkle and Pokras




(1991) discuss possibilities of re-
establishing Nothofagus on the Antarctic
Continent after a Miocene glaciation

must have extinguished growth some 10
Ma. earlier. They conclude that because
of the distances and timescales involved,
it is not possible to re-establish the tree
bird
migration, or seed floating, and that the

growth by wind dispersion,

Nothofagus must have survived in situ up
until the time it was extinguished.
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Plate 3.2: Sirius Group
tillite cropping out in the
Skelton Glacier area, note
the compactness and
consolidation of the deposit

The burden of proof for a continued
dynamic East Antarctic Ice Sheet history
lies on both the reliability of the
microfossil origins and their depositional
age ranges. Burkle and Abrams (1986)
found that under the present glacial
regime there is considerable diachrony
across the Polar Front, with Antarctic
regions showing earlier occurrences of
species (by several thousand years) than
the Southern Ocean.



The survival of Nothofagus trees prior to
the Sirius Glaciation requires warmer
conditions than presently exist in the
Antarctic with ice sheets never as big or
cold as the Sirius Glaciation. The
occurrence of microfossils in the Sirius
Group tills requires that at certain times
the East Antarctic Ice Sheet has been
small enough to expose now ice covered
interior Antarctic basins to marine
incursion. Both these lines of evidence
suggest a more dynamic, warmer and
wetter East Antarctic Ice Sheet prior to
Sirius Glaciation. What seems to be
critical now is age calibration of the
Diatom Zones in the Antarctic Interior, a
measure of the exact timing of Sirius
Glaciation and assessment as to whether
the Sirius ice sheet was the direct
precursor to the present cupoloid ice

3.3.2 Southern Victoria Land and
McMurdo Sound

The dry valleys of southern Victoria
Land (figure 3.7) had many periods of
glacial erosion and deposition. Because
of their aspect, these valleys contain both
marine deposits of higher relative sea
levels and glacial deposits of three
different origins: 1) Generally eastward
flowing, local valley glaciers; 2) larger
local ice caps draining through and
across the region, and 3) generally
westward flowing valley glaciers sourced
from grounded ice in the Ross Sea.

The Jason glaciomarine diamicton
(Prentice, 1982) outcrops close to Lake
Vanda in the central Wright Valley. It
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assemblages indicative of a fjord-like
depositional setting (Denton et al., 1992).
The Diatoms if they are in-situ and not
reworked suggest a late Miocene to early
Pliocene age for deposition (Burkle, et
al. 1986). It is evident that at the time of
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Location map of the McMurdo Sound and Dry Valley Region (after

deposition of the Jason diamicton,
condition were much warmer than they
are at present in the Wright Valley.

Further east in the Wright Valley lie the
Pecten Gravels (also known as the



Prospect Mesa Gravels (Prentice, 1982),
the base of which is 162 meters above
present sea level. It is an in situ shallow
water marine deposit of mid-late
Pliocene age (Webb, 1974). This gravelly
deposit with a fine grained matrix was
likely derived from a floating glacier
tongue and contains foraminifera and
growth position Chlamys tuftensis. The
fauna represent an assemblage typical of
a fjord setting (Webb, 1972), with
average depth of deposition being
between 10 m and 90 m below sea level.
The valley floor would then have been
much deeper, around 300 m below sea
level. A combination of uplift of the
Transantarctic Mountains and falling
eustatic sea levels has brought the
deposit to its present position. Webb
(1974) used Trochoelphidiella onyxi to
correlate the Pecten Gravels with the
Scallop Hill formation exposed on Black
and White Islands. Diatom assemblages
recovered from both the Pecten Gravels
and the Jason diamicton (Burkle et al.,
1986) suggest both are fjord deposits, but
that the Pecten Gravels are more than 2

Ma. younger than the Jason Diamicton.

The Scallop Hill Formation (Speden,
1962),
volcaniclastic, conglomerate and tuff
(Leckie and Webb, 1979) exposed in
coastal localities around southern

is a fossiliferous, marine,

McMurdo Sound. Unfortunately none of
the deposits appear to be in place and
have been transported to their present
localities by ice action. Some of the
deposits have been moved only minimal

distances and allow reconstruction of
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their original stratigraphic sense (Leckie
and Webb, 1979) (Eggers, 1979). The
faunal and floral assemblages present in
the fossiliferous facies of the Scallop Hill
formation are typical of a shallow inner
shelf environment. They are also
indicative of warmer, deglaciated
depositional conditions in McMurdo
Sound. Subsequent glaciation and
expansion of the Ross Ice Shelf moved
and lifted the deposits into their present
dispositions. The fauna, particularly
Chlamys (Zygochlamys) anderssoni and
Hexelasma antarcticum (Eggers, 1979)
and co-occurrences of dated volcanic
rocks (Webb and Andreasen, 1986)
suggest that this formation is also late
Pliocene and likely deposited during the
same interglacial period as that suggested
by Webb (1972) for the Pecten Gravels
in Wright Valley.

The Pecten Gravels are overlain by the
Peleus Till, which crops out over much
of the central Wright Valley (Prentice,
1986). It is generally less than 6 m thick,
but ranges in elevation from the valley
floor to 1100 m on the valley sides
(Prentice et al., 1987). It is the basal
deposit of an extensive wet based valley
glacier flowing from west to east, but not
of significant magnitude to cover the
Transantarctic Mountains (Denton et al.,
1992). Burkle et al. (1986) found
reworked late Pliocene age diagnostic
diatoms (Cosmiodiscus insignis,
Nitzschia kerguelensis, and Thalassiosira
lentiginosa) in the Peleus Till giving it a
maximum age of late Pliocene.
Reworking of the diatoms could be by




glacier ice from local fjord deposits, or
by East Antarctic continental ice draining
through the Wright Valley, transporting
the diatoms from interior Antarctic
Basins (Denton et al., 1992). Both of
these are possible, as similar diatom
assemblages have been found in Sirius
Group deposits and also within the
underlying Pecten Gravels (Burkle ez al.,
1986).

The recovery of in situ middle Miocene
marine diatom flora from sandy silts
beneath Lake Vanda in middle Wright
Valley (DVDP-4a) (Brady, 1982) is
indicative of fjord development in the
Wright Valley at this time. Brady (1982)
rules out recent glaciers reworking this
material into the lake as late Miocene and
Pliocene restricted diatoms are absent
from the deposit. Brady (1982) also
suggests that the Lake Vanda area of
Wright valley has not been glaciated to
any major extent since, as major glacial
activity would have produced glacial
deposits and removed the marine silts.
The presence of Peleus Till about Lake
Vanda does not support this, and perhaps
a better explanation is that subsequent
glaciation either did not affect the Lake
Vanda silts or eroded later Miocene/early
Pliocene age material. Being in the lake
depression may have offered the deposit
some protection from overriding glacial
ice.

Buried desert pavements have been
reported from various high altitude (>
1500 m) localities throughout the dry
valleys (Denton et al., 1992; Marchant et

al., 1989; 1993). These are reported to
be indicative of present glacial conditions
persisting in the past. Some of these are
covered by in situ volcanic ash
(Marchant et al., 1989; 1992; 1993).
These ashes range in ages from middle
Miocene to late Pliocene in age
(Marchant et al., 1992). Marchant et al.
(1992); Denton et al. (1992), Sugden
(1992) and Marchant et al. (1993) have
used this data to argue that the major ice
sheet expansions of Denton et al. (1984)
antedate these pavements and suggest
that present style polar climates have
persisted from middle Miocene to the
present.

The Dry Valleys contain many data sets
that on the surface offer conflicting
evidence as to the history of glacial
development of the region. It is important
to be careful in interpretation of
individual deposits to be sure of the
climatic indicators that individual
deposits retain, the ages and age
relationships of particular deposits, and
the possibility of a complex rather than
simple local glacial history within the
Dry Valley and McMurdo Sound
regions.

3.3.3 The Lambert Glacier Region

Pickard et al. (1988) report a possible
correlative of the Pecten Gravels at
marine plain in the Vestfold Hills, East
Antarctica (figure 1.2).They report a
shallow marine (less than 50 m) deposit
of diatomaceous sands unconformably
capped by glaciomarine diamictite. The



sands are up to 8 m thick and represent a
shallowing upwards sequence with frost
wedges in the uppermost part of the
section indicating subaerial exposure
(Pickard et al., 1988). The diatom
assemblage contains amongst others
Nitzschia praeinterfrigidaria, and lacks
Actinocyclus actinocyclus, Coscinodiscus
kolbei, C. vulnificus, and Cosmiodiscus
insignis (Harwood, 1986). This suggests
early to middle Pliocene deposition, prior
to the last episode of deglacial conditions
recorded by diatoms in the Sirius Group
deposits. A single sandstone horizon
(Pickard er al., 1988) is reported to
contain the bivalve Chlamys tuftensis,
also known from the Pecten Gravels in
Wright Valley.

The lack of proximal ice facies within the
sands, the marine nature of the deposit,
and the warmer water fossil species
(Chlamys tuftensis), indicate a much
warmer climate than presently exists at
the site. Pickard ez al. (1988) go as far as
to suggest that the earlier Pliocene
palaecoenvironment of the Vestfold hills
should be
interglacial. This interglacial period is

regarded as strongly
likely to be a partial correlative of the
Pecten Gravels in Wright Valley and of
early to middle Pliocene marine
deposition in Antarctic Interior Basins, as
indicated by diatoms recovered from the
Pagadroma Tillite and Sirius Group

deposits.

The Pagadroma tillite (McKelvey and
Stevenson, 1990) with its type section in
Pagadroma Gorge (figure 1.2), like the
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Sirius Group deposits in the
Transantarctic Mountains, is a Cainozoic,
semilithified, waterlain, lodgement till
(Bardin, 1982). It rests unconformably on
Permian Basement and is spread
the Charles

Mountains, with deposition thought to

throughout Prince
have occurred from an expanded
Lambert Glacier System (McKelvey and
Stevenson, 1990). Palaeoflow directions
would have been in the same direction as
present day (figure 1.2). In 1988 D.M.
Harwood discovered marine diatom flora
in reworked sedimentary clasts of the
Pagadroma Tillite (McKelvey and
Stevenson, 1990). The flora, like that of
the Sirius Group, is presumed to have
been deposited prior to glaciation in an
interior marine basin, upflow from the
site of till deposition. Two episodes of
marine productivity are recognised from
the basin (McKelvey and Stevenson,
1990); An upper Miocene episode is
recorded by diatoms specific to the
Denticulopsis dimorphia and D.
Hustedtii zones and a middle Pliocene
event recorded by diatoms specific to the
Cosmiodiscus insignis and Nitzschia

kerguelensis zones.

3.3.4 Drill-hole evidence from the
Antarctic Margin.

Previous work reported on Late Neogene
occurrences of drill-hole strata from the
Antarctic margin is revised and new
work forms a major part of this thesis.
This evidence is discussed separately in
Chapters 4, 5 and 6.




Chapter - 4

Stratigraphy of Antarctic Margin
sediments cored in McMurdo Sound

A new stratigraphic framework is established for the pre Late Pliocene strata of the
CIROS-2 and DVDP-11 drillholes, based on the work of Pyne et al. (1985) and McKelvey
(1981) and detailed relogging of the two cores. Ten major units are defined for the CIROS-
2 core and 20 for the DVDP-11 core. A full bed by bed description is presented in
Appendix 1. The units are grouped into 4 stratigraphic successions (A through D). Groups
A and B encompass the lowest successions of strata cored by DVDP-11. Groups C and D
encompass higher lithologically similar strata cored by both DVDP-11 and CIROS-2.
Groups are divided from one another by major disconformities. A brief interpretation of
the depositional environment of each unit is given, using the facies models and
unconformity types defined in chapter 5. Chapter 5 also presents an interpretation of the

depositional history of the two cores.

4.1 Stratigraphic nomenclature
of the CIROS-2 and DVDP-11
drillholes

Strata of the Antarctic margin in
McMurdo Sound have not yet been
formally named. Equivalent on-shore
strata have been loosely named (see
Chapter 3). Present definition of the
margin sediments includes letter codes
for seismically defined stratigraphic
packages, and numbered unit definitions
for cored strata.

Barrett et al. (1985) divided the CIROS-2
core into 13 lithological units
representing alternating glacial and
interglacial conditions, numbered from 1
at the top to 13 at the base (figure 4.1).
The lower part of unit 7 and units 8
through 13 represent the same interval of

strata studied here. The same unit
terminology was adopted by Harwood
(1986) and Barrett and Hambrey (1992)
although both workers found it necessary
to subdivide the units in order to
establish a mode of deposition of the

sediments.

McKelvey (1975) divided the DVDP-11
core into 8 lithological units (figure 4.1).
Some units represent consistently
interbedded strata of different lithology
(e.g. unit 7). The lower part of unit 5 and
units 6 through 8 represent the same
interval of strata studied here. This unit
terminology was also adopted in
subsequent work (McKelvey, 1979;
McKelvey, 1981 and Ishman and Rieck,
1993). Ishman and Rieck (1993) like
Barrett and Hambrey (1992) found it
necessary to subdivide the units to



CIROS-2 CIROS-2 DVDP-11 DVDP-11
(this study) (Barrett et al., 1985) (McKelvey, 1975) (this study)
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Figure 4.1: Lithostratigraphic nomenclature of units of the cored Antarctic margin, Late
Neogene, strata in McMurdo Sound, southern Victoria Land, Antarctica.

establish a mode of deposition of the

sediments.

Relogging of the strata from both cores is
based on careful discrimination of
lithologic facies and of observable
stratigraphic disconformities. It builds on
the recognition by Barrett and Hambrey
(1992) and Ishman and Rieck (1993) that
the cores have not previously been
adequately subdivided to enable a full
genetic interpretation. The observations
and models used in this assessment are
presented in chapter 5.

Only the previously recognised Late
Miocene to Late Pliocene sections of the
two cores are studied here. The study
follows on from the work of Barrett and
Hambrey (1992) and is more definitive.
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The units are numbered from 1 at the
base increasing upwards. Each unit
number is given a letter prefix, C for
CIROS-2 and D for DVDP-11, which
distinguish the newly defined units
between cores and also distinguish them
from the previously defined units of
Barrett et al. (1985) and McKelvey
(1975).

The units form 4 groups (figure 4.1). The
groups express the natural relationships
of units and are applicable to both the
Taylor Valley and Ferrar Fjord cores.
The four groups are bounded by major
discontinuities manifest as the major
erosional unconformities in the cores or
major intervals of non-recovery of core.




Groups A and B occur only in the lower
part of the DVDP-11 core. The base of
group A was not observed and inferred to
occur below the base of the DVDP-11
drill-hole. It is a 56.8 m succession of
massive to moderately stratified
diamictite units including rare stratified
sandy and gravelly mudstone units. This
group is equivalent to the lower three
quarters of unit 8 of McKelvey (1981).
Groups A and B are separated by an
erosive and topographic surface 271.14
m deep in the core. Group Bisa 131.6 m
succession of interbedded moderately to
well stratified diamictite units, stratified
sandy mudstones, and well sorted coarse
sand to fine conglomerate units. Many of
these conglomeratic units are winnowed
and contain little fine matrix. Group B is
equivalent to the upper part of unit 8 and
lower part of unit 7 of McKelvey (1981).

The boundary between groups B and C is
a major erosional unconformity 139.55 m
deep in the DVDP-11 core. It is
correlated with the paraconformity
between basement Granite Gneiss and
sediment which marks the base of group
C in the CIROS-2 core. Group C is 34.4
m thick in the DVDP-11 drill-hole and
23.4 m in the CIROS -2 drill-hole. It is a
succession of non- to moderately
stratified diamictite units and interbedded
massive to stratified mudstone units.
Many diamictite units include minor
internal erosional disconformities.

Groups C and D are separated by an
erosional disconformity 202.20 m deep
in the DVDP-11 core and within an
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interval of non recovery of core at
141.05-143.04 m depth in the CIROS-2
core. Group D also represents an
interbedded succession of diamictite
units, sandy mudstone units and pebble
conglomerates. It is more distinctly
stratified than Group C.

The top of group D is not observed in the
DVDP-11 sequence. In CIROS-2 it is
marked by an unconformity surface at
98.83 m depth, overlain by a dominantly
sandy and petrologically different
succession. Only the basal part of Group
D is relevant to the present study. The
top of Group D is the same horizon that
Barrett and Hambrey (1992) used to
subdivide the CIROS-2 core into its
upper and lower sequences. They
recognised both lithologic differences
and change in the proportion of volcanic
debris in the sediment. Above 100 m
depth the CIROS-2 core is up to 50%
volcanic detritus and below 100m less
than 10%.

4.2 CIROS-2 Stratigraphy
(figure 4.2)

The ca.
succession in the CIROS-2 core has been
divided into 10 major units labelled Cl1
(lowest) through C10 (highest). The units
are described in terms of lithology,

76 m pre Late-Pliocene

thickness, sedimentary structures and the
relationship of each to the underlying
unit. Because the strata are from
drillholes it is not appropriate to define
the units as formations, but they do

however fulfil the same function.
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Figure 4.2: Lithologic log of the
CIROS-2 drill-core (Late Neogene part),
Ferrar Fjord, McMurdo Sound, southern
Victoria Land, Antarctica.

Group C
Unit CI (165.37-166.47 m)

Unit C1 is a sandy and diatomaceous
mudstone disconformably overlying
Granite Gneiss basement (Pyne et al.,
1985). It is 1.10 m thick and equivalent
to unit 13 of Barrett et al. (1985). It is
moderately soft and moderately stratified
with a gravel lag at the base. Barrett and
Hambrey (1992) interpreted it to have
been deposited offshore in a distal
glaciomarine setting.
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Unit C2 ( 152.40-165.37 m)

Unit C2 is a muddy, sandy and gravelly
diamictite, equivalent to unit 12 of
Barrett et al. (1985) and 12.97 m thick. It
unconformably overlies unit C1 with an
erosional surface, and is homogeneous
and mostly massive, except for internal
deformation and sheared surfaces. The
upper part fines upwards, becoming less
pebbly and more stratified. It is
moderately hard and greenish grey.
Barrett and Hambrey (1992) interpreted
it to be a lodgement till deposited directly
beneath grounded ice.

Unit C3 (151.25-152.40 m)

Unit C3 is a slightly sandy, stratified,
diatomaceous mudstone that grades up
from the underlying diamictite of unit
C2. It is 1.15 m thick, equivalent to unit
11 of Barrett et al. (1985), moderately
soft and a light greenish grey colour.
Stratification is defined by sandy and
fine gravelly lenses. The unit coarsens
upwards becoming more gravelly
towards its top. Barrett and Hambrey
(1992) interpreted this unit to represent
offshore sedimentation in a distal
glaciomarine setting, similar to that of
unit C1.

Unit C4 (143.04-151.25 m)
Unit C4 is a muddy, sandy and gravelly

that the
underlying unit. It is 8.21 m thick and

diamictite grades from

equivalent to the lower part of unit 10 of
Barrett et al. (1985). It varies from




massive to moderately stratified. The
basal and upper parts of the unit are
dominantly stratified and the middle of
the unit is dominantly massive. It is
moderately hard to hard with some clay
cemented jointing, and greenish grey in
colour. The upper contact is not seen.
Barrett and Hambrey (1992) interpreted
this to represent lodgement and waterlain
till with deposition beneath grounded ice
ice

and floating basal glacial

respectively.
Group D
Unit C5 (137.20-141.05 m)

Unit C5 is alternating moderately sorted
and sandy diatomaceous mudstone with
muddy, sandy, and gravelly diamictite. It
is 3.85 m thick and equivalent to the
upper part of unit 10 and lower part of
unit 9 of Barrett er al., 1985. It is defined
differently from unit 9 of Barrett et al.
(1985) because a distinct disconformity
occurs 137.20 m deep in the core. The
entire unit is moderately to well stratified
and moderately hard. The contacts
between interbedded sub-units are all
gradational. Barrett and Hambrey (1992)
interpreted this to represent alternating
distal and proximal glaciomarine
- waterlain till environments of deposition.

Unit C6 (134.69-137.20 m)

Unit C6 is a sandy and stratified
diatomaceous mudstone disconformably
overlying the upper diamictite of unit C5.
It is 2.51 m thick and equivalent to the
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uppermost part of unit 9 of Barrett et al.
(1985). The unit is moderately to well
stratified. It is sandy at its base, fines and
becomes more massive upwards. The
very top of the unit becomes more pebbly
and stratified once again. This unit is
interpreted to have been deposited in a
to distal

proximal glaciomarine

environment.

Unit C7 (111.06-134.69 m)

Unit C7 is a muddy, sandy, and gravelly
diamictite, 23.63 m thick and equivalent
to the lower part of unit 8 of Barrett et al.
(1985). The lower part is dominantly
massive and the upper part dominantly
stratified. The upper part of the unit
contains several intervals of no core
recovery, probably due to the lack of fine
fraction and consequent incoherent
lithology. The interval from 124.65-
124.94 m is a white, tuffaceous siltstone
within an interval of alternating well
stratified diamictite and laminated
siltstone. This unit was interpreted by
Barrett and Hambrey (1992) to be
dominantly lodgement till near the base,
and entirely waterlain till towards the
top. Presumably currents associated with
a nearby grounded ice body have
winnowed the fine material from some
intervals rendering them incoherent and
difficult to recover by coring.

Unit C8(109.86-111.06 m)
Unit C8 is a 1.20 m thick, muddy,

medium fine sandstone grading from the
underlying diamictite of unit C7. It is



well stratified with mudstone clasts and
sandy lenses delineating cm-mm
bedding. The unit is interpreted to have
been deposited in a proximal to distal
glaciomarine environment.

Unit C9 (98.83-109.86 m)

Unit C9 is muddy, sandy and gravelly. It
is 11.03 m thick and equivalent to the
upper part of unit 8 of Barrett et al.
(1985). It unconformably overlies unit
C8 with a sheared surface. Unit C9 is
moderately stratified with sandy and
muddy horizons. Some sections are
massive with clasts dispersed throughout.
Barrett and Hambrey (1992) interpreted
it to represent deposition from grounded
ice (lodgement till) and rainout from
floating basal glacier ice (waterlain till).

Undifferentiated Group

Unit C10 (<90.00-98.83 m)

Unit C10 is a slightly muddy, medium
grained, moderately sorted sandstone. It
is more than 8.83 m thick, the top is not
relevant in the present study. It is
equivalent to unit 7 of Barrett et al.
(1985). The unit consists of soft and well
stratified basaltic sands. The base is
muddy and unconformably overlies the
upper diamictite of unit C9. Barrett and
Hambrey (1992) interpreted it to be
partly windblown sands deposited in an
ice covered lacustrine setting moderately
close to a floating glacier tongue.
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4.3 DVDP-11 Stratigraphy
(figure 4.3)

The ca.
succession in the DVDP-11 core has

178 m pre Late-Pliocene

been divided into 20 major units labelled
D1 (lowest) through D20 (highest). As
for CIROS-2, these units are described in
of

sedimentary

thickness,
the

terms lithology,

structures and
relationship of each to the underlying
unit. Again, it is not appropriate to define
these as formations, but they fulfil the

same function.

