Figure 9.1: Net primary production expressed by the Vertically Generalised Production Model (Behrenfeld and
Falkowski 1997). Data shown in this figure is the monthly average from February 2013, available at
http://www.science.oregonstate.edu/ocean.productivity/index.php (O'Malley 2014). Primary Production is
around 300 mg carbon (C) per square metre. This is the lower edge of the global primary productivity scale. Red
lines indicate the position of the seismic reflection profiles.

9.2 The Deep Western Boundary Current

9.2.1 Past oceanic setup at the eastern edge of Zealandia

My second contribution to the paleoceanographic map of the South Pacific Ocean targeted the Pacific
Deep Western Boundary Current (DWBC) close to Zealandia at the Bounty Trough region (chapter 6).
Here, a larger sedimentary archive recording the DWBC history has formed, which can be used to
reveal paleoceanographic changes since the late Cretaceous. This manuscript covers three different
topics:
1. Paleoceanographic setup before the opening of the Tasmanian Gateway:
I have found indications for an active proto-DWBC below the Eocene/Oligocene boundary. Two
sediment drift bodies in the Outer Bounty Trough are the first evidence of a deep cold flow in the
South Pacific Ocean during Eocene and older times in the Southwest Pacific Ocean. Initiation of a
deep flow forming the first drift body (DB 1) is probably linked to a combination of climate
cooling observed during the late Cretaceous (Cramer et al. 2009; Friedrich et al. 2012) and
separation of Antarctica and Zealandia (Wobbe et al. 2012). Further, the shift from DB 1 to the
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second drift body (DB 2) is probably caused by colder climate conditions in the Late Eocene. The
drift crest migration from DB 1 to DB 2 occurs at the same time as the East Antarctic Glaciation
around 44 - 42 Ma. This supports the theory that Antarctic Glaciation was not caused by the
opening of the Tasmanian Gateway. Cooling already began before the opening, favouring a
dropping CO, level as a cause for glaciation rather than the opening of Circumantarctic seaways.
2. The history of the DWBC in the Bounty Trough area:

I have compiled a complete scenario of the DWBC history at the Outer Bounty Trough region. In
addition to drift bodies DB 1 and DB 2 I have found two additional drift bodies (DB 3 and DB 4)
above the Eocene/Oligocene boundary. The history since the Oligocene can be summarised as
follows: The Oligocene sediments have been removed during a long lasting erosional phase,
creating the Marshall Paraconformity (33.7 - ~19.5 Ma). This vigorous flow of the DWBC,
enforced by the ACC, was followed by a phase of slower flow speed creating DB 3. This period
was followed by stronger flows due to climate cooling and West Antarctic Ice Sheet build-up
leading to another phase of erosion between 10.4 Ma and 5.0 Ma. Between 5.0 Ma and 1.7 Ma,
deposition started again, creating DB 4. Build—up was caused by the intensified load of the
DWBC that has been taken up further upstream. Finally at 1.7 Ma the DWBC shifted away from
the Outer Bounty Trough to a breach in the northern levee of the Bounty Channel.

3. The occurrence of the DWBC west of the Outer Sill since the Miocene:

I can estimate the extent and timing of the DWBC flow into the Bounty Trough. Up to now
evidence was only found for a limb affecting the youngest sedimentary unit (Unit A) at the Outer
Sill. Using the distribution of seismostratigraphic Unit B (of contouritic origin as confirmed by
ODP Site 1122) I have shown that the DWBC may have influenced the Bounty Trough already

since ~19.5 Ma as its deposits can be found also west of the Outer Sill inside the Bounty Trough.

9.2.2 Present influence of the DWBC inside the Middle Bounty Trough

The third manuscript (chapter 7) again targeted the occurrence of the DWBC west of the Outer Sill
inside the Middle Bounty Trough. In Chapter 6 I have shown that sediments below the deposits of the
Bounty Channel (unit B, contouritic origin) are also present inside the Middle Bounty Trough.
Sedimentary structures within Unit B suggest the influence of the DWBC was present west of the
Outer Sill from 19.5 Ma to 1.7 Ma. Additionally, Pleistocene DWBC variability on orbital (20 to 400
ka) timescales is recorded in unit A. High-resolution Parasound sub-bottom profiler data can be used
to analyse the upper sedimentary column with the detail needed to detect these orbital cycles. The
Bounty Channel turbiditis show a different cyclicity (only deposited during glacial lowstands, since
800 ka approximately every 100 kyrs) than the DWBC (prominent strengthening every 41 ka). Thus
the occurrence of the 41 kyr obliquity cycle can be used to trace the influence area of the DWBC
inside the Bounty Trough as the turbiditiy current of the Bounty Channel is the only other source that

takes active part in shaping the sediments in the Bounty Trough area since 800 ka.
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1. Revealing cyclic signals from Parasound sub-bottom profiler data:

Weigelt and Uenzelmann-Neben (2007) have shown that a spectral analysis with a Fourier
transformation algorithm can reveal cyclic signals from seismic reflection data, which have been
converted from TWT into age of the deposits. These signals can be related to climate cycles on
orbital frequencies (Milankovitch cycles). I have adapted this method to Parasound sub-bottom
profiler data. Spectral analysis shows that in the working area the method is capable to resolve
Milankovitch cycles caused by obliquity (41 kyr) and longer periods.

2. Presence of the DWBC west of the Outer Sill:

Spectral analysis performed at six different sites along the Bounty Channel axis are used to map
the spatial occurrence of the 41 kyr obliquity cycle documented by the deposits. The mapping
reveals the presence of the DWBC west of the Outer Sill but its presence is limited to east of
178.2°E. These results provide the first direct evidence on the occurrence of the DWBC inside the
Bounty Trough during late Pleistocene to recent times. Up to now the presence of the DWBC was

only inferred due to erosional structures at the Outer Sill.

9.3 The deep inflow into the Southwest Pacific Basin since the

Miocene

The structure of the sedimentary column at the western flank of the EPR and the occurrence of bottom
current derived features presented in chapter 5 can be further interpreted to gain information about
paleoceanic changes in the EPR region (Chapter 8). This allows me to provide first insights into the
Miocene paleoceanography of the South Pacific Ocean far away from any land mass. Between 19 Ma
and 9 Ma sedimentary structures suggest a steady flow of the eastern limb, which has allowed the
formation of the first seismostratigraphic unit. Around 9 Ma a change in oceanic setup is suggested by
the distribution of sediments. Erosional structures in the upper sedimentary column indicate an
increase in flow speeds of the bottom currents from the eastern limb.

The western limb (DWBC) shows a comparable behaviour: A depositional phase creating drift body 3
(DB 3) begins during the Early Miocene (19.5 Ma). This phase is interrupted by an erosional
unconformity (reflector R3) created by the DWBC between 10.4 Ma - 5 Ma. Cooling due to the West
Antarctic Ice Sheet build-up increased the flow speed of the DWBC. The expansion of the West
Antarctic Ice Sheet and the resulting cold climate around Antarctica keeps the flow speeds high until
the present day. Although another drift body (DB 4) has formed beneath the DWBC deposition is only
possible due to erosion further upstream by the combined DWBC and ACC.

The comparison of the history of both of deep cold inflow into the South Pacific Ocean shows many
similarities since the early Miocene. It is reasonable to extrapolate the findings of the Bounty Trough

region to the EPR region. Both limbs are influenced by the ACC and thus its intensification due to the
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changes caused by the West Antarctic Ice Sheet build-up are not only visible close to Zealandia but

also in the open South Pacific Ocean.
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10. Outlook

I have presented new evidence for paleoceanographic changes of the deep inflow into the Pacific

Ocean. Nevertheless there are still white spots that have to be filled.

10.1 Further research close to the EPR

Seismic reflection profiles at the western flank of the EPR cover only oceanic crust younger than the
beginning of chron Cén, (~19 Ma, see Figure 5.1) and thus sediments documenting the
paleoceanographic setup of the region before ~19 Ma have not been surveyed. Likely, sediments
deposited on older oceanic crust can reveal further structures of the eastern limb of deep cold inflow
into the South Pacific Ocean.