The DVDP-11 succession is divided into
Groups A through D, separated by
pronounced disconformities. Groups C
and D are lithologic equivalents of
groups C and D in the CIROS-2 core.

Group A

Unit DI (325.08->327.96 m)

Unit D1 is a muddy, sandy and gravelly
diamictite. It is greater than 2.88 m thick
and equivalent to the basal part of unit 8
of McKelvey (1975). The base of the unit
is not seen. It is moderately to well
stratified, contains thin mudstone
interbeds and is moderately hard and
olive green in colour. It is interpreted to

have been deposited as a waterlain till.
Unit D2 (324.81-325.08 m)
Unit D2 is a very fine laminated olive

grey diatomaceous mudstone. It is 0.27
m thick and has a sharp basal contact
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Figure 4.3: Lithologic log of the
DVDP-11 drill-core (Late Neogene part),
Taylor Valley, McMurdo Sound,
southern Victoria Land, Antarctica.

a

with the underlying diamictite, and is
moderately soft to moderately hard. It is
interpreted to represent deep marine
offshore sedimentation in a distal

glaciomarine environment.

Unit D3 (307.50-324.81 m)

Unit D3 is a muddy, sandy and gravelly
diamictite unconformably overlying unit
D2. It is 17.31 m thick, poorly stratified
at its base and becomes more stratified
towards the top. An interval of core is
missing from 319.01-321.80 m and there
are several horizons with internal
shearing and erosional surfaces. The
upper part of the unit fines to well
stratified sandy mudstone. The unit is
interpreted to represent deposition
beneath and close to the grounding line
of a glacier as lodgement and waterlain

till.

Unit D4 (302.32-307.50 m)

Unit D4 is a 5.18 m thick, sandy,
diatomaceous mudstone grading from the
underlying diamictite. The base of the
unit is pebbly but fines up into sandy
mudstone interbedded with gravelly
mudstones. A single thin stratified
muddy diamictite band occurs close to
the top of the unit. The unit is interpreted
as being deposited in a cycle of retreating
and re-advancing glacier ice, depositing
proximal to distal glaciomarine/waterlain
till facies.



Unit D5 (276.50-302.32 m)

Unit DS is a 25.82 m thick muddy, sandy
and gravelly diamictite unconformably
overlying unit D4. Most of it is massive
with clasts evenly distributed and
evidence of internal shearing. The upper
5 m becomes increasingly stratified and
the large clast proportion reduces. The
unit is interpreted as mostly lodgement
till deposited by grounded ice. The
uppermost part becomes increasingly

more waterlain till.

Unit D6 (275.74-176.50 m)

Unit D6 is a 0.76 m thick sandy stratified
mudstone, grading from the underlying
diamictite. Sandy horizons depict the
laminations and coarser detritus is
distributed throughout. The unit. is
interpreted as proximal to distal
glaciomarine in origin. The upper part is
increasingly more distal glaciomarine.

Unit D7 (271.14-275.74 m)

Unit D7 is a muddy, sandy and gravelly
diamictite. It is 4.60 m thick, moderately
hard and moderately stratified. It is
interpreted to be waterlain till.

Group B

Unit D8 (261.00-271.14 m)

Unit D8 is a 10.14 m thick muddy, sandy
and gravelly diamictite unconformably

overlying unit D7. It is moderately
stratified with several unconformable,

eroded and scoured surfaces in the basal
part of the unit. It becomes more massive
and less stratified upwards. The upper
few metres become more stratified and
interbedded with mudstone horizons. It is
interpreted as basal and waterlain till,
with the upper part of the unit recording
retreating ice.

Unit D9 (258.65-261.00 m)

Unit D9 is a laminated, sandy mudstone,
2.35 m thick, and grades from the
underlying stratified diamictite. It is
coarse in places, but fines upward
throughout. It is interpreted to represent a
proximal glaciomarine depositional
environment beneath floating icebergs

that were shedding debris.

Unit D10 (250.73-258.65 m)

Unit D10 is poorly sorted gravel, sand
and mud; a diamictite, unconformably
overlying unit D9. It is 7.92 m thick and
equivalent to the uppermost part of unit 8
and the lowermost part of unit 7 of
McKelvey (1981). It is massive and
internally sheared towards the base,
becoming more stratified and less pebbly
towards the top. It is interpreted as a
lodgement till, becoming more waterlain
towards its top, due to retreat of the
grounded ice line.

Unit D11 (239.55-250.73 m)
Unit D11 is interbedded diamictite,

mudstone and breccia/conglomerate. It is
11.18 m thick and equivalent to the lower




part of unit 7 of McKelvey (1981). It
conformably overlies the diamictite of
unit D10. The diamictite subunits are
moderately to well stratified and are
interpreted to be waterlain till. The
mudstone subunits are sandy with sand
laminaﬁons. The sand content decreases
then increases upwards. Clasts in the
breccia/conglomerates are subrounded to
subangular and winnowed of most fine
material. This subunit is interpreted as a
shallow water fluvioglacially dominated
deposit. It might have ben deposited
directly by subglacial outwash. The
entire unit is interpreted to have been

deposited close to an alternately

advancing and retreating grounded ice

front.

Group C

Unit D12 (225.96-239.55 m)

Unit D12 is poorly sorted gravel, sand
and mud. It is 13.50 m thick and
unconformably overlies unit D11. It is a
massive, at places sheared, diamictite
interpreted to be a lodgement till
deposited directly beneath glacial ice.

Unit D13 (221.56-225.96 m)

Unit D13 is interbedded sandy mudstone
and moderately sorted gravelly
sandstone. It is 4.40 m thick and grades
from the underlying diamictite. The
sandy units are gravelly and current
deposited, showing signs of cross-
bedding. The mudstone subunits are
laminated. Both

lithologies are
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bioturbated and retain fossil fragments.
The unit is interpreted to represent a
fluctuating proximal to moderately distal

glaciomarine environment of deposition.

Unit D14 (217.55-221.56 m)

Unit D14 is moderately stratified muddy,
sandy and gravelly diamictite, 4.01 m
thick and unconformably overlies unit
D13. The base contains sandy mudstone
rip-up clasts. The upper part is finer
grained and stratified. It is interpreted to
represent waterlain till to proximal
glaciomarine facies.

Unit D15 (205.84-217.55 m)

Unit D15 is interbedded stratified
diamictite, stratified mudstone and well
sorted sands. It is 11.71 m thick and
unconformably overlies unit D14. The
diamictite subunits are muddy, sandy and
slightly gravelly with proportionally
fewer clasts than the lower diamictite
in the DVDP-11 core. The
mudstone subunits are gravelly and

units

sandy. They are laminated and coarsen
upwards into well sorted cross-bedded
sandstones and gravelly breccias that
lack a fine fraction. This unit is
interpreted as waterlain till deposited in a
proximal glaciomarine depositional
environment, with strong subglacial and

proglacial currents.

Unit D16 (202.20-205.84 m)

Unit D16 is a 3.64 m thick poorly
stratified pebble conglomerate and



breccia. It unconformably overlies unit
D15 with a scoured unconformable
surface. The unit grades up into a more
stratified finer grained sandy and
gravelly mudstone, including scattered
lonestones and gravelly lenses. It is
bioturbated in muddier horizons. The
unit is interpreted to represent a proximal
to distal glaciomarine environment of
deposition.

Group D

Unit D17 (196.27-202.20 m)

Unit D17 is muddy, sandy and pebbly
diamictite, 5.93 m thick and well
stratified with signs of current reworking
and winnowing. The lithology becomes
more muddy and clast proportion
decreases towards its top. It is interpreted
to be very proximal glaciomarine in

origin.

Unit D18 (188.30-196.27 m)

Unit D18 is a 7.97 m thick, stratified,
coarsening upward gravelly, sandy and
muddy diamictite. It is equivalent to the
uppermost part of unit 7 of McKelvey
(1981). The base of the unit is a sandy
fossiliferous mudstone, which
disconformably overlies unit D17. A
pebble conglomerate that is current
reworked, winnowed and at places sandy
occurs in the centre of the unit. The
uppermost horizon in the unit is a thin
(0.57 m) sandy mudstone. The unit is
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interpreted to have been deposited in a
shallow proximal glaciomarine to
waterlain till environment.

Unit D19 (166.44-188.30 m)

Unit D19 is poorly sorted fine to medium
pebble conglomerate, 21.86 m thick, and
equivalent to unit 6 of McKelvey (1981).
It conformably overlies unit D18, fines
irregularly upwards and is homogeneous
with slight stratification. Where
stratification does occur, it is marked by
sandier more diamict-like horizons. The
unit is marine, includes broken shell
fragments, and is interpreted to represent
a very shallow, very proximal to sub-ice
current worked environment of

deposition.
Unit D20 (<150.00-166.44 m)

Unit 20 is highly variable weakly to
moderately stratified muddy, sandy and
gravelly diamictite. The 1sLnooFt relevant to
the present study. The unit is greater than
16.44 m thick and equivalent to the lower
part of unit 5 of McKelvey (1981). It
varies between weakly stratified gravelly
horizons and muddier better stratified
horizons. The finer grained fraction is
dominantly basaltic sands. The basal 0.63
m is an interbedded sandy mudstone and
muddy sandstone with fewer than 1%
lonestones. Interbeds are massive. The
unit is interpreted as a waterlain till
becoming more proximal to grounded ice
upwards.




Chapter - 5

Facies analysis and interpretation of the
CIROS-2 and DVDP-11 cores.

This chapter presents a facies analysis of the CIROS-2 and DVDP-11 strata. Six facies
associations are recognised after the model of Hambrey et al. (1989) and interpreted in
terms of ice advancing and retreating in a glaciomarine environment. The facies
associations construct two facies successions identified by Markov chain analysis. These
successions represent alternating glacial advance and retreat in deep and shallow
glaciomarine environments respectively. Markov chain analysis supports the glaciomarine
depositional environment model of Hambrey er al. (1989) and adds the shallower water
proximal breccia or pebble conglomerate to the model. Five types of unconformity in the
facies successions are reported. Most of these are disconformities scoured by currents
associated with nearby grounded ice. The resulting facies model is used to interpret the
sequences described in chapter 4. Correlation of the two cores for this interpretation is
from the magnetostratigraphy presented in chapter 9. The interpretation of the facies
successions 1n the two cores is combined with outcrop data from the Antarctic (chapter 3)
to form a model of Late Neogene ice volume variation on the East Antarctic Craton
(chapter 6).

5.1 Introduction presented for CIROS-1 by Hambrey et

al. (1989). An addition to the interpretive
Individual facies and stratal units of the models of Hambrey et al. (1989) and
pre-Late Pliocene strata in the CIROS-2 Hambrey et al. (1991) is the application
and DVDP-11 cores as recognised in this of Markov chain analysis with
study are presented in appendix 1. Only Waltherian Law (Middleton, 1973) to
the commonly occurring associations of identify naturally juxtaposed facies
these facies are presented here. They are associations.

identified purely on observable

characteristics (Walker, 1984) and after The discussion of stratal unconformities
the definitions presented by Hambrey et takes the same approach, defining them
al. (1989) for the CIROS-1 drill-hole. objectively by their appearance in the
The identifications and models presented cores. A brief interpretation of the
here for the CIROS-2 core do not differ genetic origin of each unconformity is
greatly from that of Barrett and Hambrey given after its definition.

(1992). The facies analysis of DVDP-11
is new and follows the same lines as that
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5.2 Facies associations.

Facies associations are described in more
detail elsewhere (Barrett and Hambrey ,
1992; Hambrey et al., 1989; and
Hambrey et al., 1991). They are
summarised here as below.

5.2.1 Massive diamictite

The massive diamictite facies association
is poorly sorted admixture of gravel, sand
and mud. Clasts comprise more than 1
per cent of the lithology and are rounded
to sub-angular. Some are striated. The
lithology is generally massive, the only
distinction being internal shear surfaces
in places. Hambrey et al. (1989)
interpreted the association to be
lodgement till resulting from active
deposition beneath grounded basal

glacier ice.

5.2.2 Stratified diamictite

Stratified diamictite consists of poorly
sorted gravel, sand and mud. Clasts
comprise more than 1 per cent of the
lithology and tend to be more rounded
than those in the massive diamictite. The
matrix surrounding the clasts shows
disturbance and dewatering structures.
The lithology varies between being
poorly and well stratified, with poor to
good alignment of clasts in defined
horizons. Total diamictite facies
association (massive and stratified)
comprises 65% of the pre-Late Pliocene
strata in the DVDP-11 core and 72% in
the CIROS-2 core. Interpretation of the
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stratified diamictite association by
Hambrey et al. (1989) is that this is
waterlain till deposited by currents
directly beneath melting basal glacier ice.
Clasts are commonly dropstones fallen
out from the ice floating above. Hambrey
et al. (1989) infer stratification to
increaseg seaward from the grounding
line.

5.2.3 Stratified sandstone

Stratified sandstone is moderately sorted
and sometimes muddy and gravelly. It is
poorly consolidated at places.
Stratification is generally marked by
muddy horizons, is on a mm to cm scale.
Sedimentary structures such as cross-
bedding are prominent at places.
Stratified sandstone comprises 15% of
the pre-Late Pliocene strata in the
CIROS-2 core and only 2% of the
DVDP-11 core. Hambrey et al. (1989)
interpreted this facies to have been
deposited in a near-shore environment,
with minor ice rafting and a windblown

component.
5.2.4 Massive Mudstone

The massive mudstone is poorly to
moderately sorted, diatomaceous and
contains rare dropstones. It is moderately
hard and sometimes fractured. Hambrey
et al. (1989) interpreted it to be a
relatively deep water offshore deposit
with minor terrigenous sediment in a

distal glaciomarine setting.




5.2.5 Stratified Mudstone

The
association is poorly to moderately

stratified mudstone facies

sorted, diatomaceous, and weakly to
moderately stratified on a mm to cm
scale. The stratification results from thin
sandy layers. Some horizons are gravelly
and dropstones are rare to common. The
total mudstone facies association content
(massive and stratified) comprises 13%
of the pre-Late Pliocene strata in the
CIROS-2 core and 16% of the DVDP-11
core. The stratified mudstone facies
association was interpreted by Hambrey
et al. (1989) to have been deposited in a
deep but more nearshore environment
than in that of the massive mudstone.
There is still a glaciomarine influence
and stratification and dropstone
concentration increase with proximity to
the glacier tongue.

5.2.6 Breccia/Conglomerate

The
association is clast supported subangular

breccia/conglomerate facies

to subrounded conglomerate. It is
massive to poorly stratified and usually
contains little or no matrix. This facies
association comprises 17% of the pre-
Late Pliocene strata in the DVDP-11 core
and is not observed in the CIROS-2 core.
It was interpreted by Hambrey et al.
(1989) to be immediately proglacial to
fluvioglacial material, where strong
fluvioglacial or subglacial currents have
winnowed most of the fines from the
deposit.
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5.3 Stratal unconformities
different stratal
unconformity are recognised in the
present study of the CIROS-2 and
DVDP-11 cores. The individual surfaces
vary greatly in character and are defined

Five types of

not only by the type of the break, but also
the lithology above and below the break.
Three of the unconformities are erosional
(A1-A3) and two are paraconformities
(B1 and B2).

A1) A sheared and striated basal contact
beneath lodgement till. It is sometimes
angular and shows tool markings from
clasts in the overriding till. The till itself
often contains rip-up clasts from the
underlying lithology, this is often
mudstone, but can be diamictite. This
unconformity is formed from direct
erosion by grounded glacial ice shearing
and removing the material that it is

overriding.

A2) A current formed erosional surface
with up to 5 cm of relief. Underlying
lithology is often sandstone or stratified
diamictite with rare pebbles. Ripples
were observed in one example formed
from the currents associated with the
erosion. The irregular unconformity
surface is overlain by stratified and
sometimes crossbedded diamictite. This
type of unconformity is formed by
currents associated with a proximal
grounded ice sheet winnowing and
removing material in front of the

grounded ice.



A3) A similar surface to that described as
A2, except that the overlying lithology is
breccia and/or pebble conglomerate. It is
associated with a proximal ice tongue,
but inferred to have formed in shallower
water environment than type A2
unconformities.

B1) and
disconformity where the top of a

An angular irregular
diamictite unit is directly overlain by
mudstone that drapes the underlying
diamictite. This is interpreted to have
formed in a proximal glaciomarine
environment where currents associated
with the nearby ice body are strong
enough to prevent deposition but not
erode existing material. After further
retreat of the ice body distal glaciomarine
sediments (mudstones and sandy
mudstones) draped the underlying
lithology.

B2) A surface where two mudstone
facies associations are separated by a
burrowed hardground. This is interpreted
to have occurred at times of marine
deposition when sediment supply was

very slow.

5.4 Facies successions

Many workers have related the different
facies units to deposition in particular
environments (e.g. Hambrey ez al., 1989,
document individual facies associations
and their interpreted depositional
environment, but do not recognise facies
the
environment of deposition that they

successions and changing
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represent). This is possibly because even
common successions in the core are
difficult to observe and quantify.
Hambrey and Barrett (1993) state that the
limitations of their lithofacies and
process models can be attributed to the
limited direct geological observations
and the slow depositional rates beneath
Antarctic glaciers. Because of this an
attempt is made here to help quantify the
natural successions and juxtapositions of
facies associations and develop the
model of Hambrey et al. (1989) (figure
5.1) by adding more quantitative and
qualitative observations. Application of
Waltherian Law to the resulting

observations of vertical facies
relationships allows inference of the
lateral arrangement of facies. In
analysing vertical sequences it is
important to recognise the contacts
between the facies associations and
hence the continuum of deposition.
Hence, the importance placed by this
study on recognition of unconformities in

the cores.

Markov chain analysis is employed here
to identify significant facies association
relationships. It eliminates the variation
that might occur from differing lateral
proximity to an advancing or retreating
ice tongue. This means that position of
the respective drill-holes is not critical in
constructing facies successions and
models.

A markovian process is one "in which the
probability of the process being in a
given state at a particular time may be
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Figure 5.1:

Facies model for sedimentation around a floating glacier tongue (from

Hambrey er al., 1989) (Vertical exaggeration is X10).

depicted from a knowledge of the
immediately preceding state" (Harbaugh
and Bohnham-Carter, 1970, p.98). The
procedure for analysis was presented in
detail by Tucker (1988). The basic
principle is that recognised facies
transitions are recorded in a matrix form
(observed matrix). From this a
probability of facies transition matrix
(predicted matrix) is constructed by
comparison of the total number of
transitions to or from any one particular
facies with the total number of facies
transitions.

Comparison of the two matrices
(observed and predicted) depicts the
significant facies transitions and hence
the facies successions of the CIROS-2
and DVDP-11 drill-holes.
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The successions cored by the two drill-
holes are used in constructing the facies
successions and resulting facies models.
Although the DVDP-11 core sampled an
overall shallower depositional
environment (Barrett and Hambrey,
1992), it should still record the same
natural lithofacies relationships. It
introduces into the model shallower
lithofacies that are not recorded by the

CIROS-2 drill-hole.

The observed lithofacies used in the
present study are:

Disconformity surface, nonerosional
(Al); Unconformity surface, erosional
(A2); Massive Diamictite (B1); Stratified
Diamictite (B2); Stratified Sandstone



Table 5.1: Observed facies transition matrix for cored Antarctic Margin
strata in McMurdo Sound.

A1 A2 B1 B2 C D1 D2 E TOTAL
A1 9 4 3 2 18
A2 3 3
B1 4 1 6 3 14
B2 5 1 6 4 1 10 3 30
C 1 1 3 1 4 1 11
D1 2 3 1 6
D2 6 1 8 4 1 1 21
E 4 1 2 7
TOTAL 18 3 16 28 13 6 19 7 110
Table 5.2: Predicted facies transition matrix for cored Antarctic Margin
strata in McMurdo Sound.
A1 A2 B1 B2 C D1 D2 E TOTAL
A1 0.49| 2.62| 4.58/ 2.13| 0.98/ 3.11] 1.15 15.06
A2 0.49 0.44] 0.76] 0.35/ 0.16] 0.52| 0.19| 2.91
B1 2.29| 0.38 3.56] 1.65| 0.76] 2.42[ 0.89] 11.95
B2 4.90| 0.81] 4.36 3.55| 1.64] 5.18] 1.91 22.35
C 1.80/ 0.30| 1.60| 2.80 0.60/ 1.890f 0.70 9.70
D1 0.98/ 0.16]/ 0.87] 1.53] 0.71 1.04] 0.38] 5.67
D2 3.44| 0.57| 3.05| 5.35| 2.48/ 1.15 1.34 17.38
E 1.15| 0.19( 1.02| 1.78| 0.83| 0.38| 0.44 5.79
TOTAL| 15.05| 2.90| 13.96/ 20.36| 11.70| 5.67| 14.61 6.56 90.81
Table 5.3: Difference matrix, between predicted and observed facies
transitions for cored Antarctic Margin strata in McMurdo
Sound.
A1 A2 B1 B2 C D1 D2 E TOTAL
A1 6.38 0.87 0.85 8.10
A2 2.48 2.48
B1 1.71] 0.62 2.44 2.24 7.01
B2 0.10| 0.19| 1.64 0.45 4.82 _1;0_9 8.29
C 0.70 0.20 0.40( 2.10| 0.30 3.70
D1 1.02 1.47| 0.29 2.78
D2 2.56 2.65| 1.52 6.73
E 2.22| 0.17 1.56 3.95
TOTAL|{ 5.39| 1.51| 8.02| 8.98| 3.30| 2.64| 10.96| 2.24 43.04

(C); Massive Mudstone (D1); Stratified
Mudstone (D2); Breccia/conglomerate

(E).

Gradational contacts are interpreted as
passive changes from one environment or
facies association to another. A sharp
contact is less passive, or less closely
Unconformities

related. or

disconformities are treated individually

and vary between active erosive
processes and passive breaks in
deposition. Intervals of non-recovery in
the cores are treated as breaks in
deposition in the facies transition

sequence.

Some 111 facies association transitions
are recognised in the pre-Late Pliocene
strata from both the CIROS-2 and




DVDP-11 cores. These are presented in
table 5.1 with the predicted facies
transitions matrix presented in table 5.2.
The significant facies association
transitions are underlined in the
difference matrix in table 5.3 and
presented in figure 5.2.

Two main types of succession are
recognised by the Markov chain analysis:

1) (figure 5.3) A sequence beginning
with an erosional unconformity surface
usually directly overlain by massive
diamictite, often including rip-up clasts
of the material it has eroded. The
diamictite becomes increasingly stratified
and decreasingly pebbly until it is a
stratified pebbly mudstone. The sequence
then coarsens and becomes less stratified

until once again it is stratified or massive
diamictite. Each sequence does not
always begin with an erosional surface,
but usually does. Sometimes the
diamictite is disconformably overlain by
a massive mudstone without the
increasingly stratified transitional
sequence (figure 5.3a).

2) (figure 5.4) Sometimes the stratified
diamictite facies association 1is
conformably overlain by coarser current
deposited and winnowed pebble
conglomerates or stratified coarser sandy

facies associations.
5.5 Interpretation of successions

Interpretation of these sequences is

presented in figure 5.5. It follows the

Figure 5.2: Facies association relationship diagram and vector sequences for the CIROS-
2 and DVDP-11 successions. Relationships are calculated using Markov chain analysis. Ay
= disconformity surface, erosional; Ay = unconformity surface, erosional; B; = massive
diamictite; B, = stratified diamictite; C = stratified sandstone; D; = massive mudstone; Dy
= stratified mudstone; E = breccia/conglomerate.
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Figure 5.3: Facies succession 1 as
identified by markov chain analysis. a)
right; common variation in the lower part
of the facies succession (see text for
explanation).

Facies succession 2 as

Figure 5.4:
identified by markov chain analysis (see
text for explanation).
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interpretation and models presented by
Hambrey et al. (1989) Hambrey et al.
(1991), Hambrey et al. (1992) and
Barrett and Hambrey (1992). The two
types of sequences distinguished by
Markov chain analysis (see section 5.4)
each represent a retreat and readvance of
grounded glacial ice into a glaciomarine

environment.

An erosion surface represents the initial
advance of a grounded ice body. The
lodgement till directly above this is
material deposited directly from the basal
debris layer of the grounded ice above
the site of deposition. The increasing
stratification and general fining of the
facies associations represents a retreating
grounded ice body from the site of
deposition in a glaciomarine
environment. Floating debris laden
glacier ice continues to introduce
gravelly debris to the site of deposition.
Direct deposition of the gravelly
material, however, becomes increasingly
controlled by currents and then settling
with distance from the grounding line of
the ice body. The finest grained muddy
horizons in the centre of the sequence
represent the deepest and most distal
glaciomarine phase of deposition, with
little or no influence from a grounded or
floating ice body.

The upper part of the sequence, an
inversion of the lower part of the
sequence, represents a readvance of the
floating and then grounded debris laden
ice body towards and above the site of
deposition.
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Figure 5.5: Modified facies model for sedimentation around a floating glacier tongue,
model now includes winnowed, shallow water deposited, conglomerates (modified from
Hambrey et al., 1989) (Vertical exaggeration is X10).

Sequence 2 differs from sequence 1 in
that it is inferred to represent the same
sequence of glacial retreat and

readvance, but in a shallower
glaciomarine environment. The facies
associations in the centre of the sequence
are therefore generally more sandy and
more affected by currents associated with
both the ice body and the shallow marine
deposition. In its shallowest example, the
centre of the sequence is represented by
pebble

coarse, well washed,

conglomerates.

5.6 History of sedimentation in
McMurdo Sound as recorded by
the CIROS-2 and DVDP-11

cored sequences.

The two pre-Late Pliocene sequences in
CIROS-2 and DVDP-11 are entirely

marine (Harwood, 1986; Ishman and
Rieck, 1993 and this study, appendix 1).

Barrett and Hambrey (1992) present a
model of ice front position with respect
to the site of deposition of the CIROS-2
drill-hole (figure 5.6). The pre-Late
Pliocene (>100 m depth) section of this is
adopted here. Two orders of glacial
activity are recognised in the CIROS-2
core: The lesser order was advance and
retreat of local ice from down-valley
glaciation and the larger order was larger
scale glaciation causing grounded ice in
the Ross Sea. The grounded ice isolated
the McMurdo Sound region so that
deposition in the CIROS-2 core became
entirely lacustrine and freshwater in
origin (Harwood, 1986). The onset of
grounding ice in McMurdo Sound is
recognised by an increase in volcanic
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Figure 5.6: Lithological interpretation of the Late Neogene sequence cored at CIROS-2.
Ages are from chapter 9. Curve for the ice front position was obtained using the model
presented in figure 5.5 (curve is from Barrett and Hambrey, 1992).

detritus in the CIROS-2 core (Barrett and
Hambrey, 1992). An unknown scale of
glaciation is recorded in the CIROS-2
drill-hole by the glacial advance that
planed the valley floor back to Granite
Gneiss basement.

The ice front position curves (figure 5.6
and 5.7) were constructed from the

detailed lithofacies interpretations
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presented in chapter 4 and appendix 1.
The curves reflect proximity to the ice
margin, and hence extent of glaciation at

the sites of observation.

Successive ice front positions relative to
the pre-Late Pliocene DVDP-11 site of
deposition (figure 5.7) was compiled
using the facies associations and
successions presented in sections 5.3 and
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Figure 5.7: Lithological interpretation of the Late Neogene sequence cored at DVDP-11.
Ages are from chapter 9. Curve for the ice front position was obtained using the model
presented in figure 5.5.
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5.4. Three orders of glacial activity are
recognised in the DVDP-11 core: Firstly
from advance and retreat of the Taylor
Glacier between ca. 205 and 270 m depth
in the core (Groups B and C), where ice
front varies between grounded over the
DVDP-11 site and distal. Secondly
where grounded ice from an advance of
the Taylor Glacier is more extensive
(below ca. 270 m in the core; Group A)
and almost constantly grounded over the
DVDP-11 site. The third order is from
grounded ice in the Ross Sea, recognised
by an increase in the volcanic detritus at
ca. 202 m depth (Ishman and Rieck,
1993) like that recognised in the CIROS-
2 core by Barrett and Hambrey (1992).
Age control is from the
magnetostratigraphy presented in chapter
9.

The two cores record much of the Late
Neogene history of glaciation in
McMurdo Sound (figure 5.8).

The earliest record of sedimentation is in
the DVDP-11 core. It contains the only
record of sedimentation for the Late
Miocene - Early Pliocene. Despite being
a single record, the agreement in the
upper part of the core with the CIROS-2
record is so good that this is adopted here
to be representative of Late Miocene -
Early Pliocene glacial extent.

Group A strata represent a time of
extended glacial advance down the
Taylor Valley with deposition at the

DVDP-11 site of predominantly
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lodgement till. Three short intervals of
glacial retreat are definitely recorded at
ca. 5.4, 5.8 and 6.3 Ma. by deposition of
distal glaciomarine to marine sediment at
the DVDP-11 site. Several more glacial
advances are recorded by unconformities
and evidence of smaller episodes of
lodgement till to waterlain till deposition.
Generally as in the facies model
presented earlier, the waterlain till
directly overlies lodgement till. Further
episodes of ice retreat may either not
have occurred or evidence of them may
have been eroded by subsequent glacial
advance. The magnetostratigraphy
(chapter 9) suggests that little of the
record is missing, supporting the
hypothesis of continued deposition from
expanded ice in the Taylor Valley in the

Group A sediments (Late Miocene).

Deposition of Group B strata was in a
less predominantly glacial environment.
Glacial advance is recorded mainly by
waterlain till deposition at the DVDP-11
site. Large glacial advance events are
recorded at 4.9 and 5.3 Ma. Intervals of
glacial retreat are recognised at ca. 4.5,
4.8 and 5.0 Ma. by distal glaciomarine to
marine sedimentation at the DVDP-11
site. Much of the rest of the Early
Pliocene is a time of proximal to distal
shallow glaciomarine deposition at the
DVDP-11 site, and hence reduced glacial
extent than in the Late Miocene.

The top of Group B is marked by a large

glacial advance eroding and/or

preventing much deposition between 4.3
and 4.6 m.y. This event in DVDP-11 is
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correlative with the latest glacial erosion
to basement at the CIROS-2 site of
deposition in the Ferrar Valley.

Group C strata are sampled by both
CIROS-2 and DVDP-11 drill-holes. The
lowest member of this group occurs only
in the DVDP-11 core (unit D12), is a
lodgement till and seems to be associated
with glacial advance causing the Hl
hiatus. The remaining Late Pliocene
sequence (Group C strata) represents
several episodes of glacial advance and
retreat, with cyclically varying waterlain
till to distal
glaciomarine deposition at the DVDP-11

through proximal

site. Only lodgement to waterlain till was
recovered from this interval in the
CIROS-2 core. Intervals of non-recovery
and unconformity in the CIROS-2 core
correlate with 'interglacial' sedimentation
at the DVDP-11 site. Two deglacial
episodes are recorded at 3.3 and 4.1 Ma.
by distal glaciomarine to marine
sedimentation at both the DVDP-11 and
CIROS-2 sites of deposition.

Group C and D strata are separated in
both CIROS-2 and DVDP-11 cores by
major hiatuses, ca. 3.5-3.6 m.y. and 3.0-
3.6 m.y. respectively. This is inferred to
represent a major glacial episode causing
erosion and/or non-deposition. The
episode is more extensive in Taylor
Valley to the north.

Late Pliocene sedimentation is recorded
only in the CIROS-2 core. Deglaciation
is recorded in two episodes between 3.2
and 3.4 Ma., and is followed by a glacial
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episode from 3.0-3.2 m.y. The upper
group C strata (2.5 - 3.0 m.y.) record
shallower water sedimentation in a more
continuously proximal glaciomarine to
waterlain till environment of deposition
at both the CIROS-2 and DVDP-11 sites.
Several episodes of smaller scale glacial
advance and retreat are recorded in these
strata at both the DVDP-11 and CIROS-2
drill-holes.

A distinct change in the nature of
sedimentation occurs in both cores within
the Late Pliocene, at about 3.0 Ma. at the
DVDP-11 site and 2.5 Ma. at the CIROS-
2 site the source of sediment and hence
glacial advance is from the Ross Island
side of McMurdo Sound. This resulted
from a gradual but large increase in the
size of the Ross Ice Shelf, causing
grounding in the Ross Sea. This is
recorded by gradual isolation and Ross
Ice Shelf extension into McMurdo
Sound. Additional
supporting expansion of the Ross Ice
Shelf
identification of

information
is available from seismic
the
unconformity' in the Ross Sea (Webb,

'Pliocene

1990) and the recovery of only fresh
water diatom species (Harwood, 1986)
above this interval in both the CIROS-2
and DVDP-11 strata. The change occurs
above an erosional hiatus (H2/H3 in
DVDP-11 and H4 in CIROS-2) in both
cores. It may be younger in the CIROS-2
core because of a combination of its
position further south, added protection
from grounding ice by Ross Island, and
the greater water depth at the site of
deposition.
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Chapter - 6
Late Neogene ice volume history

The interpretation of the record of ice volume history on the East Antarctic craton is based
on models presented in chapter 5, together with ice volumes interpreted from other direct
records of ice extent from the Antarctic continent. Chronology for the record is from
section 2. The records from the DVDP-11 core and CIROS-2 core are in good agreement
and inferred to be representative of variations in the volume of the East Antarctic ice sheet,
or a local ice dome (Drewry, 1980) which feeds the Taylor and Ferrar Glaciers. The record
in both cores is quite complete because of the passive nature of glacial advance and retreat
caused by the sea-level response to ice volume variation on the East Antarctic craton. The
sea-level rise and fall, floats and grounds the ice tongue during a glacial retreat and
advance respectively. Ice volume variation is inferred to occur on four orders determined
by scale and timing. The smallest scale is 100 k.y. duration glacial cycles resulting from
limited ice volume variation indicative of the middle Pliocene glacial record. The largest
scale is major grounding of ice in the Ross Sea due to development of an ice sheet larger
than the present ice sheet. During times of maximum deglaciation, observed in the Early
Pliocene (3.5-5.5 m.y.) by this study, the ice sheet is inferred to have been approximately
half its present size. During maximum glaciation at ca. 2.5 Ma. the ice sheet is inferred to
have grown to less than half as large again as the present ice sheet. This new ice volume
record of the East Antarctic ice sheet does not agree with existing interpretations of the
oxygen isotope record for the Late Neogene, but the variation is similar in timing and

amplitude to variations in the oxygen isotope record.

6.1 Introduction 6.2 Deglaciation and
reglaciation?

A composite record is reported with the

resolution and chronology from the The best indicator available for large
Antarctic margin records and extent of scale deglaciation of the east Antarctic
glacial variation available in a limited craton is the occurrence of recycled
sense from the cores, and largely from marine microfossils in the Sirius Group
discrete outcrops of Sirius Group till deposits in the Transantarctic mountains
from the Transantarctic Mountains and and their correlative deposits in the
Lambert Glacier region, and the Dry Lambert Glacier region (plate 6.1). As
Valley region on the Antarctic craton. reported in chapter 3, Harwood (1986)
The methodology used for interpretation inferred that deglaciation of the East
of the records is presented earlier in this Antarctic interior occurred between ca. 5
section. and 2.5 Ma. The East Antarctic interior is
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MAKIMUN DEGLACTATION

MM DEGLACIATION

Plate 6.1:

General Palacoceanographic configuration for various equilibrium stages in

Antarctic Ice Sheet growth (figure prepared by David Harwood).

inferred to have been fully ice covered
prior to ca. 5 Ma. from the lack of
recycled marine microfossils of that age
in the Sirius Group and correlative
1986). The
biostratigraphic ages are corroborated by

deposits (Harwood,
the independent radiometric chronology
of the biostratigraphic zones in the
CIROS-2 and DVDP-11 cores. The cores
are from equally high latitudes as
deposition predicted for the recycled
marine microfossils in the Sirius Group
deposits by the model of Webb et al.
(1984).

The inferred single glaciation event that
deposited the Sirius Group (Mayewski
and Goldthwait, 1985) is adopted in this
study and must post date the youngest
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deposition of the marine microfossils in
the East Antarctic Interior (ca. 2.5 Ma.).

Further evidence for Pliocene
deglaciation is recorded less directly by
deposition of fjordal and non ice-related
Early Pliocene sediments in the Dry
Valley region and McMurdo Sound.
These areas have been subsequently

glaciated and are still glaciated now.

Large scale glaciation during the late
Pliocene is recorded by large scale
erosion from ice grounding in the Ross
Sea region (plate 6.1). The proposed
method of ice grounding is from growth
of the Antarctic ice sheet to a larger size
than at present (Denton and Hughes,
1981). The resulting ice banked up
behind the Transantarctic Mountains,




possibly flowing over the top of the
mountains and grounding across the Ross
Sea. It is inferred, by this study, to be the
same event that deposited the Sirius
Group high in the Transantarctic
mountains and marked the change from
temperate moderate glacial conditions
(Webb and Harwood, 1991) to the cold
Polar conditions that exist today.

6.3 Continued Glaciation?

Evidence for continued glaciation of the
Antarctic Continent throughout the
Neogene has been presented from the
Oxygen Isotope record (Kennett, 1977)
and from buried desert pavements in the
dry valley region (Marchant et al., 1989;
1992; and 1993). Both of these
arguments use the present day conditions
in the Antarctic as a basis for their
models. The Sirius Group evidence
suggests that the cold Antarctic Ice Sheet
of the Pleistocene is a poor analogue for
any earlier time. Therefore, each data set
must be taken on its own merits. An
interpretation accommodating all the data
can be the only solution. If the
Pleistocene Ice Sheet is a poor analogue
for the pre-Pleistocene, then any model
that uses it as an indicator must be
viewed with caution. The oxygen isotope
model of Kennett (1977) and further
workers (e.g. Hodell er al., 1988) is
therefore treated with some caution here,
as the base level they employ to indicate
ice build-up on the Antarctic continent is
quite possibly invalid prior to the
(1986)
interpretation of the oxygen isotope

Pleistocene. Harwood's
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record, using inclined base-line for ice
sheet development based on cooling
global ocean temperatures throughout the
Cainozoic (figure 6.1), is probably much
closer to the truth.

The claims of Marchant et al. (1989;
1992; and 1993) (see chapter 3) must
also be viewed with caution. Further
substantiation of the relationship of the
ashes to geomorphic elements and
evolution is required. If their relationship
is inferred correctly by Marchant et al.
(1993) the data call for ice free
conditions at the time of deposition and
minimal or no water flow consequent to
deposition. This does not necessarily
require the present cold polar conditions.

The writers interpretation of the data sets
is one of subpolar conditions with
temperate style glaciation prior to 2.5
Ma., with
temperate style ice sheets across at least
the East Antarctic Craton. The latest

episodic development of

development of a moderately large
temperate ice sheet was in the Messinian
(Kapitean time, latest Miocene). At ca.
2.5 Ma. B.P. a temperate ice sheet,
dammed by the Transantarctic Mountains
formed to a greater size than the present
ice sheet. While it grounded in the Ross
Sea almost to the shelf edge (Hayes and
Davey, 1975), aided by associated lower
eustatic sea levels, it can not have
enveloped the entire Transantarctic
Mountain front as suggested by Denton
and Hughes (1981). This is because the
data of Marchant et al. (1989; 1992; and
1993) require the dry valley region to
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Figure 6.1:

The oxygen isotope curve (Miller and Fairbanks, 1985) with ice/ice free

interpretation accounting for first-order cooling trend in the benthic oxygen isotope
compilations of Miller and Fairbanks (1985). Cainozoic eustatic sea level curve of Haq et
al., 1987) is given for comparison (from Harwood, 1986).

have been essentially ice free throughout
the time and certainly not proximal to
temperate ice and its associated

fluvioglacial influence.

6.4 Evidence from Antarctic
margin strata in McMurdo
Sound.

The correlation between the CIROS-2
and DVDP-11 cores, which record
glaciomarine deposition in two
independent valleys, confirm that
changing depositional environments at

the site of deposition of these sequences
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were driven by fluctuations beyond local
influence of single glacial surges (Barrett
and Hambrey, 1992). In this case the
driving force must be the East Antarctic
Ice sheet or a large local ice dome
(Drewry, 1980) that feeds both the
Taylor and Ferrar Glaciers. In effect the
depositional record from the CIROS-2
and DVDP-11 drill-holes is a record of
glacial advance and retreat in response to
fluctuations in the volume of the East
Antarctic ice sheet feeding the valley
glaciers.




The record in the two cores is more
passive than one might expect from
subpolar glacial advance and retreat. This
is inferred here to be caused by the
eustatic sea level variation associated
with fluctuations in the volume of the
East Antarctic ice sheet. Deglaciation
would raise sea level, lift grounded ice
off the McMurdo Sound sea floor and aid
its retreat. Conversely, reglaciation
would lower sea level placing the Taylor
and Ferrar ice tongues back onto the sea
floor, enhancing the signal of their
advance and allowing the advance to take
place much more passively than might be
expected from straight glacial advance.
This is borne out by the minimal amount
of record destroyed by erosional episodes
in both the DVDP-11 and CIROS-2 cores
(see chapter 9).

In the two cores, the best indicator of
climatic and associated glacial and East
Antarctic ice volume variation is from
the occurrence of mudstone and distal
glaciomarine facies in the core
representing episodes of deglaciation.
The next most reliable indicator is from
glacial advance causing slight erosion of
the underlying lithology. This represents
readvance of glaciers down the valleys
and associated growth in the East
Antarctic ice sheet resulting in lower
eustatic sea-level. Ice advance and retreat
is also recorded by the two facies
successions reported in chapter 5, but the
relationship between these changing
facies and ice volume variation is not
clear from the present study. However,
changes in the nature of the sedimentary
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successions and cycles are inferred to
represent changes in 'base level

glaciation.

The largest glacial event recorded by the
CIROS-2 and DVDP-11 cores is the
grounding of ice in the Ross Sea and its
gradual encroachment into McMurdo
Sound. Initial grounding is dated at ca.
3.5-3.6 Ma., followed by a short period
of further Pliocene warmth, with
grounding becoming most extensive at
2.4-2.5 Ma. The smaller scale
glaciation and deglaciation recorded by
the DVDP-11 and CIROS-2 cores is
reported above (section 5.6) and is
adopted directly here. DVDP-11 also
records an extended glacial period in the

ca.

Kapitean (Group A strata, pre 5.4 Ma. in
age). This is in agreement with the
inferred ice cover of the East Antarctic
interior from the absence of marine
microfossils in the Sirius Group deposits
(Harwood, 1986 and Wise et al., 1991).

6.5 The record of ice volume
variation on the East Antarctic
Craton (figure 6.2).

Chronology of ice volume changes is
from chapter 9 (palacomagnetism) and
biostratigraphic correlation supported by
the radiometric dating presented in
chapters 7 and 8. A constant average
sediment accumulation rate is assumed

between palacomagnetic reversals.

The Late Miocene and Late Pliocene are
times of increased ice volume on the East
Antarctic Craton with the development of
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Figure 6.2: The record of Late Neogene Ice volume variation on the East Antarctic
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information (see text). Chronology is from chapter 9, assuming constant average sediment
accumulation between palacomagnetic reversals. Volume estimation is given as a
comparison to the present day volume of the East Antarctic Ice Sheet.
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continental scale ice sheets. The Late
Pliocene ice sheet was larger than the
Late Miocene ice sheet and probably the
largest ice sheet in the history of
Antarctic glaciation. It represents an ice
sheet perhaps half as larger in volume
than the present day ice sheet. At its
largest, the Late Miocene ice sheet was
possibly as extensive as the present ice
sheet. The inflection points of this base
level variation are at ca. 5.5 and 2.5 Ma.
respectively.

The Early Pliocene is marked by smaller
glacial cycles of 100 - 500 k.y. duration.
A reduced ice sheet on the east Antarctic
craton exposed parts of the Antarctic
craton allowing marine deposition in the
interior. A marked glacial advance
resulted in erosion and or non-deposition
at the CIROS-2 and DVDP-11 sites
between 3.4 and 3.6 Ma. This marks a
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change to 100 k.y. glacial cyclicity with
increasing total ice volume on the
Antarctic Continent with the largest
increase at ca. 2.5 Ma.

This record is in poor agreement with the
previously recognised proxy record of
Late Neogene glacial extent on the
Antarctic Continent inferred from
oxygen isotope variation in deep sea
sediments (e.g. Kennett, 1977) (figure
3.2). The reasons for this have been
outlined previously with discussion of
limitation of the oxygen isotope models
for predicting ice volume variation (see
sections 3.2 and 6.3). The results of this
study show that the present interpretation
of the oxygen isotope curve in terms of
ice volume variation on the Antarctic
Continent (e.g. Kennett, 1977 and Hodell
et al., 1988) is flawed and probably

incorrect.
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SECTION - 2

NEW CHRONOLOGY OF ANTARCTIC
LATE NEOGENE STRATA

Chapter - 7: Dating of the CIROS-2 ash
Chapter - 8: Beryllium-10 Dating
Chapter - 9: Palaeomagnetism
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Chapter - 7

Dating of the CIROS-2 ash.

This chapter presents the radiometric dating of the CIROS-2 ash, using K-Ar and

39Ar/40Ar dating methods. Because of contamination of the ash by relict detrital material,

a new approach was necessary to acquire ages for both the fresh volcanic material and the

relict detrital material, without being able to physically separate the two. Simultaneous

equations analysis with volume percent point count analysis was employed to achieve this.

The result was in agreement with single crystal laser fusion and total fusion plateau
39Ar/40Ar dating. The CIROS-2 ash is assigned an age of 2.8 + 0.3 Ma. The consequences
of this first radiometric age establishing the youthfulness of these strata, are discussed in
the paper by Barrett et al. (1992) reprinted herein.