Therefore 1 suggest the acquisition of two additional profiles perpendicular to the ridge axis. Figure
10.1 shows two sample locations of such profiles. These two profiles would allow analysing a longer
history of the eastern limb of deep Pacific inflow, because they also cover older parts of the oceanic
crust and older sediment deposits. Further, one of these perpendicular profiles should completely cross
the EPR (as shown with the northern profile in Figure 10.1) to survey sediments on the eastern side of
the EPR. The main purpose would be to test the hypothesis that the EPR really has a symmetric
sedimentary cover on both sides of the rise crest (Ewing and Ewing 1967) or whether asymmetric
sedimentation, which has been observed 30° further north of the EPR-region (Hauschild et al. 2003),
is also present in this area. An additional profile extending from the northeast to the southwest should
cross the previously proposed profiles. This profile would allow a correlation of findings made on the
profiles perpendicular to the EPR and extrapolate prominent reflections to the whole area.

For planning the western extent of the new profiles, the present and former Carbonate Compensation
Depth (CCD) should be taken into account because the CaCO; inside the sediments at the EPR flank
start to dissolve when the depth of the CCD is reached. Thus, potential new profiles should only extent
into the Southwest Pacific Basin until they reach the depth of the present CCD at ~ 4400 metres
(Figure 10.1, drak gray line; van Andel 1975). Further we have to take into account that the paleo
CCD was shallower than today. The shallowest CCD was reached during the late Miocene when the
CCD rose to about 3900 metres (Figure 10.1, light gray line; van Andel 1975). Thus possible bottom
current footprints in carbonate sediments may have been dissolved in depth of 3900 m or deeper.
Nevertheless sediment on crust older than 20 Ma may have preserved potential footprints as only the
upper sediments may have been affected. Thus, oceanic crust in 3900 m to 4400 metres depth may
give new information on the paleoceanographic setup when interpreted with caution concerning
dissolved sediments. By comparing the CCD with the age of the oceanic crust, it is possible to derive
new information from sediments deposited on ~30 Ma old crust (Figure 10.1 shows age colour-coded

oceanic crust (Mueller et al. 2008) and the present CCD as dark grey contour). These three additional
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profiles may give further insights into the history of the deep Pacific inflow back to about 30 Ma.

Further, they can be used to refine the old model of sedimentation at the flanks of spreading ridges.

existing profiles

— = suggested profiles

—3 ACC
%> eastern limb

4400 metre depth

~ contour, present CCD
3900 metre depth
contour, Miocene CCD

—130° —120° —-110°

BT ——) basement age (Ma)
0 10 20 30 40 50

Figure 10.1: Area around the East Pacific Rise (EPR) on a map representing the age of the oceanic crust in
millions of years (Mueller et al. 2008). The eastern limb of the deep Pacific inflow (black and yellow arrow) and
the Antarctic Circumpolar Current (ACC, black) are marked by arrows. Additionally the depth contours
(GEBCO_08 grid; Smith and Sandwell 1997) of the Miocene CCD (grey contour, 3900 m ;van Andel 1975) and
the present CCD (dark grey contours, 4400 m; van Andel 1975) are shown. To survey the influence of the
eastern limb, three additional seismic profiles perpendicular to the rise axis (shown in purple dashed lines) are
proposed.

For the present thesis I could only rely on crustal ages to pinpoint major events but changes occurring

on shorter timescales were not resolvable only on basis of the seismic reflection data. Thus a better

age model based on sediment samples would be desirable.

10.2 Further research in the Outer Bounty Trough area

10.2.1 Future research on sediment drifts in the Bounty Trough area

The Outer Bounty Trough area has revealed the complete Cenozoic history of the (proto-) DWBC in

the area. However, some interpretations derived in Chapter 6 would benefit from an extended dataset.
* A narrower seismic network of profiles crossing drift bodies in the Bounty Trough area:
Besides drift bodies (DB 1 to DB 4) found on profile AWI-20110006, other single channel lines
(see Plate 2d of Carter et al. 1994) hint on potential sites of sediment drifts (locations marked in

purple in Figure 10.2a). A survey covering all of these drift bodies in a network centred above
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ODP Site 1122 may be used to map out depositional centres and reconstruct paleocurrent
pathways of this area.