7.1 Introduction

There is a long history associated with
radiometric (K-Ar and 39Ar/40Ar) dating
the CIROS-2 ash, beginning in 1985 after
the core was recovered from Ferrar
Fjord. All the attempts yielded ages in
excess of 7 Ma. Despite endless efforts to
separate a pure volcanic fraction from the
ash, the detrital contaminant proved too
difficult to remove completely. A very
small percentage of basement feldspar, if
very old, will tend to swamp the Argon
signal from the younger material it

contaminates.

The numerous attempts at dating had
used all the ash material from the New
Zealand portion of the core. The present
author collected some more material
from the Antarctic Core Facility, Florida
State University, Tallahassee, Florida,
U.S.A., by kind permission of Dennis
Cassidy.

7

A new approach was taken in dating this
new material. Percentage volcanic and
basement grain volume measurements
were used to assess the different
contributions of argon from two
different, but known mineral separates
from the ash layer. The potassium and
argon content of these two different
Then
simultaneous equations were used to

separates was measured.
calculate the argon contribution of each
mineral component and hence its age.

This work was included in a report in
nature earlier this year, with several co-
authors who provided other K-Ar and
39Ar/40Ar ages on the ash. The present
author's contribution was in conception
of the new K/Ar approach, sample
preparation and some of the writing of
the paper. The paper is reprinted here as
part of this thesis (section 7.2), followed
by supporting information on the



approach, sample preparation and included in the original Barrett et al.
computations. This information was not (1992) manuscript.

7.2 Reprint of the paper: Barrett et al. (1992); Geochronological evidence
supporting Antarctic deglaciation three million years ago. Nature, vol.
359, 816-818.

Geochronological evidence supporting Antarctic
deglaciation three million years ago

P.J. Barrett, C.J. Adams, W.C. McIntosh, C.C. Swisher III and G.S. Wilson.

The response of the Antarctic ice sheets to increased global temperatures is an
important unresolved issue in the assessment of future climate change. In particular,
considerable controversy exists as to whether the East Antarctic ice sheet suffered
extensive deglaciation during the mid-Pliocene epoch (~3 Myr ago), when
temperatures were only slightly warmer than today. Although the ice sheet is widely
assumed to have existed in something like its present form for the past 14 Myr (ref.
1), marine diatoms erode from the Antarctic interior have bee found in glacial till
deposits high in the Transantarctic Mountains23, and have been biostratigraphically
dated at ~3 Myr before present. This age has been disputed? because it implies
marine deposition in the Antarctic interior, and hence substantial deglaciation, at a
time when other evidence has been marshalled for the persistence of cold, polar
conditions?. Here we report K-Ar and 4%Ar/3%Ar ages for a volcanic ash bed in
diatom-bearing glaciomarine strata cored in Ferrar Fiord (East Antarctica) by the
CIROS-2 drill-hole®, which confirm the age of the diatoms at ~3 Myr, and hence also

confirm the mid-Pliocene deglaciation.

The established view of Antarctic glacial history during the Cenozoic period is that
considerable cooling occurred ~40 Myr ago, with extensive ice first covering the continent
~14 Myr ago, and persisting continuously to the presentl. This is based on oxygen isotope
variations in calcareous microfossils from deep-sea cores®’, and geomorphic evidence
from the Transantarctic Mountains of cold climates dating back at least 11 Myr, including

several cold desert pavements8.

Recent work, however, has described warm mid-Pliocene marine incursions in the area
around McMurdo Sound®-11, which includes Ferrar Fjord (figure 7.1). These incursions
have been age calibrated by potassium-argon (K-Ar) dating of basalt flows and tephral2.13,
But the crucial evidence for mid-Pliocene deglaciation of the Antarctic continent derives
from the discovery, in glacial beds sourced from the East Antarctic interior, of microfossils
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TABLE 7.1 Age data and grain compositions for 32-63 um separated fractions of the CIROS-2 ash layer at 125m b.s.f.

a Conventional K-Ar age data

Sample details and composition (%)* K “Oar (radiogenic) Aget
Fraction: Glass Feldspar Quartz Other (w1%6) (nLg™) Total (Myr)
Whole sample 720 85 128 6.7 — - — —
Fraction A 889 21 19 70 2226 1.249 26 14.38x0.30)
(mainly volcanic and glassy rock fragments) 1.292 26 1487 £0.35)
Mean 1463+0.32
Fraction B 227 269 438 6.6 3150 31.77 78 2433
(mainly basement quartz/feldspar)
Fraction C 97.0 10 — — 2122 0.597 25 7.23+£0.20)
(purified volcanic glass) 30 717+0.20)
Mean 720020
Fraction D 983 04 13 — 2163 0.283 22 336017

(very pure, 100-mg glass sample)

b, “°Ar/**Ar age data

Matenal Analysis Age (Myn)i
Anorthoclase crystal Total fusion 275+0.16
Anorthoclase crystal Total fusion 276+0.72
Anorthoclase crystal Total fusion 281021

Mean 2.77
Feldspar Total fusion 6.23+0.06
Glass concentrate Plateau 291+011
(~10,000 grains)

* 9 for grain types by counting 6,000 paints (fractions A and B) and 300 points (fractions C and D) on grain mounts (magnification x10);

1 Decay constants: for “°K, A, =0.4962 x107® yr™*; A,=0.581 x1072° yr*. Isotope abundance *°K/K=0.01167%; errors are two standard deviations.
For experimental techniques, see ref. 31.

t Age errors are one standard deviation. Fish Canyon Tuff sanidine (27.84 Myr) used as neutron flux monitor.

(diatoms) that includes taxa said to be only ~3 Myr oldZ:3. This age was based on
Thalassiosira insignia and T. vulnifical, known to occur only in the age range 3.1 to 2.5
Myr in a well-dated sequence cored on Deep-Sea Drilling Program leg 71 in the south
Indian Oceanl?. The total range of 7. vulnifica is also well dated there at 3.1 to 2.2 Myr.

These diatoms have been extracted with other microfossils, from semilithified glacial till
of the Sirius Group at several locations along the Transantarctic Mountains (figure 7.1a).
The till has all the features of basal glacial debris!8, and the diatoms in it are therefore
considered to have been eroded, transported and deposited by glacier ice. The distribution
of the till, old ice flow directions from till fabric1® and flow models for an expanded ice
sheet19:20 indicate that the source of the till is from the interior of East Antarctica (figure
7.1), a region that must have been ice-free and below sea level when the Pliocene marine
diatoms, later reworked into the Sirius Group, were living. Because this would require
mid-Pliocene deglaciation, which is at variance with circumstantial evidence for persistent
cold in Antarctica in Pliocene times2!, some have suggested? that the diatoms are of mid-
Pliocene age only in lower latitudes, and are much older in the Antarctic region.

Figure 7.1: a, Antarctica, showing the Transantarctic Mountains and the main areas
where ice-deposited Sirius Group strata containing 3-Myr-old marine diatoms have been
found. Ice thickness contours and flow lines are for the larger ice sheet required to deposit
the Sirius Group debris and are taken from ref. 20. The flow pattern indicates and East
Antarctic source for the diatoms, and hence marine sedimentation there ~3 Myr ago. b,
Cross-section of Ferrar Fjord. The sediment dill includes both ice- and water-laid sand and
mud with scattered pebbles. The core also contains a volcanic ash layer 0.3 m thick at 125
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m b.s.f., and dated here by the K-Ar and 4°Ar/°Ar methods at ~3 Myr. The ash lies within
an interval from 135 to 105 m b.s.f. dated from Southern Ocean diatom zones as ranging
from 3.1 to 2.2 Myr (see figure 7.2), thus validating the use of deep-sea marine diatom
biostratigraphy for Pliocene strata on the Antarctic continent. ¢, Cross-section from the
East Antarctic interior through the Transantarctic Mountains to the Ross Sea, showing the
location of Sirius Group deposits and their inferred source in the interior. In drawing the
section we presume that the Transantarctic Mountains were at their present elevation
during Sirius deposition, but they may have been much lower at that time3?.
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We present here a radiometric age
calibration of the Sirius Group diatoms
that the
biostratigraphical age to be roughly

shows mid-Pliocene
correct. The marine diatom species T.
vulnifica, whose total stratigraphic range
defines the combined 7. insignia-T.
vulnifica zone, is present in the CIROS-2
core from 137 to 105 m below the sea
floor (m b.s.f.)11. These zones form the
upper part of a sequence of zones
recognised and palacontologically dated
from Southern Ocean drill cores (figure
7.2). The interval containing 7. vulnifica
includes a 30-cm-thick volcanic ash layer
at 125 m b.s.f. (ref. 5), which makes the
dating possible. The ash layer lies within
a slightly stratified diamictite (mixture of
mud, sand and scattered pebbles)
deposited from persistent melting of
basal glacial debris just seaward of the
grounding line of an ancestral Ferrar
glacier?2, The low proportion of non-
volcanic material in the ash (less than
30%, table 7.1) indicates rapid deposition
and preservation after eruption.

The ash mainly consists of fresh, dark
brown or colourless silt-size shards with
no chemical etching at the margins. The
minor proportion of feldspar, quartz and
biogenic silica (diatoms and sponge
spicules). Some glass shards are

vesicular and contain unzoned

microphenocrysts of plagioclase,

clinopyroxene, olivine and
titanomagnetite. Electron microprobe
analyses of glass shards (table 7.2) reveal
three distinct compositions, which

correspond to glass colour. Using the
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Figure 7.2: Lithological column for the
CIROS-2 drillhole, Ferrar Fjord, showing
the diatom zones and boundary ages
established by D.M. Harwood (personal
communication, and ref. 14) and from
ODP leg 120 datal’. The range of T.
vulnifica (shaded interval) is well dated
in the Southern Ocean at between 2.2 and
3.1 Myr agol”.

TABLE 7.2 Electron microprobe analyses of glass types

Glass type Brown Light brown Colouriess
(N=15) A (N=5) B (N=9)
UGS name Phonolitic
tephrite Mugearite Benmorite
Element Mean (s.d.) Mean (s.d.) Mean (s.d.)
Sio, 47.09(0.74) 5470(0.86) 60.52(0.83)
Tio 364(0.34) 1.82(0.15) 1.47 (0.05)
Al,04 17.06(0.32) 19.49(0.13) 16.91(0.72)
FeQ* 9.80(0.84) 6.46 (0.03) 397(0.186)
MnO 0.23(0.10) 0.36 (0.06) 0.20(0.01)
Mg0 3.50(0.23) 1.57 (0.08) 1.50(0.12)
Ca0 8.09(0.47) 4.73(0.63) 3.48(0.32)
Na,0 6.06 (0.37) 407 (0.59) 3.05(0.71)
K0 3.06(0.25) 2.60(0.25) 4.65(0.37)
cl 0.11(0.03) 0.22(0.09) 0.13(0.02)
Total 98.64 96.02 95.88
(Anhydrous)
Water 1.36 398 412
(by subtraction)

Samples are from the volcanic ash bed at 125m in the CIROS-2 core.
Analyst was R. H, Grapes on the JEOL superprobe at Victoria University,
* All iron as FeO.



IUGS classification scheme?23, we classify the dark brown shards as benmorite. The three
distinct compositions suggest that the ash layer was produced by multiple volcanic
eruptions, although a single eruption of mixed magma is possible.

Initial conventional K-Ar dating on bulk (~1 g) volcanic ash samples gave ages of 11.9,
17.0 and 22.9 Myr, suggesting a contaminant by old feldspar from the basement detritus
(~450-500 Myr; ref. 24) intermixed with the ash. Microscopy suggested that the ash would
have only two groups of grain types contributing to the argon equation: the young volcanic
glass with its included microphenocrysts and volcanic feldspar with fringing glass, and
'basement' feldspar. We then magnetically separated a 32-63-pum-sized sample fraction into
glass-rich (contemporaneous volcanic) and Feldspar-rich (basement) components
(fractions A and B, table 7.1a). Mineral proportions were determined by point-counting
grain mounts. Using the K/Ar ages for fractions A and B, 14.6 £ 0.3 and 243 £ 3 Myr
respectively, we solved simultaneous equations to obtain and age of 3.0 £ 0.4 Myr for the
volcanic end-member and 445 + 58 Myr for the basement end-member.

The high age errors, which largely reflect the counting error inherent in determining the
proportion of glass to basement feldspar, motivated us to purify fraction B further,
obtaining a small (~1 g) fraction C, and a very small (<0.15 g) fraction D of purified
volcanic glass (table 7.1). These yielded ages of 7.20 and 3.36 Myr respectively,
confirming our view of contamination by old (~450 Myr) felspar, and our estimate of 3
Myr for the glass component of the CIROS-2 ash.

At the same time 40Ar/39Ar dating techniques2?5 were applied to four single feldspar
crystals from the ash. Each crystal was laser-fused and dated individually, thus obviating
contamination by older material?6. Three out of four crystals, identified as anorthoclase,
yielded statistically indistinguishable ages, averaging 2.77 Myr (figure 7.3), which we
interpret as the eruptive age of the phonotephrite component of the ash. The fourth feldspar
1s considered detrital and from an earlier eruptive phase. In addition, a 3-mg glass sample,
purified by a combination of magnetic and density liquid separation techniques, was fused
to yield a 40Ar/39Ar spectrum by incremental laser heating to yield a plateau age for the
glass (table 7.1b). The age spectrum of the glass concentrate has a low-temperature
plateau?7 at 2.91 £ 0.11 Myr and a higher-temperature peak of 27.8 Myr considered to
represent much older contaminant material. The 2.9 Myr age is regarded as an average
eruptive age for the glass.

Although volcanic glass is generally and inferior material for 40Ar/39Ar and K-Ar dating
(because of its low argon retentivity, vulnerability to argon loss, and potassium mobility
during dehydration and devitrification) the materials here are well characterised fresh glass
with little, if any, burial heating or alteration. The concordance of 40Ar/39Ar feldspar and

76




- glass ages, and the K-Ar glass model age,
and the convergence of the purified glass
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the region, and a mid-Pliocene marine
incursion into the Antarctic interior. This
Figure 7.3: Argon release spectrum for incursion was followed by temperate

a purified glass concentrate from coarse
silt-size volcanic ash from the CIROS-2
drillhole. and by the development of the present

glaciation depositing the Sirius Group,
polar ice sheet.

The mid-Pliocene deglaciation of Antarctica is inconsistent with the widely accepted idea
of increasing thermal isolation of Antarctica and growth of the ice cap to essentially its
present form in middle Miocene times!. The survival of Nothofagus through to mid-
Pliocene times in the Beardmore glacier area also challenges that view28. It now seems
more likely that for most of the past 40 Myr the Antarctic region was characterised by
waxing and waning temperate ice sheets of continental proportions29. The present polar ice
sheet may not have formed until the latest Pliocene, about the same time as the first
northern ice sheets developed. This different climate history will require us to revise our
ideas of the evolution of the flora and fauna of the region, and of the role of the ice sheet in
past ocean circulation. It also suggests the need to consider the stability of the Antarctic ice
sheet if global temperatures rise as the level of atmospheric CO7 reaches or exceeds that of
the Pliocene.
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and volcanic minerals is too similar. The
best results were obtained using the
Frantz electromagnetic separator. The
original sample was subject to several
progressive runs to obtain the most pure
separation. Run 1 used a 0.25 A magnetic
setting, with a 200 fall and 20° slope. At
this setting the glass and other volcanic
material is non-magnetic and all the very
magnetic material is removed from the
sample. The second run was at a 0.6 A
magnetic setting with a 10° fall and 30°
slope. The glass and volcanic material
was now magnetic and most of the non-
magnetic material was removed. The
sample was passed through twice at this
setting. Run 3 was at a 1.1 A magnetic
setting with a 200 fall and 200 slope. At
this setting almost everything except the
volcanic material is non-magnetic. The
sample i1s passed through the Frantz 3
times at this setting to ensure that the
purest glass and volcanic material is
retained.

After this separation, grain mounts were
made of both fractions to allow point
counting of the mineral proportions. The
final separates of volcanic (2 grams) and
non-volcanic material (0.7 grams), were
submitted to DSIR Physical Sciences for
K/Ar dating.

7.4 Theory of simultaneous
equation K/Ar dating - of a
mixed age population.

The volcanic material in the Tuff layer of
the CIROS-2 core must have a single
age, and the detrital material may have a
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spectrum of ages. However, we can
consider the spectrum of detrital ages to
be approximated by a single K/Ar age for
the K/Ar dating method. We can
therefore treat the separates to be dated
as having two age definitive populations
within them, which will give a single age
for the K/Ar method depending on both
the age of the two subpopulations and the
quantity of each subpopulation in each
separate.

The proportion of each subpopulation
can be calculated by point counting grain
mounts of each separate. In this
circumstance any grain with volcanic
glass adhered to it , or glass shard, is
counted as a volcanic grain. Quartz
grains, sponge spicules, and broken
diatom fragments are all counted
separately, as they do not contribute
argon in the dating process. All other
grains are counted as detrital minerals.
Identification techniques are described in
the following section.

Two of the fractions denoted above,
volcanic (A) and non-volcanic (B), were
dated using the K/Ar method and the age
of the tuff material (x), and the detrital
material (y), is obtained by solving the
following simultaneous equations;

Egn 1: Cix + Coy = age A (Separate A)
Egn 2; C3x + C4y = age B (Separate B)

where Cji.4 are all percentage volume
constants from the proportions of x and y
in the counted grain mounts of the dated
material.



7.5 Grain recognition criteria

Volcanic detritus includes glass shards,
volcanic rock fragments (grains with
glass adhered to them and volcanic
fragments with feldspar crystals within
them). Both are brown, vesicular,
amorphous, and anisotropic in nature
(apart from the feldspar crystals) (plate
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Sponge Spicules and diatom fragments
are anisotropic and patterned with
distinct skeletal structures.

Quartz grains are colourless in plane-
polarised transmitted light, with low
interference colours except in thicker

sections, where interference colours are

slightly higher. The grains are subangular
to subrounded, pitted, often have
inclusions and sometimes show
fracturing. They have moderate relief and
exhibit undulose or parallel extinction.

In cross-polarised transmitted light
detrital feldspar grains commonly exhibit
simple twinning and oblique extinction.
They are typically more angular and
exhibit lower relief than quartz. They are
distinguished by cleavage, alteration
(constant extinction distinguishes from
altered, hydrated, glass). Interference
colours are low to moderate, again due to

thickness, in cross polarised light.

Others grain types include igneous rock

fragments and hornblende.

Plate 7.1: Photomicrograph of the CIROS-2 ash grain-mount. Glass coated anorthoclase
crystal bottom left, glass shard centre, and diatom top right (Photograph; P.J. Barrett).
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7.6 Simultaneous equation
analysis of K/Ar age of the
CIROS-2 tuff

Table 7.1 shows the results of point
counting and radiometric analyses (K/Ar
and 39Ar/40Ar. As the quartz, sponge
spicules, and diatom fragments do not
contribute argon to the K/Ar system, the

percentage of Volcanic and detrital
material per unit volume (table 7.1) has
to be recalculated from the point count
values to account for this.

In fraction A, the total volume
percentage of mineral grains contributing
to the K-Ar system is 91.3%. In fraction
B, the total volume percentage of mineral

Table 7.3; Simultaneous equation calcualtion of the ages of volcanic and
basement endmembers of the CIROS-2 ash.

(0.9737 £ 0.0169)x + (0.0263 + 0.0002)y = 14.63 £ 0.32 Egnl

(0.4567£0.0119)x + (0.5433 £ 0.0147)y =243 3 Egn2

rewriting Eqn 2; y=(243%3) - (04567 £0.0119)x Egn3
(0.5433£0.0147)

Where x = the age of the volcanic endmember,
and y = the age of the basement endmember.

substituting Eqn 3 into Eqn 1;

(0.9737 £ 0.0169)x + (0.0263 * 0.0002)((243 + 3) - (04567 + 0.0119)x) = (14.63 * 0.32)
(0.5433+0.0147)

=> (0.9737 £ 0.0169)x + (6.3909 + 0,1297) - (0.0120 * 0.0004)x) = (14.63 + 0.32)
(0.5433 £ 0.0147)

=> (0.9737 £0.0169)x - (0.0221 £ 0.0013)x = (14.63 + 0.32) - (11.7631 + 0.5570)
=> (0.9516 £ 0.0182)x = 2.8669 * 0.2985

=>  x=2.8669%02985 =3.0127+0.3713

0.9516+0.0182
= 3.0£04
substituting into Eqn 2;

(0.4567 £ 0.0119)(3.0127 £ 0.3713) + (0.5433 £ 0.0147)y =243 + 3

> y=(43+3)- (04567 +0.0119)(3.0127 03713)
(0.5433£0.0147)
=> y=(243 +3) - (1,3759 £ 0,2054)
0.5433 £0.0147
=> y=241,6241£249550 =444.7342+57.9654
0.5433+0.0147
= 445+ 58

a1



gains contributing to the K-Ar system is
49.7%. For the dating procedure, the
percentage of igneous minerals (other
than quartz) is added to the detrital

basement contaminant fraction.

Therefore in Equations 1 and 2;

C1=288.9/91.3 Cp=2.4/913
C3=22.7/49.7 C4=27.0/49.7
Errors;
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C1=0.9737£0.0169 (1.8%)
C2=0.0263 £ 0.0002 (0.8%)
C3=0.4567£0.0119 (2.6%)
C4=0.5433+0.0147 (2.7%)

A=14.63%0.32 (2.19%)
B =243%3(1.23%)

The resulting end member ages are: x =
3.0 £ 0.4 Ma. and y = 445 £ 58 Ma.
(calculations are given in table 7.3).




Chapter - 8
Beryllium-10 dating

This chapter introduces a new dating method for Antarctic Margin Strata, using Beryllium-
10 and provides new insight into physical measurement and geologic significance of the
method. Previously published data and methods are reviewed, following which analysis
and relative dating of sediments using the absolute concentration of 10Be in association
with facies analysis of the sediments is proposed. This has required minor development of
the Accelerator Mass Spectrometry technique with respect to measuring 10Be, and major
developments in sample preparation and geologic understanding of 10Be behaviour in
geologic reservoirs, providing the necessary control to assign correct magnetostratigraphic
intervals to the two cores (Chapter 9). Several discoveries important for the 10Be technique
are made: 1) The reported value for NBS/NIST standard for 10Be is found to be incorrect.
An old 19Be:%Be ratio of 3.08 E-11 is reported to be the correct value. This replaces the
stated value of 2.68 E-11: 2) The recently reported half life of 1.51 Ma. (Hofmann et al.,
1987) is reaffirmed. 3) Authigenic cement phases of sediment are proven to be efficient in
removing 10Be from adsorbed phases of marine sediments. It is necessary to take this into

account in sample preparation.

8.1 Introduction subduction of sediment into the mantle
(Brown et al., 1982; Morris et al., 1990;
Much previous work has found 19Be to Tera et al., 1986).
present many difficulties as an absolute
dating method (Bourles er al., 1989; Other research includes: Studies of ice
Brown et al., 1987; Henkell-Mellies et cores (Beer et al., 1987; Elmore et al.,
al., 1990; Jansen et al, 1987; Mangini et 1987; Raisbeck et al., 1978), observing
al., 1984; Somayajulu, 1977; Somayajulu production mechanisms and rates of
et al., 1991; Southon et al., 1987). 10Be; studies of 10Be content of soils
However, recent work has shown that it (Brown, 1987), and studies of the 10Be
can be effectively used for dating content of manganese nodules, with
continental margin sediments (Wilson, implications on growth rates and ocean
1990; Wilson and Sparks, 1991), circulation patterns (Guichard et al.,
exposure age dating of Neogene surfaces 1978; Segl et al., 1984a and 1984b;
(Jha and Lal, 1982, Nishiizumi et al, Turekian et al., 1979).
1986; van der Wateren and Verbers,
1991; Verbers and van der Wateren, In this study, the proposed method is to
1991), and to provide models for use the varying content of 10Be
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throughout the CIROS-2 and DVDP-11
cores. It is assumed that the variation
results, primarily, from the natural decay
of 10Be to 10B. Previous work using the
10Be isotope for dating marine sediments
has made assumptions that have
subsequently been found not to hold.
This severely limits the use of 10Be as a
tool for dating marine sediment. This
study uses the adsorbed and absorbed
10Be content of the sediment and
analyses it within a stratigraphic
framework. The resulting dating method
is a relative one and requires at least one
known datum with which to compare

further results.

The measurement method, because of
low concentrations, has to be by ultra-
sensitive mass spectrometry, with spiking
of the Be to BeO allowing detection of
10Be in samples as old as 18 Ma.
(Raisbeck et al., 1978).

8.2 Theory

8.2.1 Beryllium systematics and

definitions

In nature there are three isotopes of
beryllium; 7Be, 9Be and 10Be. 9Be is
stable and exists in all geologic
environments, but much of it is contained
in occurrences of the mineral beryl. Both
7Be and 19Be are created cosmogenically
by spallation reactions between cosmic
rays and small atoms (oxygen and
nitrogen in the case of 10Be). 7Be, is a
gamma emitter with a half life of 53 days
and is therefore not useful in dating the
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geologic record. 10Be is a beta emitter,
decaying to 10B with a half life of 1.5
m.y. (Yiou and Raisbeck, 1972), making
it particularly useful for dating strata
deposited over the last 15 million years
(10 half-lives)

10Be can be created in two possible
ways:

1) Cosmic ray spallation of oxygen and
nitrogen particles in the atmosphere and
stratosphere (Raisbeck and Yiou, 1984).
The 10Be is then rained out on the earth's
surface and scavenged by clays through
adsorption on to grain surfaces before
settling to form a sedimentary deposit
(Merril et al., 1960; Raisbeck et al.,
1979).

2) 'In situ' cosmic ray spallation of
oxygen and nitrogen atoms in appropriate
mineral phases in the rock directly at the
earth's surface (Middleton and Klein,
1987; Nishiizumi et al., 1986).

These two types of beryllium can be
classified as follows;

1) Crystallographic beryllium, where
the beryllium exists or is created within
the crystallographic structure (i.e. within
grain boundaries of the rock forming
minerals). Crystallographic beryllium
can be present in Igneous, Metamorphic,
or Sedimentary rocks. It can be
autochthonous (created in place or 'in
situ') or allochthonous (where erosion
and resedimentation of grains has

transported crystallographic beryllium to




cosmic flux

Types of
crystallographic beryllium-10; B) allochthonous crystallographic beryllium-10; C)
allochthonous exotic beryllium-10; and D) autochthonous exotic beryllium-10.

Figure 8.1:

a site of sediment deposition) (figure
8.1).

2) Exotic beryllium, where the beryllium
is adsorbed to grain surfaces, or absorbed
within authigenic clay and cement
phases. Exotic beryllium can also be
autochthonous (adsorbed at deposition)
or allochthonous (adsorbed before

deposition and transported to the site of
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beryllium-10 in the geologic cycle; A) autochthonous

deposition along with the particle it is
adsorbed to) (figure 8.1). It is impossible
when carrying out an analysis to
distinguish between the two types. After
deposition, the adsorbed material is
easily remobilised to be incorporated into
new clay minerals and cements. Previous
workers have reported low recovery
levels from cement rich sediments



(Bourles et al., 1989; Southon et al.,
1987).

In each of these cases the beryllium can
be both 9Be and 10Be.

8.2.2 The Beryllium-10 Cycle (figure
8.2)

Almost all 10Be is exotic and created in
1962). The
production rates of exotic 10Be is

the atmosphere (Lal,

dependent on three factors; 1) the
variations in cosmic ray flux; 2) the
strength of the earth's magnetic field; and
3) the concentration of target atoms
the
atmosphere. Once produced the 10Be

(Oxygen and Nitrogen) in

atoms are very effectively removed by

precipitation and 'rained out' on the

0 Be scavenging from the atmosphere

earth's surface. The average global
precipitation levels of 10Be in freshly
deposited sediment is estimated at 1.8 x
10-2 by Amin et al. (1975), but this
varies significantly with geomagnetic
latitude (figure 8.3).

Once at the earth's surface the particles
exist in the geologic system as both free
ions and adsorbed to the surface of clay
particles. At this stage they are
incorporated into two types of geologic
reservoir - the polar ice caps as free ions
(autochthonous), and sedimentary basins
adsorbed onto the surface of clay
particles (allochthonous). Emplacement
into these reservoirs is instantaneous
compared to the half-life of the isotope.
Once the 10Be is retained and behaves as

its host sediment or ice and is subject to
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adsorption in various geologic reservoirs.

Sketch of the beryllium-10 cycle, from production in the atmosphere to
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Figure 8.3: Variation in the production
rate of beryllium-10 with respect to
geomagnetic latitude (from Amin et al.,
1975).

the same laws of superposition (In a
marine environment it is still subject to
bioturbation within the surface sediment
of the ocean floor).

At any one horizon in the geologic
reservoir the 10Be concentration is
dependent on the production rate of 10Be
and the adsorption potential of the clay
particle fraction accumulating in the
reservoir. Because of this method of
retention of 10Be by the geologic
reservoir, its initial concentration in the
reservoir is also dependent on the
sedimentation rate within the reservoir
and the homogenising effect over the
bioturbation interval of the sediment.

Initially, all exotic 10Be will be adsorbed
to particle surfaces, but, even early
diagenesis will incorporate the adsorbed
10Be into authigenic mineral phases and
later into cement phases. The 19Be will
become more assimilated as diagenesis
proceeds.
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8.2.3 Dating methods using Beryllium-
10

There are three accepted procedures for
beryllium isotope measurement used for

dating sedimentary sequences;

1) Measurement of the abundance of
10Be with respect to the stable isotope
9Be. The success of this method of
measurement requires several
assumptions: Constant production and
'rain-out' rates of 10Be, constant
sedimentation rates in the geologic
reservoir, homogeneity of the two
isotopes in the depositional environment
and no post-depositional complications
such as scavenging of Beryllium.

2) Measurement of the absolute
concentration of 10Be in a sample. To be
successful, this method requires the
following assumptions: Constant
production and 'rain-out' rates of 10Be,
constant sedimentation rates in the
geologic reservoir and no post-
depositional complications such as
scavenging of Beryllium. This method
also requires an assumption of
homogeneous global deposition of 10Be
or a known depositional history at the

site of measurement.

3) Measurement of the concentration of
two cosmogenic isotopes with different
half lives. In the case of 10Be it is
measured with respect to 20Al. If
assumptions of constant production and
'rain-out' rates of both isotopes, constant
sedimentation rates in the geologic



reservoir, complete homogeneity of the
two isotopes, no fractionation of the two
isotopes during post depositional
processes and no scavenging of either
isotope are correct, the changing ratio of
the concentrations of the two isotopes
should yield the age of the deposit.

Discussion of the necessary parameters
and assumptions

For any radiometric dating method; the
time from isotopic creation to entrapment
in the reservoir must be short in
comparison to the half-life of the
particular radiometric isotope. This
requires rapid absorption and 'rain out' of
10Be by precipitation, and rapid transport
to the reservoir. This takes only months
in the ice caps. In the marine
environment, because 10Be is adsorbed
onto the surface of clay sized particles,
transport time from the surface of the
oceans, especially above the continental
margin is of the same order as the
settling time of those particles (months to
years).

Other workers (Lal, 1962; Tanaka et al.,
1977; Yokoyama et al., 1978; Mangini et
al., 1984; Lal, 1962) have suggested
10Be has a residence time similar to
circulation times of the ocean. This
would reduce the latitudinal gradient of
10Be 'rain out' (figure 8.3) on the earth’s
surface. However, oceanic residence
times of the isotope must be much less
than circulation time, as its method of
emplacement into the marine sediment
reservoir is independent of free ion
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mixing (Raisbeck et al., 1979). This is
borne out by the 10Be concentrations in
ocean bottom sediments being several
magnitudes higher than oceanic
concentrations (Raisbeck et al., 1979).

Assumptions of homogeneity of 10Be
deposition throughout the ocean basins
and margins appear to invalid. On a short
timescale (less than 2 k.y.) reworking, of
deep sea mud by bioturbation smooths
temporal fluctuations.

Work to date on production rates has
found that on a geologic time-scale the
assumption of constant production will
hold up until 7 Ma. (Raisbeck & Yiou,
1984; Ku et al., 1982; Lal, 1962). Any
variation that takes place does so on a
scale shorter than 2 Ka., resulting from
solar modulation and geomagnetic
variations (Beer et al., 1983a; Beer et al.,
1983b; Raisbeck et al., 1981; Raisbeck
and Yiou, 1984; Lal, 1962). In a geologic
cycle any effect due to this is readily
normalised (Tanaka et al., 1977).

Constant sedimentation cannot be
assumed in any environment, as the
factors controlling deposition are so
diverse. This assumption can be avoided
if an independent means of dating is
applied to test sedimentation rates.
Simple lithologic observation may not be
enough to deduce a state of constant
sedimentation throughout the

stratigraphic column.

Homogeneity of 9Be and 10Be in the
geologic system is an assumption




unlikely to hold as the two isotopes
occupy different places within the
geologic cycle. Added to this, 9Be is an
extremely rare element existing almost
entirely within the mineral Beryl. In early
measurements of 10Be/9Be ratios for
dating the assumption was found not to
hold (Raisbeck and Yiou, 1984;
Yokoyama et al., 1978).

For the purposes of the dating and
modelling procedures addressed here it is
that the 9B e
concentrations will be constant at a fixed

assumed exotic
point of deposition and also that the
concentration of crystallographic 9Be
will be constant within different mineral
phases. The most useful parameter for
measurement will be the absolute
concentration of the different 10Be types.
The measurement technique employed
here uses a 9Be carrier in sufficient
quantity so as to swamp any effect from
variations in natural 9Be concentrations
(see Wilson and Ditchburn, 1992;

appendix 2).

Unfortunately, initial measurements of
10Be/26 Al ratios have demonstrated that
there is fractionation in the incorporation
of the two isotopes into the reservoir
(Bourles et al., 1984; Raisbeck and Yiou,
1984).

It is expected that the input of 10Be into
the geologic reservoirs will be non-
uniform due both to latitude dependent
stratospheric precipitation patterns (Lal
and Peters, 1967) (figure 8.3). Other
factors such as high winds may increase
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the content of 10Be in a particular
atmospheric region (Broecker, 1961).
Therefore, global homogeneity of 10Be
cannot be assumed at any level of its
cycle. Scavenging of 10Be by manganese
nodules on the ocean floor is known to
occur (Mangini et al., 1984). This is only
a problem in the deep ocean, and nodule
growth is not known to occur on the
Antarctic Margin.

8.2.4 Applicability of the 19Be method
to the Antarctic Margin

High sedimentation rates at the Antarctic
Margin will mean lower concentrations
of 10Be. Yiou and Raisbeck (1981) in
their study of sediments beneath the Ross
Ice Shelf measured concentrations
between 106 and 108 atoms/gram. This is
well within the measurable limits of a
tandem accelerator (Raisbeck and Yiou,
1984).

There are two main benefits in this study
of Antarctic Margin cores that enables
several assumptions of the proposed 10Be
dating methods to be overcome:

1) The nature of sedimentation at the
Antarctic margin is highly variable,
recording the slightest change in
depositional environment. Facies
analysis of the ancient sediments allows
assessment of their depositional

1).

Understanding of the depositional

environment (see Section

environment as it varies eliminates the
necessity of assumptions of constant
Antarctic

sedimentation. margin



sediments deposited in circulating marine
waters are best suited to this approach.
this includes McMurdo Sound. Domack
(1989) and Dunbar (1986 & 1987)
showed that oceanic waters circulate to
the coast in the McMurdo Sound area.

2) The study is of marine cores, this
reduces the possibility of contamination
by more modern 10Be from subsequent
exposure. Stratigraphic horizons sampled
in the cores are all from below the zone
of 10Be remobilisation and have never
been uplifted and exposed.

Tanaka et al. (1977) suggest that the
physical disturbances caused by such
events as high-speed current flows near
the Antarctic or debris flows near ocean
ridges will result in an irregular pattern in
the depth profile of 10Be. However, this
does not seem to be the case at the
Antarctic margin and it has been
suggested that 10Be is preferentially
deposited at ocean margins (Henken-
Mellies et al., 1990). In marine
environments, and particularly at ocean
margins because the 10Be is deposited
along with the sediments, adsorbed to the
surface of clay and other small particles,
rather than by trapping of the water
containing 10Be by sedimentation. Ocean
margins are in fact sites of high particle
flux and hence of high scavenging and
deposition of 10Be by detrital particles.

Yiou and Raisbeck (1981) and Raisbeck
and Yiou (1984) have used the 10Be
method to show that sediments beneath
the Ross Ice Shelf at site J-9 of RISP, are
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Miocene in age, rather than reworked
Quaternary deposits as inferred by other
workers (Kellogg and Kellogg,
1981,1983,1986).

Clay mineralogy

Different clays have different adsorption
capacities and can therefore alter the
absolute concentrations of 10Be recorded
in the rocks. It has to be established
whether or not varying adsorption
capacities affect the 10Be signal, and if
clay types vary throughout the column. If
this is the case correction can be made
using a function of the Cation Exchange
Capacity of the clays, as a normalising
function for the 19Be concentrations.

It has also been suggested that dilution of
the 10Be levels retained by the clays will
occur from CaCOj3 mineral phases as
these preferentially repel 19Be (Bourles
et al., 1989). This leaves smectite, illite,
kaolinite, quartz, feldspars, and other
amorphous silica minerals with the most
reliable adsorption potential for 10Be
(Henken-Mellies, 1990).

Claridge and Campbell (1989) report that
the clay fractions of the CIROS-2 core
consist mostly of amorphous silica
dissolved from the tests of diatoms, with
small amounts of illite, chlorite, quartz
and feldspars (figure 8.4). It is inferred
from the study of Claridge and Campbell
(1989) that varying clay type is not a
complicating factor in the present study.
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Figure 8.4: Comparison of the XRD analyses of CIROS-2 clay fractions with Ferrar and
Taylor Valley analyses (data from Claridge and Campbell, 1989).

8.2.5 Methodology

Because of the logarithmic decay of

unstable radiometric isotopes, a
stratigraphic approach to the use of 10Be
as a dating method will show a better
understanding of behaviour of the isotope
An

stratigraphic approach ensures that the

after deposition. integrated
resulting decay curves represent the
correct age bracket. Additionally known
datums and modern-day samples from
the same environment provide marker
reference points on the curve. Because of
the problems with methods 1 and 3 in
dating sediment (see discussion in
section 8.2.3), Method 2, using the

absolute concentration of 19Be with

a1

depth is most appropriate for the CIROS-
2 and DVDP-11 cores Here;

Age = In(19Be) - In(19Be;)
-X

Where;

10Be = concentration of beryllium-10 in
the sample.

10Be; = the initial concentration of
beryllium-10 when the sample
was deposited.

X = the decay constant = 4.621 x 10-7 per
year for 10Be.

It is known from section 8.2.3 that
variations in production rate do not
appreciably affect 10Be levels as

recorded by the geologic record. In the



Antarctic it is expected that there will be
much variation due to fluctuations in the
levels of precipitation over time. To
overcome the limitation from this and the
problems from variations in
sedimentation rates and to interpret the
beryllium age in the core, the history of

sedimentation needs to be understood.

As reported in section 1 the CIROS-2
and DVDP-11
subdivided into many distinct units with

cores have been

distinct facies interpretations.
Measurement of Beryllium levels is
considered separately within each of
these units. The only observational
constraint is that 10Be levels must
decrease from one unit to the next as you

move down the core. Discontinuities in

the 10Be levels must occur at
disconformities in the core.
From the sedimentary facies

interpretations of the CIROS-2 and
DVDP-11 cores,

horizons can be

several
identified which

separate

represent times when the sedimentary
environment was similar. Therefore, in
using the 10Be method to establish ages
for these horizons, it can be assumed that
there were similar controls on the initial
10Be concentrations. Because we are
dealing with distinct horizons and
environments no assumptions have to be
made about sedimentation rates for the

length of the core being studied.

The resulting 10Be levels for these
horizons, when plotted against a constant

age axis, should form a logarithmic curve
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of the same parameters as the decay
curve of 10Be (figure 8.5a). Using these
horizons, the cores can then be corrected
to a log of constant sedimentation, and
ages for particular horizons calculated
from this logarithmic or normalised
curve. Age constant axes can be drawn
for the stratigraphic column using these
horizons as marker points, and then ages
for other horizons extrapolated from the
logarithmic curve (figure 8.5b). These
horizons can then be recognised in the
original stratigraphic columns and the
chronology established (figure 8.6).

The ice sheet effect

The 10Be concentration in the interglacial
mudstones define a curve controlled by
age alone. 10Be concentrations in marine
muds within diamictites represent glacial
values and may deviate from the age only
decay curve. Variations between
expected 10Be levels at horizons within
different facies units, from the method
proposed above, and measured levels
may result from fluctuating precipitation
levels, fluctuating input from ice bodies,
and different sedimentation rates. For
example a much higher actual 10Be level
than the expected level will result from
major deglaciation of the continent
(Somayajulu, 1977).

It is suggested by Henken-Mellies et al.
(1990) that up to as much as 300% of the
oceanic concentration of 10Be may be
stored by the polar ice sheets. However,
they also suggest that fluctuations in
10Be concentrations due to glacial
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Figure 8.5: a) upper; measurement of
absolute 10Be content of mudstone
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logarithmic scale depicted as age
(inferred from half life). b) lower;
correction of the core log to an age axis
rather than thickness and then assignment
of ages to other horizons by extrapolation

from the absolute 10Be content curve
constructed as shown in figure 8.5 a.
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fluctuation, because of dispersion and
bioturbation normalising effects, will not
be detected in deep ocean sediments. It is
expected that smaller order effects
(~30%) will be common in the CIROS-2
and DVDP-11 cores.

Due to higher sedimentation rates,
differing sedimentation patterns, reduced
effects due to bioturbation, the proximity
of the sediment to the polar reservoir,
and the fact that deposition levels of 10Be
are lower towards the poles making the
effect of the glacial reservoir greater, it is
suggested that the effect will not be
overprinted, and that 10Be stratigraphies
of Antarctic margin sediments will
record ice volume changes of the Polar
Ice Sheet (figure 8.7).

Respective flooding and starving of the
10Be levels in the catchment environment
could provide a clue to the ice volume
glacial pattern during the Pliocene era.
Sedimentation rate effects can be
calculated as the duration of deposition
of a particular facies unit can be
calculated. This effect can then be
accounted for in assessing the initial
concentration levels of 10Be in that
particular facies unit. For this effect to be
monitored a high measurement resolution
is required.

8.3 Measurement procedure
8.3.1 Sample preparation

Different methods of sample preparation
and procedures are reported in detail in
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Wilson and Ditchburn (1992); appendix
1.

In the present study, leaching of samples
to remove 10Be adsorbed onto clay
particles and within cement phases was
considered the best approach. Care must
be taken to remove all 10Be in these
phases leaving allochthonous
crystallographic beryllium behind in the
residue. Preferential leaching of one
exotic phase or another (as suggested by
Bourles et al., 1989) will result in biasing
of results, as beryllium atoms move into
authigenic cement phases during

diagenesis.

Advantages of the separation method
used here is that beryllium of different
origin is considered separately. This
means that a geological understanding of
the position of 10Be in the samples is
considered, allowing a more accurate and
informed measurement of the parameters
concerned. Only the exotic 19Be is
separated and analysed in the present
study.

For samples measured at the Institute of
Geological and Nuclear Sciences and
Lawrence Livermore National
Laboratory the preparation procedure
used is detailed in appendix 2. In each
case a known weight of dry sediment was
leached to remove exotic material. The
leachate was then further processed to
separate the beryllium from all other
metal cations. Resulting beryllium was
oxidised and pressed into an AMS target

for measurement. Before the separation
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procedure was carried out a 2 mg 9Be
carrier was added to the sample. This
served two purposes: Firstly it provided a
stable isotope for the AMS to measure
10Be against. Secondly it prevented the
need for tracing during the wet chemical
preparation procedure, as any Be loss
would not affect the original ratio as both
9Be and 10Be would be lost in that same

original ratio.
8.3.2 Accelerator Mass Spectrometry

Accelerator Mass Spectrometry is a
relatively new isotopic measurement
technique first employed in the late
seventies (Purser, 1976; Muller, 1977).
More extensive discussions of the
technique and particularly its
developments are provided by Purser
(1978); Litherland (1984); Woolfli
(1987) and Suter (1990). Descriptions of
specific machines used to measure
samples in the present study can be found
in Raisbeck et al. (1984), Southon et al.
(1990) and Sparks et al. (1984). Only a

brief technical summary is given here.

The central feature of an AMS (figure
8.8 and plate 8.1) is a van der Graaf
generator that creates a large controlled
electric potential. This potential is used
to accelerate the particles to high
energies. At the high voltage terminal
accelerated particles undergo a charge
exchange from negative to positive. This
exchange is effected by electron stripping
of the particles in a carbon foil. The
newly positive particle is then further
accelerated away from the positively
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charged stripper or terminal. In the case
of Be0 the molecular structure is also
destroyed at the 'stripper’. It is the charge
exchange at these high energies that
eliminates any molecular contaminants
from the system.

A large analysing magnet will then
separate isotopes according to their mass.
Lower mass isotopes (the majority) are
directed towards a faraday cup and their
flux measured as a current. Higher mass
isotopes are directed towards a nuclear
particle detector. The detector uses two
independent kinetic parameters to aid in
particle identification. The kinetic energy
of the particle independent of its charge,
and the rate of energy loss as the particle
enters the detector. These are measured
by the production of ionisation as a
particle traverses the gas or solid
constituting the detector.

It is usual to have several analysing
magnets, electrostatic deflectors and
absorbing foils in the system to ensure
correct particle selection and separation.
Electrostatic and magnetic lenses are
used to focus the particle beam and
ensure the best possible particle

transmission.

A caesium sputter ion source with the aid
of a low potential injector is used to
create and supply negatively charged
particles to the tandem accelerator (C-,
in the case of carbon and BeO-, in the

case of Beryllium). The technical

operation of negative ion spectroscopy is

much more simple than positive ion
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spectroscopy, and operating background
levels are about five orders of magnitude
lower (Purser, 1978). BeO is used
because Be does not form stable negative
ions (Kvale et al., 1985).