* A better age control for sediments below the Marshall Paraconformity:

Sediments of the seismostratigraphic units C and D are extrapolated from the shelf of South
Island, New Zealand, through the whole Bounty Trough to the deep sea. It is not clear whether
sediments cored in the Canterbury Basin by oil exploration wells (see Figure 6.1) are comparable
to the deposits found in the Outer Bounty Trough. The oil exploration wells and ODP Site 1122
are approximately 900 km apart. Thus additional deep drilling of the lower sedimentary column is
desirable. Single channel seismic reflection profiles (Figure 10.2b, taken from Carter et al. 1994)
show a thin sedimentary cover of seismographic unit A (sediments from the Bounty Channel, up
to 1.7 Ma old, see chapter 6) and a missing unit B above units C (Eocene age) and D (Palaecocene
to Cretaceous). Drilling in this area (as indicated in Figure 10.2) would allow to reach at least

sediments of Eocene age, eventually also sediments of Palaeocene or even of Cretaceous age.
a) b)
Single channel profiles

modified after Carter et al. (1994)

Colourscale from
Carter et al. (1994)

0O Bounty Channel deposits

—-180° -175° (0-1.7 Ma)
— multi channel seismics, this thesis [ ] Eocene deposits

single channel seismics, Carter et al. (1994) Paleocene - Cretaceous
— sediment drift locations €» ODP Site 1122 [ deposits
Darea for further surveys ¢ potential drill site [ Oceanic Basement

Figure 10.2: a) Overview over the single channel (yellow, (Carter et al. 1994)) and multichannel seismic lines
(green, see chapter 6) available in the Outer Bounty Trough region. The purple marked spots represent findings
of (potential on single channel lines) drift structures in this area. Further profiles crossing these locations and the
surroundings (marked with white box) will help to map the depositions of the DWBC revealing further shifts of
the DWBC not observable with the present dataset. b) Excerpts from the single channel profiles A and C of
Carter et al. (1994). Note the relatively thin cover of younger sediments (yellow) above the sediments of Eocene
age or older (white and blue). Here it would be possible to reach older sediments by drilling without having to
penetrate more than 400 metres of sediment as at the location of ODP Site 1122.

Drilling of Eocene to Cretaceous sediments could provide a better age resolution and characterisation
of the sediments below the Marshall Paraconformity (top of Eocene deposits) and is also of broad

interest for climate research. Especially the transition from the relative warm climate during the late
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Cretaceous to the cold climate during the Oligocene (e.g. Huber et al. 2002; Zachos et al. 2008;
Friedrich et al. 2012) is not well understood. Sediments covering the Bounty Trough area have likely
been deposited continuously since the formation of the oceanic crust during the Cretaceous until the
Eocene/Oligocene boundary and thus have recorded the climate transition. Bottom currents do not
play a major role in shaping sedimentary deposits until 33.7 Ma. Besides the observed drift bodies
(DB 1 and DB 2, Figure 6.4) no large erosional events are reported south of Chatham Rise since the
formation of the Marshall Paraconformity. Drilling these sediments may reveal climate changes close
to an oceanic gateway. Opening of gateways allowed the establishment of the ACC that caused a
major cooling of the deep oceans (McAnena et al. 2013; Sijp et al. 2014). This means the Bounty
Trough area is an ideal region to study these climate changes and decipher the oceanic and climatic
history during the Eocene and further back in time. Additionally, drilling sediments in the Bounty
Trough area may reveal the feedback of the deep ocean to the climate change before the opening of the
Tasmanian Gateway. Also, new evidence for processes preceding ocean gateway opening that may
have caused Antarctic Glaciation before the Eocene/Oligocene boundary may be found (e.g. Ehrmann

and Mackensen 1992; Zachos et al. 1992; Zachos et al. 2001).

10.2.2 Future use of sub-bottom profiler data for the detection of

Milankovitch cycles

The orbital (Milankovitch-) cycles observed in the sediments of the left Bounty Channel Levee have
been of great use to estimate the spatial extent of the DWBC into the Bounty Trough. The method may
be a valuable tool for further studies in the Bounty Trough area and in other regions of the world
oceans. Identifications of different Milankovitch cycles in an area can be used to map the extent on
climate related processes shaping the upper sedimentary units. The only necessary precondition is that
the process that is analysed has a unique frequency observable in spectral analysis in comparison to
other processes shaping sedimentary deposits.

The Parasound system offers a method to map orbitally controlled sedimentation over large areas in
relatively short time. The MeBo coring rig, capable of coring the upper 80 metres of sediment
(Freudenthal and Wefer 2013) and possibly down to 200 m in the future (MARUM-MeB0200) can be

a valuable addition for age control and ground truth of the acoustic data.
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