There are several advantages of
Accelerator Mass Spectrometry over
conventional Mass Spectrometry. The
increased electromagnetic potential
effectively eliminates molecular
background contribution and multiple
mass and energy to charge ratio solutions
(Purser, 1978). Increased measurement
potential using nuclear detection
techniques allows total energy and
energy loss of the particles to be
calculated. This provides unique particle
identification as well as increased
sensitivity (Purser, 1978). Accelerators
are particularly important as they can
uniquely identify and distinguish
between ion species (such as Carbon and
Beryllium), and they require only very
small amounts of source material (only
milligrams). They are also far quicker

than direct radioactivity counting.

A basic principle of AMS is that higher
voltage potentials produce a better beam
transmission. The voltage potential in the
AMS will determine the charge state that
particles leave the stripper in. Better
transmission is achieved at voltage
potentials greater than 3 MV (Nelson et
al., 1984). At this potential Beryllium
atoms are leaving the stripper in charge
state 3. Higher potentials and beam
velocities are more important for

Beryllium measurements than, for



example carbon measurements, because
of the large mass of the BeO molecule
(Suter, 1990). Because the beryllium
enters the stripper as an oxide molecule;
as the smaller beryllium atom is split
from the larger oxygen particle it is
scattered from the original beam track.
Higher potentials reduce the scattering
effect of molecular splitting. A
quadrupole lens immediately outside the
accelerator helps to refocus the beam

also.

Loss of energy in absorber foils can be
used to separate interfering isobars as
well as analysing particles. The isobar
10B is particularly problematic when
measuring 10Be. This is the sole reason
for the extra nickel foil placed in front of
the gas detector. Because the 10B has a
higher atomic number than 10Be it will
suffer more energy loss when passing
through a solid medium. The foil is
sufficiently thick to just stop the 10B, but
sufficiently thin to allow the 10Be to
continue through to the detector.

Unfortunately a bi-product of this
isobaric separation is production of 7Be.
The 19B colliding with Hydrogen atoms
in the nickel foil causes a nuclear
reaction producing 7Be. The 7Be
produces a continuous wide energy
background in the detector. This
background can be mostly distinguished
using a two dimensional detector (Eioq vs
AE), but can only be truly accounted for
by preparation and measurement of a
blank with every suite of samples
measured. The background level in the
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blank is used to normalise real sample
counts to a known zero.

Results from the AMS are recorded in
terms of transmission current of “Be and
number of counts of 19Be. The 10Be
counts are recorded in a calculated and
experimentally defined window of
particle energy loss and residual particle
energy. The energy loss is recorded by
the gas detector as a function of length
and pressure of gas traversed by the
particles. Both the energy loss and
residual energy are measured by the
amounts of ionisation energy produced
by particle collisions within the
detectors. Final results are reported as
total particle energy (Eior = AE + Eres)

versus energy loss.
8.4 Results

The number of measurements made as
part of the present study is less than
satisfactory for full development and
establishment of beryllium-10 as a
conclusive dating method for antarctic
margin sediments. There are two reasons
for this:

1) The need to first develop a method of
beryllium separation from the sediments
that accounts for the origin and location
of the 10Be. This work was necessary,
but prevented adequate time being spent
on sample preparation and measurement.

This work is presented in Appendix 1.

2) The newness of the AMS technique
meant that machine preparation and




development was also concurrently being

undertaken, again slowing the
measurement progress. This also meant
that results needed to be cross-checked
with other laboratories to establish their
validity. These cross checks were not
always in agreement, usually for
technical reasons, requiring further work
to establish the nature of the

disagreement.

Sample measurements were made in
collaboration with The Accelerator
section of the Institute of Geological and
Nuclear Sciences (IGNS). Cross-checks
were made possible with the help of Jay
Davis and John Southon at Lawrence
Livermore National Laboratory (LLNL),
University of California, U.S.A. and
Grant Raisbeck of the Laboratoire Rene
Bernas (CNRS), Paris, France. Samples
measured at the IGNS and LLNL were
prepared using the methodology outlined
in appendix 2. Samples measured at the
CNRS were prepared using the procedure
outlined in Bourles et al. (1989).

Sixteen samples were measured from the
CIROS-2 core, housed at the Institute of
Geological and Nuclear Sciences core
store, Wellington. Three samples were
measured from DVDP-11,
permission from Denis S. Cassidy of the

with

Antarctic Core Facility, Florida State
University, Tallahassee, Florida, U.S.A.
Two samples were measured from the
ocean floor of Granite Harbour, to use as
a modern day reference sample. These
samples were selected from the samples
collected by Macpherson (1987) for their
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similar texture to samples measured in
the CIROS-2 and DVDP-11 cores. The
measurement results are presented in
Table 8.1.

8.4.1 Discussion of Standards

Four different standards were used in
measuring samples from the two cores.
The CNRS standard was one prepared by
CNRS and its 10Be:9Be ratio is unknown
to the present author. Measurements at
IGNS were made using the NBS/NIST
standard (reported 10Be:°Be ratio of 2.68
E-11). Measurements at LLNL were
made using either the LLNL10000
(reported 10Be:9Be ratio of 1.00 E-11) or
the KNSTD3770 (reported 10Be:Be
ratio of 3.77 E-12) standard. Both of
these were prepared by LLNL.

An intercomparison was made of the
three known standards (NBS/NIST,
LLNL10000, and KNSTD3770) using
the LLNL Accelerator Mass
Spectrometer. This was to ensure that
measured sample values from different
laboratories would be in agreement and
could be freely combined. These
intercomparisons are given in table 8.2.

The LLNL10000 and KNSTD3770
standards are in agreement to within 2%.
However the NBS/NIST standard was
found to differ by 14 %, with an
intercomparison value of 3.12 E-11
(reported value 2.68 E-11). Hofmann et
al. (1987) report the 10Be:9Be ratio as
being (3.08 £ 0.08) E-11 which is in
agreement with the value measured here.
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Subsequent to the initial preparation of
the NBS/NIST standard (Inn et al.,
1987), workers from NBS/NIST reported
an error in their calculations (John
Southon, pers. comm.). It was thought
that a gram/gram value was mistaken for
an atom/atom value or visa versa. Later,
Grant Raisbeck of the CNRS compared
the NBS/NIST standard with his own and
found the 2.68 E-11 value to agree. He
suggested that the reported half-life of
Hofmann et al. (1987) was therefore in
error (John Southon, pers. comm.)

The LLNL10000 standard was prepared
by irradiation of BeO, using a 9Be
thermal capture cross-section of 8.6 mb
and assuming pure thermal capture and
negligible self-absorption, to give a
nominal 10Be:9Be ratio of 1.0 E-11 (John

Southon, pers. comm.). An assumed half-
life was not required. The KNSTD3770
was measured by B-counting, assuming a
half-life of 1.50 Ma., giving a 10Be:%Be
ratio of 3.77 E-12 within the counter
error (Kuni Nishiizumi, pers comm.).
Because of the agreement between these
two standards (less than 2%, table 8.2),
and their different preparation methods,
they are accepted to be reliable.

When intercompared with the NBS/NIST
standard, the measured 19Be:9Be ratio of
the NBS/NIST standard was 3.12 E-11
(error; 2.0 E-13). This is in agreement
with the value originally reported by
Hofmann et al. (1987). If this value is
correct, then the half life of 1.51 Ma. also
reported by Hofmann ez al. (1987) must
also be accepted. Within error limits, this

Sample Standard used10Be/9Be ratio |10Be/9Be ratio |Background ratio Background corrected ratig
of standard ratio error [ratio error ratio error

CAMS BeO Blank 8.900 E-15 |5.5 E-15 8.918 E-15 |55 E-15
LLNL10000 |[KNSTD3770 [3.77 E-12 9.890 E-12 |1.9 E-13 2.0 E-14 1.0 E-14 9.949 E-12 |1.9 E-13
LLNL10000 |KNSTD3770 |3.77 E-12 9.664 E-12 |1.9 E-13 2.0 E-14 1.0 E-14 9.721 E-12 |1.9 E-13
LLNL10000 |KNSTD3770 [3.77 E-12 9.836 E-12 [1.7 E-13 2.0 E-14 1.0 E-14 9.894 E-12 |1.7 E-13
LLNL10000 [KNSTD3770 [3.77 E-12 9.743 E-12 |1.9 E-13 2.0 E-14 1.0 E-14 9.801 E-12 |1.9 E-13
KNSTD3770 [LLNL10000 |1.00 E-11 3.804 E-12 [1.4 E-13 3.0 E-14 1.0 E-14 3.782 E-12 |1.4 E-13
KNSTD3770 [LLNL10000 [1.00 E-11 3.747 E-12 |5.6 E-14 3.0 E-14 1.0 E-14 3.724 E-12 |5.7 E-13
KNSTD3770 |LLNL10000 |1.00 E-11 3.848 E-12 |6.4 E-14 3.0 E-14 1.0 E-14 3.826 E-12 |6.5 E-14
NIST LLNL10000 [1.00 E-11 3.131 E-11 [4.9 E-13 4.0 E-14 1.0 E-14 3.137 E-11 |49 E-13
NIST LLNL10000 [1.00 E-11 3.126 E-11 |4.6 E-13 4.0 E-14 1.0 E-14 3.133 E-11 |4.6 E-13
NIST LLNL10000 |1.00 E-11 3.090 E-11 |3.4 E-13 4.0 E-14 1.0 E-14 3.096 E-11 |3.4 E-13
NIST LLNL10000 [1.00 E-11 3.121 E-11 |4.0 E-13 4.0 E-14 1.0 E-14 3.128 E-11 |4.0 E-13
background correction accounts for boron contamination, fluctuation in potential, base measurement levels, and blank values

Table 8.2:

Intercomparison of different standards used for 10Be measurement in the

present study. LLNL10000 is a standard prepared by Lawrence Livermore National
Laboratory by irradiation. KNSTD3770 is a standard prepared by Kuni Nishiizumi and

measured by B-counting, assuming a 1.50 Ma. h

alf-life. The NIST standard is prepared by

the National Institute of Standards and Technology (Hofmann et al., 1987).
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Sample Sample 10Be atoms/ 10Be atoms/ % error
Depth (mbsf) |gram sediment gram sediment
NIST = 2.68 E-11 [NIST = 3.08 E-11

c2-2 32.00{2.913 3.348 EO09 6.85
C2-3 50.47|1.416 EO08 1.627 EO08 7.74
C2-5 79.10/1.466 EO08 1.685 EO08 7.52
C2-10 128.10[{1.003 EO08 1.153 EO08 14.06
C2-12 139.70(8.895 E07 1.022 EO08 8.69
C2-13c 152.00/1.180 EO08 1.356 EO08 8.06
C2-14 157.00|5.583 EO07 6.416 EO7 10.90
C2-15¢ 165.70(1.665 EO08 1.914 EO08 14.82|°
D11-3 210.30/1.718 EO08 1.974 EO8 9.29
D11-1 324.90(3.244 EO7 3.728 EO7 16.37
GHB84-35 0.00{2.552 EO09 2.933 EO09 6.54
GH83-37 0.00(2.235 EO09 2.569 EO09 7.35

Table 8.3: IGNS Beryllium results table for cored Antarctic margin strata in McMurdo
Sound. Measurements are reported with respect to depth and are all normalised to the

LLNL10000 standard.

value is in agreement with that assumed
in the B-counting of the KNSTD3770

standard.

For the purposes of this study the 10Be
half life of 1.51 Ma. (Hofmann et al.,
1987) is accepted, as are the reported
values of the LLNL 10000 standard (1.00
E-11) and the KNSTD3770 standard
(3.77 E-12). The new 2.68 E-11 value
given for the NBS/NIST standard is not
accepted. The previously reported 3.08
E-11 value (Hofmann et al., 1987) for the
NBS/NIST standard is accepted, because
of its agreement with all the other
standards. Because of this different
NBS/NIST wvalue, all measurements
made at IGNS have been normalised to
the new value (table 8.3) to allow
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intercomparison with the LLNL

measurements.
8.4.2 CNRS Measurements

The standard used for measurement of
these samples is unknown. Because of
this, measurements made at the CNRS
are not used in the dating of CIROS-2 or
DVDP-8. If we accept that the
measurements are directly comparable to
those made at LLNL and IGNS (table
8.4), the ocean floor samples measured
from Granite Harbour by CNRS have
10Be values 70% lower than the same
samples measured at LLNL. However, of
all the other samples measured from the
CIROS-2 and DVDP-11 cores the CNRS
values are sometimes more than an order




Sample Sample CNRS measurement [LLNL measurement |IGNS measurement
Depth (mbsf) |10Be atoms/gram |10Be atoms/gram |10Be atoms/gram
sediment sediment sediment
C2-2 32.0/5.920 E07 3.378 EO8 3.348 EO08
C2-3 50.5|5.420 E07 1.627 E08
C2-4 58.0/2.980 EO07
C2-5 79.1 1.685 E08
C2-6 80.8/4.820 E07
C2-8 98.8|5.020 E07
C2-10 128.1 1.153 EO08
C2-11 139.1/2.460 EO7
C2-12 139.7 1.022 EO08
C2-13 151.8|3.650 EO07 1.187 EO08 1.356 EO08
C2-14 157.0 5.114 EO7 6.416 EO7
C2-15 165.7|8.400 E06 1.196 EO08 1.914 EO08
D11-5 167.1 1.256 EO7
D11-3 210.3 1.602 EO08 1.974 EO08
D11-1 324.9 2.096 EO7 3.728 EO07
GHB84-35 0.0/5.020 EO08 2.411 E09 2.933 E09
GH85-37 0.0/6.720 EO8 2.626 E09 2.569 EO09
Table 8.4: Intercomparison of beryllium results from the three different laboratories.

Measurements are reported with respect to depth.

of magnitude lower than the LLNL
values.

The difference in values are attributed to
two variables: 1) The lower potential of
the Tandetron AMS used by the CNRS,
reducing the total percentage yields; and
2) the two different sample preparation
techniques. The method of Wilson and
Ditchburn (1992) (used in preparation of
samples measured at LLNL) removes all
the adsorbed 19Be and all the 10Be that is
into

subsequently incorporated

authigenic cement phases during
diagenesis. The method of Bourles ez al.
(1989) (used in preparation of samples
measured at CNRS) is much more
detailed and only separates the adsorbed
10Be from samples and does not attack

any authigenic cement phases.
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In figure 2 of Bourles et al. (1989)
(reproduced as figure 8.9 here) Beryllium
measurements made (using the
preparation method of Bourles et al.,
1989) from Central Pacific core RC12-65
are shown. This figure also shows the
percent Carbonate from the same core.
An inverse relationship can be observed
between the 19Be:9Be ratio and the
Carbonate content. Above 10m in the
core, where the Carbonate content is
negligible: Bourles e al. (1989) report
the adsorbed 10Be content, when
compared with palacomagnetic age, to
agree with the 1.51 Ma. half-life of
Hofmann er al. (1987). Below 10 m in
the core, the adsorbed 10Be content,

when compared with palaeomagnetic
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Figure 8.9: 10Be and 9Be extracted with
authigenic phases and calcium carbonate
as function of depth for sediment core
RC12-65. Calcium carbonate data are
from Hayes et al. (1969) (from Bourles et
al., 1989).

age, suggests a half-life closer to 1.31
Ma.

In order to explain the obvious change in
nature at 10 m in the core, Bourles et al.
(1989) suggest using the natural 9Be
content of the core as a normalising
factor. The result of this still does not
agree satisfactorily with the 10Be half-
life reported by Hofmann et al. (1987).
Bourles et al. (1989) conclude that the
half life is in error.
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Bourles et al. (1989) suggest that there
may be a digenetic effect on the core, but
go no further. The present study uses
these results as proof that 10Be must be
incorporated into authigenic cement
phases during diagenesis (in this case
carbonate). This explains why the 10Be
content changes so markedly in the core,
where there is a marked increase in the
carbonate content. It also explains why
CNRS measurements of the CIROS-2
and DVDP-11 samples vary so markedly
from the LLNL and IGNS
measurements. This reaffirms the
suggestion of Wilson and Ditchburn
(1992) that the 10Be must be removed
from all authigenic phases to ensure the
correct comparable 10Be content is
measured (see discussion in section
8.3.1)

8.4.3 IGNS measurements

Twelve samples were measured at the
Institute of Geological and Nuclear
Sciences (IGNS) (figure 8.10), with
cross-check measurements made of the
same samples at the LLNL. The IGNS
measurements were made with respect to
the NBS/NIST standard. Table 8.3
reports these measurements normalised
to the newly accepted 3.08 E-11
10Be:9Be ratio of the NBS/NIST

standard.

The values measured at IGNS are up to
30% higher than those made at LLNL.
Those samples with smaller absolute
concentrations of 19Be tend to be more in
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Beryllium-10 measurement spectra from the CIROS-2 drill-hole

(normalised to the beryllium-9 current at the analysing magnet. Measurements are number
of counts at the detector, with respect to count channel (energy).

error than those with higher absolute
concentrations.

This difference in measurement arises
from the different AMS 10Be detection
methods and their ability to separate
'noise' from the 10Be signal. The IGNS
AMS identifies 10Be by Eyo (figure
8.10). This reduces its effectiveness in
separating the 7Be noise level, created by
the particle beam interaction with the Ni
absorber foil (see discussion in section
8.3.2). The LLNL detection system
isolates both E; and AE allowing the
7Be signal to be isolated (figure 8.11).

The inability of the IGNS AMS in this
investigation to isolate the 7Be signal
means that it will be incorporated as 10Be
counts in the final statistics. The affect of

the 7Be will vary from sample to sample.
The less prominent the 10Be signal (i.e.
lower absolute 10Be values), the higher
the relative 7Be noise ratio. This explains
the greater error observed in the lower
absolute 10Be content samples measured
at IGNS. This means a simple correction
cannot be applied to all samples. A
gaussian subtraction of the two signals
might identify the two components, but
this makes assumptions about the nature
of the signals. Subsequent changes to the
measurement and data analysis
procedures have reduced the effect of the
"Be background, but these modifications

were not available for the present work.
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Figure 8.11

ergy versus total energy. Samples illustrated are the

LLNL10000 and NIST standards, a specially prepared blank, and C2-13 from the CIROS-

measurements are of change in en
2 drill-core.
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8.4.4 Dating CIROS-2 and DVDP-11
with 10Be

Because of the problems with the CNRS
measurements and the high noise
interference of the IGNS measurements,
it is difficult at this stage to assemble a
reliable 10Be decay curve for the two
cores. In figure 8.12 the 10B e
concentration of CIROS-2, DVDP-11
and Granite Harbour 1is shown as a
function of depth. The variance of the
CNRS measurements can easily be seen.
The noise interference of the IGNS
values can also be seen (figure 8.12);
IGNS values are always greater than

LLNL values for the same horizon.
CIROS-2

Two trends can easily be seen in the data
from CIROS-2 (figure 8.13a): 1) There is
an exponential decay with depth, as
expected; and 2) There is a change in the
nature of the curve at ca. 50 m sub-
bottom depth. The rate of decay appears
much faster above 50 m than below.
There are two possible geological
reasons for this: 1) There is an hiatus
above 50 m sub-bottom depth in the
CIROS-2 core; or 2) the average
sedimentation rate is greater above 50 m
sub-bottom depth.

The plot in figure 8.13a is an average
decay curve for the CIROS-2 core (see
discussion in section 8.2.5). There is
obvious variation from the best fit curve.
This is greater than that expected from
sedimentation rate variation and is
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probably due to the ice sheet effect (see
8.2.5).
Unfortunately the number of data points

discussion in section
in the present study is not sufficient to
establish the true nature of variation.
Consequently the age resolution is much
poorer than expected.

The base of the core is from CIROS-2
has a 10Be content ca. 4 10Be half-lives
less than the samples form Granite
Harbour. The level of the Ash (ca. 125
m) has a 10Be content ca. 3 10Be half-
lives less than Granite Harbour. This
suggests ages of 6 Ma. and 4.5 Ma.
respectively. This result does not agree
with the K/Ar and Ar/Ar age of the ash.
The K/Ar and Ar/Ar age is taken as
correct and there are two possible

10ge content ( atoms / gram )
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Figure 8.12: absolute concentration of

10Be of CIROS-2, DVDP-11, and
Granite Harbour samples versus depth.
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Figure 8.13a: Absolute concentration of 10B¢
in CIROS-2 and Granite Harbour samples versus
depth. Only samples measured at IGNS or
LLNL are shown. Ignoring the Granite Harbour
samples, the line of best fit of data has equation:
InC -1InC, = -0.00786 x depth (error = 28%, R
squared = 0.552). If constant sedimentation is
assumed (because of the limited number of data

points), the base of the core is 2.6 £ 0.8 19Be

half lives (3.9 £ 1.2 Ma.) older than the top of

the core.
¢ 10 Be content (

reasons for the 10Be age discrepancy.
Both of these are related to the Granite
Harbour samples. They are either not
good correlatives to the CIROS-2
mudstone horizons, or the process of
removal of the 10Be from ocean floor
sediments into the stratigraphic column is
not directly comparable.

Adopting the K/Ar and Ar/Ar ash age of
2.8 + 0.3 Ma. (chapter 7), the 10Be
measurements suggest that the bottom of
the CIROS-2 core (167 m sub-bottom
depth). is between 1 and 1.5 Ma. years
older than the Ash horizon, resulting in
an age of 4.1 £ 0.5 Ma. (figure 8.13b). It
also suggests that the upper 50 m of the
core is deposited with the same average
sedimentation rate as the 50-167 m
interval of the core. The expected
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Figure 8.13b: Age interpretation of the absolute 10Be concentration in CIROS-2 samples
measured at IGNS and LLNL. Interpretations are made adopting: 1) the 'ash age' of 2.8 * 0.3 Ma.
at 125 m sub-bottom depth (see chapter 7), 2) assuming constant sedimentation, and 3) Slope of
"best fit' line controlled only by the standard 10Be decay rate. Age datums are extrapolated from
the line of best fit that satisfies all these criteria. New linc of best fit has equation: In C - In Cp =
-0.00825 x depth (error = 26%, R squared = 0.492).




comparative present day 19Be content of
McMurdo Sound mudstones (assuming
interglacial conditions) is ca. 4.1 EO8
atoms/gram (figure 8.13b).

Datums assigned for the CIROS-2 core
from the normalised 10Be concentration

curve (figure 8.13b) are presented in
table 8.5a.

DVDP-11
Only three horizons were measured in

the DVDP-11 core. Sample D11-5 had a
very high boron content after the initial

processing, making it impossible to
measure. The target material was
retreated using hyperchloric acid and
remeasured. However, very little material
remained and the result is somewhat
suspect. The other two samples (D11-3
and D11-1) were measured at both LLNL
and IGNS and found to be in good
agreement. Unfortunately no independent
age is yet established for the DVDP-11
core.

If the equivalent modern day 10Be value
is used as a zero age for the core (figure
8.14). The 10Be concentration at 210 m

Table 8.5a: Age data for the CIROS-2 drill-core strata adopted using the absolute 19Be¢
concentration defined by the criteria outlined in figure 8.13b. Errors on age estimates are

calculated from variations in actual !Be concentration measurement and point sedimentation
rates.

Depth (m) absolute 10Be content Age (Ma,)
(atoms/gram)

0 4.1 x 108 0

32 3x 108 1.2£0.1
50.5 2.2x 108 14202
79.1 1.9x 108 1.7£0.2
125 1.05x 108 2.8%£0.3
139 9.5x 107 32+04
166 7 x 107 4005

Table 8.5b: Age data for the DVDP-11 drill-core strata adopted using the absolute 10Be
concentration defined by the criteria outlined in figure 8.14. Errors on age estimates are

calculated from variations in actual 19Be concentration measurement and point sedimentation
rates.

Depth (m) absolute 10Be content Age (Ma,)
(atoms/gram)

0 4.1x 108 0

210 1.6 x 108 3.0£04

325 2.6x 108 6.0+0.7
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depth in the core is 2 10Be half-lives
lower, and the concentration at 325 m
depth is 4 10Be half-lives lower.
Accordingly, expected ages for the 210
m and 325 m depth horizons are ca. 3.0
Ma. and 6.0 Ma. This suggests that the
three mudstone horizons below the ash in
the CIROS-2 core and the three
mudstone horizons between 200 m and
250 m depth in the DVDP-11 core are
comparable.

Datums assigned for the CIROS-2 core
from the normalised 19Be concentration

curve (figure 8.14) are presented in table
8.5.
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Figure 8.14: Age interpretation of the
absolute 10Be concentration of DVDP-11
samples measured at IGNS and LLNL,
assuming the same zero concentration as
calculated for the CIROS-2 site.
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8.5 Conclusions

Previous assumptions necessary for
cosmogenic 10Be to be used for dating
sediments are found not to be necessary
when using absolute concentrations of
10Be in conjunction with facies analysis
to date sediments from the Antarctic
margin. Because of the nature of
glaciomarine sedimentation, horizons
deposited in similar environments have
the potential to provide a relative dating
scheme. These key horizons can provide
reference values for constructing a local
logarithmic decay curve for each part of
the Antarctic margin.

The present study demonstrates the
proposed method and its viability.
However, the resolution of sampling thus
far is not sufficient to be able to establish
a model of Antarctic Ice Sheet
fluctuation from the variations between
measured and predicted levels of 10Be in
the cores. Reduced and enriched levels
from ice sheet growth and decay
respectively.

The ocean floor samples from Granite
Harbour did not prove to be good
estimates of present day equivalent 10Be
concentrations for the CIROS-2 and
DVDP-11 cores. This was despite their
textural similarity. However,
environmentally, there is no question that
these sediments are forming in much
more glacial conditions than any of the
other horizons sampled in either the

CIROS-2 or DVDP-11 cores.




Measurements of this study provide good
geochronologic control for
palacomagnetic study of the cores. In
particular: The bottom of the CIROS-2

m

core is assigned an age of 4.1 £ 0.5 Ma;
and the bottom of the DVDP-11 core is
assigned an age of 6.0 £ 0.4 Ma.
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Chapter - 9

Palaeomagnetism

Magnetozones are defined for the CIROS-2 core and the magnetozones of Ishman and
Rieck (1993) are adopted for the DVDP-11 core. The biostratigraphy of Harwood (1986)
and Ishman and Rieck (1993) are used in conjunction with radiometric ages (chapters 7
and 8) to correlate the magnetozones with the polarity timescale of Ness et al. (1980). In
DVDP-11 chron 5, the Gilbert and Gauss Epochs, and the lowest part of the Matuyama
Epoch are identified. In CIROS-2 the upper part of the Gilbert Epoch, the Gauss epoch and
the lowest part of the Matuyama Epoch are identified. The magnetostratigraphic
correlations show relatively slow sedimentation rates (ca. 50 m/Ma.) but nearly continuous
deposition of strata, despite the many glacial advances and retreats (chapter 5). The
integrated magnetostratigraphies are the age basis for the history of sedimentation in
McMurdo sound (in chapter 5) and the inferred history of East Antarctic ice sheet
fluctuation (in chapter 6), through biostratigraphic correlations. The magnetostratigraphy
also provides the correlation with the eustatic sea-level record from the South Wanganui

Basin.

9.1 Introduction Harwood (1986) discusses and uses the
magnetostratigraphy in conjunction with

Few palacomagnetic studies have been diatom biostratigraphy to provide age

carried out in southern Victoria Land. constraint on the CIROS-2 core.

They have concentrated on pre-

Cainozoic basement rocks, particularly 9.2 Palaecomagnetism
igneous complexes, with a view to
establishing pre-Cainozoic virtual Purucker et al. (1981) sampled the
geomagnetic poles. DVDP-11 core after it was removed to
the Antarctic Core Storage Facility at
The DVDP-11 core was studied for its Florida State University. Measurements
palacomagnetic properties by Purucker et were made using a superconducting
al. (1981) as part of a larger study of 4 cryogenic magnetometer housed at the
cores from Taylor Valley. Their work is Palacomagnetics Laboratory of the U.S.
summarised here with additional Geological Survey at Flagstaff, Arizona,
information from Ishman and Rieck U.S.A. Five percent of samples were
(1993). subjected to full stepwise alternating

field demagnetisation. From analysis of
No formal report of the CIROS-2 this initial behaviour, the remaining
palacomagnetism is available, though
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samples were cleaned by a single step
Alternating Field of 100 to 150 oersteds.

Purucker et al. (1981) sampled only
muddy horizons to ensure that samples
had attained true magnetic field
alignment. Individual sample
measurement reliability was assessed

using the Koenigsberger ratio.

The measurement procedure for CIROS-
2 palacomagnetic samples was the same
as for the DVDP-11 samples (Hugh

Rieck, pers. comm.)

9.3 Age and definition of
biostratigraphic datums

9.3.1 CIROS-2

Harwood (1986) studied the diatom flora
of both the CIROS-2 and DVDP-11
cores. He used existing Subantarctic
based diatom stratigraphy (e.g.
Ciesielski, 1975; 1983; or more recently
Harwood et al., 1992) to establish ages of
the same biostratigraphic occurrences in
both cores. Harwood (1986) compared
the biostratigraphic occurrences with
early interpretations of the
palaeomagnetic stratigraphy of the cores.
The resulting biostratigraphy is
summarised here to help in establishing
the magnetostratigraphy as used in this
study for dating and correlation of the

COres.

Barrett et al. (1992) (reproduced in
chapter 7 here) calibrated and supported
the biostratigraphic scheme of Harwood

14

(1986) and dispelled speculation about
diachroneity of pre-Pleistocene Antarctic
flora (e.g. Clapperton and Sugden, 1990).
The biostratigraphy of Harwood (1986)
and Webb et al. (1984) is therefore
adopted here.

Harwood (1986) recovered a diverse and
generally well preserved diatom
assemblage from the CIROS-2 core,
particularly from the lower mudstone
units. He recognised a sequence
including the Denticulopsis hustedtii
through Coscinodiscus vulnificus Partial
Range Zones of Ciesielski (1983) in the
lower portion of the CIROS-2 core (105-
166.5 m). He therefore assigned a
discontinuous age range of 2.0-~4.5 Ma.
for that section of the core.

Within this pre-Late Pliocene section of
the core, Harwood (1986) recognised
five diatom assemblages (labelled A-E)
that he dated in conjunction with his
interpretation of the palaeomagnetic
stratigraphy. Therefore, they are not used
here in assigning the
magnetostratigraphy of the core, but are
used as a comparison later (see section

9.5).

9.3.2 DVDP-11

Harwood (1986) recognised a similar
diatom sequence in DVDP-11 to that
which he reported for CIROS-2. He
identified the Denticulopsis hustedtii
through Coscinodiscus vulnificus partial
range zones (Ciesielski, 1983) in the
middle of the DVDP-11 core (155-250




m). Accordingly, he assigned this part of
the core an age range of 2.0-~4.5 Ma.

Ishman and Rieck (1993) recognise 3
benthic foraminifer zones within DVDP-
11. The oldest zone (Ammoelphidiella
uniforamina zone) they report to occur
below 242 m sub-surface, and to be of
Miocene age. The Epistominella exigua
Zone occurs between 167.2 and 242 m
sub-surface. The disappearance of
Ammoelphidiella uniforamina they report
to be indicative of the transition from
Miocene to Pliocene in the core. The
uppermost foraminifer zone recognised
by Ishman and Rieck (1993) is the
Trifarina spp. Zone. It occurs between
193 and 202 m sub-surface and indicates
a Late Pliocene age.

9.4 Ages from radiometric
methods.

Chapter 7 reports the dating of the tuff
ca. 125 m deep in the CIROS-2 core to
be 2.8 £ (0.3 Ma. Chapter 8 reports on the
beryllium-10 dating of the two cores and
provides several independent dates for
each of several horizons in both cores.
Five ages have been reported for the
CIROS-2 core, two of which are within
the pre-late Pliocene sequence being
studied here: The base of the core (unit
C1) is assigned an age of 4.0 £ 0.5 Ma.
and unit C5 (ca. 139 m deep) is assigned
an age of 3.2+ (0.4 Ma.

Two 10Be ages are reported for the
DVDP-11 core. Both are within the pre-

Late Pliocene sequence in the core. Unit
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D2 (ca. 325 m deep) towards the base of
the drill-hole is assigned an age of 6.0 +
0.7 Ma. A muddy horizon towards the
centre of unit D15 (ca. 210 m deep) is
assigned an age of 3.0 £ 0.4 Ma.

9.5 Magnetostratigraphy

The polarity timescale used is that of
Ness et al. (1980). More recent polarity
timescales than that of Ness ef al. (1980)
have been proposed. Cande and Kent
(1992) present a new timescale that
suggests the oldest strata in this study are
slightly older than reported here.
Shackleton ez al. (1992) present an
‘astronomically tuned' timescale, from
ODP Leg 138 strata, that suggests the
older strata studied here are younger than
reported. Because of this disagreement,
neither timescale is adopted here.
Correlative New Zealand stages usin g the
timescale of Edwards et al. (1988) are
suggested for the purposes of later
comparison with the Wanganui Basin
records (figure 9.1).

9.5.1 The CIROS-2 record
Magnetozones

Polarity zones for the CIROS-2 core
(figure 9.2) include 10 normal, 11
reversed, and 4 of undetermined polarity.
The zones are defined by inclination
only. Each normal polarity zone is
defined by samples only of normal
polarity; no normally defined polarity
zone includes any reversed polarity
samples. Indeterminate polarity zones are
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identified only where a substantial
thickness of core remains unsampled.
Reversed polarity zones are determined
for any strata that contain samples with
measured reversed polarity. If the
intensity of normal polarity samples is
weak within a zone of dominantly
reversed polarity samples, they are
considered to be samples retaining a
component of normal overprinting.

Only one polarity zone, R6, is defined by
one sample. Because this is reversed it is
thought to be reliable. Normal polarity
zones N1, N7 and N8 are each defined by
only two normal polarity samples. In
each case the intensity of cleaned signal
is high and considered to be a reliable
detrital remanence.

Indeterminate polarity T4
comprises the top 31 m of the CIROS-2
core. This zone is indeterminate because

Zzone

of the poor core recovery and the
coarseness of the sediment that was
recovered, and hence a poor depth
sampling interval, and poor reliability of

magnetisation.

Correlation to the polarity timescale
(figure 9.3)

Gilbert epoch

From ca. 140 m depth in CIROS-2 to the
base of the core (ca. 166 m depth) the
magnetic polarity sequence is dominantly
reversed with two short intervals of
normal polarity (magnetozones N1 - R3,
figure 9.3). From the diatom range zone
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information and the 10Be ages, this
sequence is assigned to the upper Gilbert
chron. The 10Be age of 3.2 * 0.4 Ma. ca.
139 m deep in the core coincides with the
Gilbert-Gauss
recognised in this study. Ness et al.
(1980) assign this an age of 3.40 Ma.
which is in good agreement. Using the
10Be age of 4.0 + 0.5 Ma. assigned to the
bottom of the sequence, the two short

magneto-chron as

normal polarity magnetozones are
assigned to the Cochiti and Nunivak
subchrons respectively. This confines the
base of the CIROS-2 drill-hole to an age
of 4.1-4.2 Ma., which is in good
agreement with the diatom
biostratigraphic age allocated by
Harwood (1986) and much younger than
the ca. 4.9 Ma. age adopted by Barrett

and Hambrey (1992).
Gauss Epoch

The 110 - 140 m interval in the CIROS-2
core (magnetozones N3 - N7) is of
predominantly normal or unmeasured
polarity. The diatom biostratigraphy is
used in conjunction with the tuff age to
assign this interval to the Gauss normal
chron. The Gilbert-Gauss transition is
identified at ca. 139 m depth in the core
at the same horizon as the 10Be age of
3.2 £ 0.4 Ma. Two intervals of reversed
polarity are identified near the centre of
this interval (122-128 m depth), and are
assigned to the Kaena and Mammoth
events. In the upper Gauss normal chron,
several short intervals of reversed
polarity are identified. Similar events are
recognised in the South Wanganui Basin
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sequences (see section 4) and in many
other Pliocene sequences (e.g. Liddicoat
et al., 1980 and Ronai, 1981). The
resolution in this study prevents
correlation of these short scale polarity
excursions.

Matuyama Epoch

The base of the Matuyama Epoch is
recognised at a depth of ca. 122 m in the
core. The interval from ca. 64-122 m
depth has predominantly reversed
polarity. It includes the top of Harwood's
(1986) diatom Denticulopsis hustedtii
partial range zone (at 105 m depth) dated
at ca. 2.5 Ma. and a 10Be age of 1.7 0.2
Ma. at ca. 79 m depth. The 10Be age
dated horizon occurs in the centre of a
large normal interval (72-83 m depth),
which is identified as the Olduvai event.

The lower part of the CIROS-2 core
(units C1 through C4) is correlated with
the upper Opoitian Stage (early middle-
upper Pliocene). Units C5 through C8
represent the Waitotaran superstage
(upper Pliocene). The base of the
Nukumaruan is correlated with the
boundary between units C8 and C9.

9.5.2 The DVDP-11 record
Magnetozones

The magnetozones reported by Purucker
et al. (1981) are adopted here, along with
the two further magnetozones identified
by Ishman and Rieck (1993). Purucker et
al. (1981) assessed individual sample



reliability using the Koenigsberger ratio
(Stacey and Banerjee, 1974), and
samples were accepted or rejected
accordingly in assigning magnetozones
to the DVDP-11 core. Accordingly in the
present study; 11 normal polarity zones
and 11 reversed polarity zones are
adopted (figure 9.4).

Correlation to the magnetic polarity
timescale (figure 9.5)

Ishman and Rieck (1993) assign
magnetozones R7 and N7 to chron 5 of
the International Timescale.
Magnetozones R8 through RI11 are
assigned to the lower half of the Gilbert
reversed Chron. The Sidjuveld
magnetosubchron they infer to be
missing in their hiatus H1 at 242 m sub-
surface depth. The upper half of the
Gilbert Chron they infer to be missing in
their H2/H3 hiatus. Magnetozone N11
above the hiatus they correlate with the
upper part of the Gauss normal chron.
Strata including Magnetozones R12
through R14 they assign to the
Matuyama chron and the remaining strata
to the Brunhes Normal Chron. The two
Beryllium-10 ages of 3£ 0.5 Ma. and 6 £
0.5 Ma. for 210 m and 325 m subsurface
depth respectively (see chapter 8)
corroborate the age assignments of
Ishman and Rieck (1993). Consequently,
they are adopted here.

The base of the DVDP-11 core is
correlative with the lowermost Kapitean
stage. Units DI1-D7 comprise the
Kapitean Stage (latest Miocene). The
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Opoitian Stage (Early Pliocene) is
represented by units D8 through DIS5.
The remaining pre-Late Pliocene portion
of the core (units D16-D19) comprise
much of the Waitotaran superstage. The
base of the Nukumaruan Stage occurs
slightly above the base of unit D20.

9.6 Discussion and correlation

Several conclusions can be drawn from
correlation of the CIROS-2 and DVDP-
11 core magnetostratigraphies with the
polarity timescale. The record of
sedimentation in both cores is sub-
continuous, with less than 20% of total
time missing in the recognised
unconformities (figures 9.3 and 9.5).
Two major unconformities were
recognised in the DVDP-11 core by
Ishman and Rieck (1993) at 202 m
(H2/H3) and 242 m (H1) depth. These
are dated at 2.9-3.7 m.y. and 4.3-4.6 m.y.
respectively. Three pre-Late Pliocene
unconformities are recognised in the
CIROS-2 core. The first is the base of the
core at ca. 166 m that unconformably
overlies Granite Gneiss basement. This is
dated at pre 4.1 Ma. and is correlated
with the HI unconformity in the DVDP-
11 core (figure 9.6). The other two
unconformities identified in the CIROS-2
core occur at ca. 110 m (H3) and 140 m
(H2) and are dated at 2.4-2.5 m.y. and
3.4-3.8 m.y. respectively. Unconformity
H3 is correlated with the H2/H3 hiatus in
the DVDP-11 core reported by Ishman
and Rieck (1993).
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Correlation of the DVDP-11 magnetozones with the polarity timescale of
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1993). Plot is drawn to shoe the average sedimentation rat of the CIROS

Ness et al. (1980), showing the depositional history of the core (
identify breaks in deposition.

Figure 9.5
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Figure 9.6: Summary of correlations of the CIROS-2 and DVDP-11 cores using
magnetostratigraphy and radiometric age data. Plot allows easy identification of several
reversal boundaries in the sections and consequently a high resolution of chronology of the
strata.
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Units C1-C4 are correlated with units
D12-D16. These two successions
comprise Group C as identified in
chapter 4. Group D is likewise correlated
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between the two cores. however, the
individual unit correlations are not clear
(figure 9.6).




SECTION -3

THE RECORD IN THE WANGANUI

BASIN

View of the Wanganui River Valley from the south. The Wanganui River Road is in the

foreground.
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Chapter - 10

Introduction

Section 3 provides detailed observations of the Late Miocene and Pliocene siliciclastic
middle to shallow marine strata of the South Wanganui Basin. The strata comprise marine
mudstones, sandstones, shell beds, and occasionally conglomerates. These lithofacies types
indicate mid.-outer shelf to shoreface depositional environments with marked lithological
variation along strike reflecting proximal to localised sediment sources. Chapter 11
presents the stratigraphic framework for interpretation and chapters 13 and 14 the facies
and sequence stratigraphic models for interpreting the depositional history. The Late
Neogene sea level record interpreted from the South Wanganui basin Strata is presented in
chapter 15, chronology for the record is presented in chapter 12. Geologic maps of the
strata cropping out in the Wanganui and Rangitikei River Valleys are presented as
enclosures 1 and 2 respectively. This introduction includes an explanation of the tectonic
and lithospheric evolution of the North and South Wanganui Basin. A southward
progressing lithospheric wave model is adopted and is crucial to interpretation of the
sequence stratigraphic elements of the South Wanganui Basin strata.

10.1 - Introduction and aims Three sections were chosen to study the
South Wanganui Basin. Those cropping
The aim of this section of the thesis is to out in the Wanganui and Rangitikei
present a high resolution record of River Valleys and in the Turakina River
eustatic sea level variation. This has Valley at Hautawa Road (plate 10.1).
required development of new chronology
for the South Wanganui Basin strata The latest Miocene (Kapitean) was a
(presented in section 4). Sub aims of this time of low eustatic sea level in New
section were 1) create a working Zealand (Roberts, 1990; Edwards, 1987).
lithostratigraphic framework for field Therefore, it was thought useful to
identification, interpretation and dating include enough of the Kapitean Stage of
of the Wanganui and Rangitikei River the Wanganui Basin strata to establish
strata; 2) Develop a model of sequence the nature of sedimentation in the late
stratigraphic development that allowed a Miocene. The base of the section was
detailed interpretation of eustatic sea chosen as the fossiliferous conglomerate
level. This required 3) development of cropping out at the Mangaparua Landing,
facies models so that interpretation could north of Pipiriki. The top of the section
be based directly on stratigraphic was chosen as the Hautawa Shell bed
outcrop. incorporating the first occurrence of the

cold water species Chlamys delicatula
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(Fleming, 1953). This was thought to be
young enough to include strata indicative
of a possible change in oceanic
conditions coincident with the postulated
late development of the Antarctic ice
sheet (Webb et al., 1984). An added
advantage with the Hautawa Shell Bed
marking the top of the section was its
basin-wide occurrence.

The Hautawa Road section was chosen to
gain a better definition of the strata
surrounding the Hautawa Shell bed, as
exposure in the Wanganui river becomes
limited above the Wilkies Shell Bed.

The Rangitikei River section from
basement to the Hautawa Shell bed was
chosen to help corroborate the eustatic
sea-level interpretation from the more
extensive Wanganui River Section.

10.2 Fieldwork Methods

The Wanganui River section was mapped
in two different ways; The upper reaches
beyond Pipiriki were mapped entirely
from the river. Initially an aluminium
dingy was used for access and later a jet
boat was used. The lower reaches of the
river were mapped from continuous
cuttings in the Wanganui River Road.
The Hautawa Road section was also
mapped from road cuttings. The
Rangitikei River section was mapped
from the river using a jet boat.

Each section was continuously sketched
into field notebooks, recording local
measurements of thin units and localities
of contacts of larger units. Each locality
was recorded on the map and an altitude

Plate 10.1: Location map of the South Wanganui Basin. The major sections studied
include those cropping out in the Wanganui and Rangitikei River valleys. The Miocene-
Pliocene boundary is shown towards the north of the basin and the Hautawa Shell bed
separating Middle and Upper Pliocene strata and also marking the top of the section

studied here, is shown to the south. 128




recorded using a surveying altimeter for
later calculation of exact thicknesses of
units, and complete sections. Surveying
was tied to local bench marks (in the
Wanganui River), trig heights and spot
heights on the NZMS 260 series maps.
Pressure fluctuations were accounted for
by assuming linear drift between
benchmark measurements.

In the Wanganui River the base map used
was a 1:10,000 scale map prepared by
Electricorp for possible hydro
development of the River. In the
Hautawa Road and Rangitikei River
sections 1:25,000 scale preparation maps
for NZMS 260 series maps were used.
The shallow dip angles of the strata in
the basin limit the accuracy of
stratigraphic thickness measurements to

+3Im.

Where formational definitions did not
already exist or observed lithology did
not fit into the existing definition, strata
were mapped as lithologic units, for later
definition or redefinition into groups and
formations. Due to the cyclic nature of
sedimentation, already recognised by Ker
(1973), and the differences in thicknesses
and distribution observed, this proved to
be easier than initial definition of formal
units before logging the strata.

10.2.1 Tectonic setting

The North Island of New Zealand forms
part of the Australia - Pacific subduction
zone, with subduction and shortening
occurring within the Central North Island
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Axial Tectonic Belt (Walcott, 1978)
(figure 10.1). West of this Belt Stern and
Davey (1989) recognise two distinct
sedimentary basins. One is the Central
Volcanic Region (including the North
Taranaki Basin, North Wanganui Basin
and the Taupo Volcanic Zone), to the
north, where the subducted slab is 300
km. deep. Here a high heat flow
extensional back arc basin extends from
the Axial Tectonic Belt in the east to
beyond Mount Taranaki in the west. To
the south, is the Wanganui Basin, where
the subducted slab is only 200 km deep.
The Wanganui Basin is a much younger
compressional basin, between the Axial
Tectonic Belt to the east and the Patea-
Tongaporutu High in the West.

The Wanganui Basin of Stern and Davey
(1989) is equivalent to the South
Wanganui Basin discussed by Anderton
(1981) (hereafter referred to as the South
Wanganui Basin). The North Wanganui
1981)
extensional and is more part of the
Central Volcanic Region than the South
Wanganui Basin (figure 10.1).

Basin (Anderton, is now

Stern et al., (1992) argue that the South
Wanganui Basin is developing from
lithospheric downwarp as a response to
high friction at the plate interface. Here,
in a tectonically compressional regime, a
sedimentary basin is developing as the
Australian Plate is "locked" against the
subducting Pacific Plate. This type of
basin is ephemeral and not generally seen
in the geologic record because later
development of the subduction zone
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Map of New Zealand, showing the location of the Indian-Pacific plate

boundary (The axial shear belt, after Walcott, 1978). Velocity vectors represent the relative
motion of the Pacific plate assuming the Indian plate fixed (Stem et al., 1986). Location of
the North and South Wanganui Basins, Taranaki Basin and Taupo Volcanic Zone are

shown (figure modified from Stern et al., 1986).

overprints the earlier forms of basin
development. A zone of uplift, currently
centred between Mount Taranaki and
Mount Ruapehu (here referred to as the
Wanganui Hinge Zone), marks the
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boundary between the Central Volcanic
Region and the South Wanganui Basin.
Controlled by the south eastward moving
subduction zone (Walcott, 1984), this
hinge zone also marks the change in




tectonic regime, from extension in the
north to compression in the south.

In late Miocene times the North
Wanganui Basin was also a lithospheric
downwarp basin, with sedimentation
patterns similar to those of the Pliocene
South Wanganui Basin (Stern et al.,
1992). During the Late Neogene, the
point of maximum sediment
accumulation rate and hence the basin
centre has moved south eastward
(Anderton, 1981) in front of the
southward progression of the up warping
Wanganui Hinge Zone (figure 10.2).
Regional faulting patterns bear out the
present tectonic state of the basins, with
primarily thrusting in the area south of
the Wanganui Hinge Zone and normal

faulting north of the Hinge Zone.

Stern et al. (1992) describe the structure
of the North and South Wanganui Basin

Marlborough
Sounds
flexural =500m subsidence
hinge at mouth of Sounds
(Cotton,1913) (Cotton,1974)

— sea level

as a progressive, southward travelling,
"Lithospheric-wave" with a wavelength
of about 200 km and a period in the order
of 20 My (figure 10.2). If so; the late
Miocene and Pliocene basin structure
would be very similar to the present, with
the Wanganui Hinge Zone further to the
north and the basin progressing
southwards at 10 km/My. Sediments
offlap from the north and onlap to the
south throughout the Neogene.
Sedimentation in the basin has been very
rapid (~1 km/My) with sediment
accumulation keeping pace with basin

downwarp.

10.2.2 The South Wanganui Basin.
The South Wanganui Basin is
approximately 40,000 km? in area (figure
10.1), and contains sediment more than 4

km thick at it's centre (Anderton, 1981).
Half the basin lies offshore beneath the
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Figure 10.2: Cross-section of the southward progressing lithospheric wave. Profile runs
from south (left) to north. Centre of the figure is the presently subsiding South Wanganui
Basin and right hand side of figure is the presently uplifting Wanganui Hinge Zone (from
Stern et al., 1992).
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Wanganui Bight. The exposed portion of
the basin is deeply dissected by rivers,
with the largest and longest drainage
systems being the Wanganui and
Rangitikei Rivers.

The oldest strata in the South Wanganui
Basin are earliest Pliocene. Strata of Late
Miocene age, formerly part of the South
Wanganui Basin, are now being uplifted
within the Wanganui Hinge Zone. The
youngest on-land strata in the basin are
Late Quaternary marine terrace deposits
cropping out along the Wanganui
coastline. Strata of the North Wanganui
Basin are Oligocene and Miocene in age
(Hay, 1978) and directly underlie strata
of the South Wanganui Basin.

Outcropping strata in the Wanganui and
Rangitikei Rivers provide the two main
sections for the present study (plate
10.1). Additional stratigraphic
information was obtained from a short
section near Otairi in the Turakina River
Valley. Strata exposed alongside the
Wanganui River are mainly muddy
sandstones and sandy mudstones with
occasional siltstones containing rare
interbedded shell beds and thin, well
cemented, coquina limestones. These
strata represent both the fastest average
sedimentation rate throughout the Late
Neogene and the most complete record
of sedimentation in the South Wanganui
Basin. The Wanganui River provides
outcrop of strata from Kapitean to
Hautawan in age (ca. 6.0 to 2.5 Ma.,,
Edwards et al., 1988) more than 4,300 m
thick.
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Close to the eastern margin of the basin,
strata of Opoitian age rest
unconformably on Mesozoic Greywacke
basement. Further to the north older
strata are preserved beneath a cover of
Quaternary volcanic rocks of the Taupo
Volcanic Zone. The Rangitikei River
provides continuous outcrop of Opoitian
and younger marine siltstones and muddy
sandstones, with occasional interbedded
sandy mudstones and rarer shell
limestones. The average depositional rate
was slower than that towards the basin
centre and the geological record less
complete. The studied section is more
than 1,700 m thick excluding 270 m of
section repeated across the Rauoterangi
fault (enclosure 2). Strata exposed in the
Rangitikei River are not individually
correlated with strata cropping out in the
Wanganui  River. Localised
sedimentation patterns created lateral
facies and sedimentation rate variations
that have caused biostratigraphic marker
horizons to be time-transgressive and
make east-west basin correlation
difficult. In the South Wanganui Basin it
is difficult to correlate strata for more
than 20 km, whereas in the North
Wanganui Basin, strata can be correlated
for more than 100 km (Morris, in prep.).

10.2.3 Structure.

Outcrop in the Wanganui and Rangitikei
River sections is continuous with few
structural complications. Occasionally
strata are disrupted by high angle east-
west trending thrust faults with offsets on
the order of 10 m. Larger scale northeast-




southwest thrust faults are more common
in the eastern part of the basin, associated
with the emergent Ruahine and
Kaimanawa ranges at the basins eastern
margin. One such fault, the Rauoterangi
Fault (referred to as the Omatane Fault
by Seward et al., 1986 and Feldmeyer et
al, 1943) (enclosure 2) repeats 270 m of
strata cropping out in the Rangitikei
River.

The emergent Wanganui Hinge Zone is
causing a regional southerly tilt of strata
within the basin. Tilt increases from 4° in
the to >10°9 at the north
easternmost edge of the South Wanganui
Basin. Stern et al. (1992) argue that a

south

maximum of 6° tilt can be caused by the
lithospheric downwarp. Melhuish (1990)
suggests that the exaggerated tilt in the
north eastern South Wanganui Basin is
due to the added effect of uplift of the
Tararua Ranges at the eastern margin of
the Basin.
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In the Rangitikei River Valley larger
scale southeast-northwest thrust faults
are associated with the emergent ranges
to the east. Unlike the consistently
southward dipping strata exposed in the
Wanganui River, Opoitian and Waipipian
strata in the Rangitikei River Valley are
being folded into a series of broad
southwest trending anticlines and
synclines within the regional southerly
tilt. Dips range from horizontal to 15° in
a southwesterly direction. Occasionally
small monoclinal structures are observed
in the Rangitikei River Valley, where
local thrusting in the basement does not
pervade to the surface and younger
sediments drape over the basement
structure. Further to the south, strata
cropping out in the Rangitikei River
Valley are less disrupted by the emergent
ranges and have a constant dip, more
consistent with that of the Wanganui
River Valley strata.
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Chapter - 11
Stratigraphy

In this chapter, a new lithostratigraphic framework is established for the Late Neogene
strata of the South Wanganui Basin. It is based mainly on the work of Fleming (1953) and
Feldmeyer et al. (1943). Formal units of lithostratigraphy are proposed, in line with the
North American Stratigraphic code, adopting where appropriate, units previously defined
by Fleming (1953), Te Punga (1952) and Ker (1973). A particular effort is made to bridge
the gap between previous work in the North Wanganui Basin and work in the South
Wanganui Basin. North Wanganui Basin stratigraphy is delimited on a broad scale using
reconnaissance definition of units mappable basin wide. South Wanganui Basin
stratigraphy is delimited on a fine scale observing individual beds and their significance
and grouping them accordingly. The present study maps and defines rocks that are
contiguous to both these approaches and appropriate working definitions of the
stratigraphy are established. While this account is unpublished it is anticipated that results

presented here will also be published and accordingly a formal approach to straugraphlc
. b din ) ¢ nO

7
f.

amendment and estabhshment is adopted. -
Entd FAESS 73

11.1 Stratigraphic nomenclature They subdivided the Pliocene Strata into
of the South Wanganui Basin three stages, Waitotaran, Nukumaruan
Sequences and Castlecliffian, based on observations
in the Rangitikei River, informally
The first subdivision of strata in the recognising four formations in the
South Wanganui Basin was by Park Waitotaran, two in the Nukumaruan and
(1910), when he defined the Wanganui one in the Castlecliffian.
System. Much of Park's classification
deals with Pleistocene Strata (He refers The most complete study to date on strata
to it as "Newer Pliocene"). However, the of the South Wanganui Basin is the
"Older Pliocene" Waitotara and Awatere Bulletin of Fleming (1953). He proposed
Series, including the Waitotara, a stratigraphic nomenclature more in line
Waverley and Patea Beds, are of Pre- with the American Stratigraphic Code
Pleistocene age. (North American Commission on

Stratigraphic Nomenclature, 1983),

The most wide ranging examination of suggesting a subdivision of the Pliocene
pre-Pleistocene strata in the South strata in to two series; the Wanganui
Wanganui Basin was undertaken by the Series and the overlying Hawera Series.
Superior Oil Company from 1939-1943 Within the Wanganui Series Fleming
(Feldmeyer et al., 1943; Turner, 1944). (1953) retained the three stages of
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Feldmeyer et al. (1943) and subdivided
each into 2 substages.

Fleming considered the Waitotaran to be
Pliocene and perhaps some of the
Nukumaruan, but he was unsure of where
the Plio-Pleistocene boundary lay. Beu
(1969) raised the Mangapanian and
Waipipian to stages, retaining the
Waitotaran as a superstage for areas
where the Mangapanian and Waipipian
can not be easily defined.

Beneath the Okiwa Group (Fleming,
1953) in the Rangitikei River Valley, Te
Punga (1952) recognised the
Nukumaruan and Waitotaran Stages
within the Rangitikei group. Without
reference to Turner (1944) and
Feldmeyer et al. (1943), he defined two
formation equivalents to these stages, the
Middle Rangitikei and Lower Rangitikei
Formations respectively (figure 11.1).
Within the Middle Rangitikei Formation
he recognised 4 distinct lithologic units
and within the Middle Rangitikei
Formation 6 distinct lithological units,
but did not formally name them. Seward
(1974) and Seward et al. (1986)
recognised the lithologic units of
TePunga (1952) using the informal
formation names of Turner (1944) to
define these rather than as members of
the Lower Rangitikei Formation (figure
11.1). Informal formation names used
were; Mangaweka Mudstone, Utiku
Sand, Taihape Mudstone and Reef
Bearing Sands. Fleming (1959) had
already renamed the Reef Bearing Sands
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in the Rangitikei River as the Waiouru
Sandstone.

Fleming (1953), working further to the
west in the Wanganui Subdivision,
proposed 3 groups for the Pliocene strata
of the Wanganui Basin that he examined:
The Okiwa group within which he
defined 5 formations and observed many
others that he did not differentiate (figure
11.2); the Paparangi Group (Fleming,
1953), including four formations and the
Whenuakura Group (Fleming, 1953) also
including four formations. Both the work
of Te Punga (1952) and Fleming (1953)
present very much a reconnaissance
observation only of the pre-Nukumaruan
strata they defined.

Two further workers have provided more
complete definition of Pliocene strata
exposed in the Wanganui River. Collen
(1972) used the stages of Beu (1969), but
retained the Hautawan Stage of Fleming
(1953). He informally recognised six
formations. Ker (1973) independently of
Collen (1972) proposed 5 new
formations of the Whenuakura Group
(Fleming, 1953) (figure 11.2), based
largely on the work of Feldmeyer (1943).
He also proposed the use of three
formations within the Paparangi Group
(figure 11.2). Collen (1972) also worked
in the Rangitikei River Valley informally
recognising the lithologic units of
TePunga (1952) as formations (figure
11.1). Above the basal unit; Waiouru
Sandstone (Fleming, 1959) he recognised
four formations; the Taihape Mudstone,
Utiku Sandstone, and Mangaweka
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Mudstone respectively (after Te Punga,
1952) and beneath the undifferentiated
formations of the Okiwa and Nukumaru
Groups he recognised the Te Rimu Sand
Fleming (1978) also
recognised the

Formation.
informal units of
TePunga (1952) as formations, however,
he omitted the Te Rimu Sand. The Utiku
Sandstone he further recognises as the
Whenuakura Group and the Mangaweka
Mudstone as the Paparangi Group above
which he observes undifferentiated
formations of the Okiwa Group. Fleming
(1978) leaves the older formations of the
Rangitikei River Valley not grouped.
This formation nomenclature is based on
informal names of Feldmeyer et al.
(1943) and abandons the groupings of
TePunga (1952).

Late Miocene and Opoitian strata to the
north of the South Wanganui basin, have
not been as extensively studied as in the
south. Hay (1967) defined
formations; the Urenui Siltstone, the

three

Matemateaonga Sandstone, and the
Tangahoe Mudstone (figure 11.2). These
replace the Waitotara formation of
Morgan and Gibson (1927). Morris (in
prep.) mapped the Matemateaonga
Formation as far south as Jerusalem in
the Wanganui River and to the Ruahine
Ranges in the east where corresponds to
the Waiouru Sandstone (Fleming 1959).

Underlying the
Sandstone and further to the north is the
Urenui Siltstone. Morris (in prep.)

Matemateaonga

recognised this cropping out north of the
confluence of the Tangarakau and
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Wanganui Rivers. It is not discussed
further in this study. The Tangahoe
Siltstone, first defined by Morgan and
Gibson (1927) as the Urenui Beds, is
mapped in various localities to the West
of the Wanganui River. Equivalent strata
crop out in the Wanganui River and to
the east but have not been referred to as
the Tangahoe Formation.

Morris (in prep.), in describing the
Matemateaonga Formation, noted that
many names and subdivisions have been
used for this and juxtaposed formations,
but that they are limited in geographical
extent. He also noted the marked
variation in vertical and lateral extent of
different lithofacies included within the

Matemateaonga Formation.

Following Fleming (1953), the present
study continues in line with the North
American Stratigraphic Code (North
American Commission on Stratigraphic
Nomenclature, 1983). A formation is
defined as a body of rock identified by
lithologic characteristics and
stratigraphic position. It is prevailingly
but not necessarily tabular and is
mappable at the earth's surface. Groups
are identified to express the natural
relationships of formations. Groups are
particularly useful in small scale
mapping and stratigraphic analysis
(North American Commission on
Stratigraphic Nomenclature, 1983).

The groups proposed and used in this
study (figures 11.1 and 11.2) are
recognised across the South Wanganui



Basin and into the North Wanganui
Basin where applicable with older strata
(figure 11.3). A major change proposed
here is the abandonment of the
Rangitikei Group of Te Punga (1952).
This he defined in terms of time and
grouping of stages rather than lithologies.

Matemateaonga Group (New)

(New definition, raised in status from
Matemateaonga Formation (Hay, 1967)
defined and mapped by Morris (in prep.)
across the North and South Wanganui
Basins as the Matemateaonga
Sandstone). It is equivalent to the lower
part of the Waitotara Formation of
Morgan and Gibson (1927) and the
Waiouru sandstone of Fleming (1959). It
overlies the Urenui Siltstone of Hay
(1967), and underlies the Tangahoe
Group (newly defined here also). In the
west formations are as yet
undifferentiated. Morris (in prep.) in
discussing the Matemateaonga Formation
notes the marked lateral variation in
facies, with each facies mappable on
local to regional scales. He also defines
stratotypes throughout the >2000 m thick
formation including lithologies mappable
in their own right. The same strata are
observed in the present study and
combined with observations of Morris (in
prep.) warrant a group definition the
Wanganui Basin, and establishment of
formations in regions where necessary
for more detailed study. In the Wanganui
River the Matemateaonga Group
includes formations below and including
the Mangaparua Sandstone (defined
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here) to the top of the Jerusalem
Sandstone (also defined here)
Formations. Eleven formations are
defined here within the Matemateaonga
Group in the Wanganui River (figure
11.2). To the east in the Rangitikei River
it includes the Waiouru Sandstone
(Fleming, 1959) and all older strata. The
top 100 m only of the Waiouru
Sandstone is observed in this study.

Tangahoe Group (New)

(New definition, raised in status from the
Tangahoe Formation (Hay, 1967)). The
Tangahoe Group is equivalent to the
Taihape mudstone of Fleming (1978)
defined in the Rangitikei River Valley. It
overlies the Matemateaonga Group and
Underlies the Whenuakura Group
(Fleming, 1953). Morris (in prep.) and
Hay (1967), noted the thinness of the
Tangahoe Formation and also noted the
variability of lithology. Although the
Group is recognised as a single formation
in the Rangitikei River (Taihape
formation of Fleming, 1953), in the
Wanganui River it includes three
formations (figure 11.2), from the base of
the Ranana Mudstone, the Matahiwi
Sandstone and the Raupirau Mudstone
(all newly defined here). To the west no
formations are differentiated, but Hay
(1967) mentioned informal names of
lithologies. Throughout the basin the
group is predominantly fine grained in
nature.
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Whenuakura Group (Fleming, 1953)

(The base is redefined here) The
Whenuakura Group overlies the
Tangahoe Group and underlies the
Paparangi Group (Fleming, 1953). In the
Wanganui River the base of the Group is
the Koriniti Sandstone (Ker, 1973) and
the top is the Atene Sandstone (Ker,
1973). In the Rangitikei River Valley to
the east the Whenuakura Group is
mapped as the Utiku Sandstone
(Fleming, 1953). It is variable in
lithologic character. Fleming (1953)
noted several formations that have been
redefined by subsequent workers (Collen,
1972; Ker, 1972). Based on his type
locality of the coastal section west of
Wanganui, Fleming (1953) defined
several members, mostly shellbeds.
Further east in the Wanganui and
Rangitikei Rivers lateral variation and
different
identification and correlation of those

lithologies  prevent
members. The members are not
discussed further here.

Paparangi Group (Fleming, 1953)

The Paparangi Group overlies the
Whenuakura Group and underlies the
Lower Okiwa Group (Fleming, 1953).
Lithologically it is similar to the
Whenuakura Group and is also variable
in character, but is finer grained than the
Whenuakura Group at places. In the
Wanganui River it is defined as including
all formations from the base of the
Mangaweka Formation to the top of the
Cable Siltstone Member of the Te Rimu
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Sandstone Formation (Ker, 1973). In the
Rangitikei River the Group is represented
entirely by the Mangaweka Mudstone.
Fleming (1953) defined many formation
members at the type localities in the
coastal section. Like the members of
Formations he defined in the
Whenuakura Group these are mainly
shellbeds and difficult to correlate to
inland sections. Unless prominent they
are not adopted in the present study.
Future work may add them to the
stratigraphic framework proposed by the
present study.

Okiwa Group (Fleming, 1953)

Only the basal part of the Lower Okiwa
Group (Fleming, 1953) was observed
during the present study. Fleming (1953)
left this group undivided in terms of
formations. Ker (1973) defined the Te
Rimu Sandstone Formation the basal part
being the Cable Siltstone member, which
is within the Paparangi Group and the
upper more sandy part is in the Lower
Okiwa Group. The Hautawa Shell bed is
defined as the unit that Fleming (1953)
adopted as separating the Upper and
Lower Okiwa Groups. Further West, the
Kuranui Limestone is within the basal
part of the Upper Okiwa Group. To the
East in the Rangitikei River Valley
several interbedded mudstone and
sandstone horizons are recognised,
within the Lower Okiwa Group, beneath
the Hautawa Shell Bed. The uppermost
unit observed in this study is the
Ohingaiti Sand, above the base of the
Upper Okiwa Group, and a possible




eastern correlative of the Kuranui
Limestone.

11.2 Wanganui River
Stratigraphy

Formations are described in terms of
lithology, thickness, nature and relation
to underlying beds. Because only one
section is observed here a type section is
not designated, unless this has been
already specified by previous workers.
The description in the Wanganui River
may be informally treated as a type
section unless otherwise specified in the
text. A type locality is specified for each
formation and a grid reference given.
Enclosure 1 shows the type locality for
each formation and maps the outcrop,
extent, and location of formations
described and used in this study.

Matemateaonga Group (New)

The lower part of the Matemateaonga

Group includes undifferentiated

formations not described in this study.
Mangaparua Sandstone Formation

(New Formation, 93 m thick) Well sorted
Sandstone that fines upwards. Pebbly and
fossiliferous at its base with occasional
muddy horizons. The mud content
increases upwards. It unconformably
overlies undifferentiated formations of
the lower part of the Matemateaonga
The type
designated here as the Mangaparua
Landing (R20 796119), which is the

Formation. locality is

143

origin of the name, on the Wanganui
River 23 km north of Pipiriki.

Mangatiti Mudstone Formation

304 m thick)
Alternating mudstone and muddy

(New Formation,

sandstone, with mudstone predominant.
The basal contact is gradational with the
underlying Mangaparua Sandstone. Two
prominent sandstone horizons crop out at
about the middle of the formation.
Description from bottom to top;
mudstone, 51 m; sandstone, 61 m;
mudstone, 54 m; sandstone, 48 m;
mudstone, 90 m. The sandstones are
The

mudstones tend to be silty with some

muddy and grey in colour.
sand, grey and fractured. The formation
becomes more sandy towards its top. The
Formation is named after a major
tributary to the Wanganui River north of
Ramanui Station. The Tangahoe Station's
landing, 19 km north of Pipiriki is
designated as the formations type locality
(R20 811085).
cyclothemic, typical of the many

The formation is
formations in the Wanganui River (Ker,
1973).

Ramanui Sandstone Formation

(New Formation, 242 m thick) Well
sorted slightly muddy sandstone with a
muddy bed 41 m above the base of the
formation. The base is a gradational
contact with the underlying Mangatiti
Formation. Description from bottom to
top; san