Chapter 5
AMO1, AM03 AND AMO04: SEISMIC vs
AMISOR DATA

In the Antarctic summer seasons 2002/2003, 2004/2005 and 2005/2006 a series of
detailed seismic CDP profiles were undertaken nearby to sites where AMISOR had hot-
water drilled through the AIS to collect conductivity-temperature-depth (CTD)
measurements within the water column. The purpose of these seismic surveys were:
% To test the validity of the pre-existing seismic velocity model for the AIS by
comparing the model with known ice thicknesses and depths at known sites,
% To test the ability of the seismic technique to pick up reflections from physically
observed ice boundaries and whether these boundaries occur at the same depths,
% To calculate the degree of change in physical properties and over how short a
distance these changes produce seismic reflections, and

% (for AMO3) to provide details for a re-evaluation of 2002/03 seismic data.

5.1 The survey sites

5.1.1 AMO1

A short low-fold survey was carried out adjacent to the location of the AMO1 borehole
as it stood at December 2004. AMO1 was originally drilled in mid-January 2002, and a
repeat drill was carried out in mid-December 2003, named AMO1b. The AMOI site
moved downstream towards the ice shelf front, carrying the mooring equipment and
data recording instruments left encased in the hole. It was at the December 2004
location of this migrated AMO1 borehole that the seismic line was surveyed. The AMO1
Line (as it shall be known) was aligned approximately N-S, approximately 50 m to the

west of the AMO1 2004 site. The relative location of these sites is shown in Figure 5.1.
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Scale 1:1,300,000 Image: 15-Nov-2002

Figure 5.1 — Relative location of AMO01, AMO1b, the December 2004
location of the AMO1 borehole, and the AMO1 seismic Line.

5.1.2 AMO04
AMO4 is located approximately 70 km upstream of AMO1 along the same flowline

within the Eastern PCM Flow Unit (as shown in Figure 2.6). Two seismic lines were
surveyed just south of the AMO04 borehole location. The relative locations of these sites

are shown in Figure 5.2.
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Figure 5.2 — AMO4EW and AMO4NS Lines in relation to the AM04
borehole location.

5.1.3 AMO3

Refer to Figure 4.1 in Chapter 4 for relative locations of the seismic lines to the AMO03

borehole.

5.2 Processing & results

5.2.1 Processing sequence
The seismic data were processed using Disco Focus software at Geoscience Australia.
The processing sequence is similar to those outlined in Section 4.1.2 and 4.2.1 for the

G2A seismic data.
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AMO04 Processing Steps
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Create input files for Disco Focus (seg2 to seg-y conversion and apply geometry

via line, pattern, and source files)

Combine seg-y files to create one Disco Focus seg-y file

Spectral analysis to determine frequency content of the data
Resampling data to 1 ms to reduce spatial aliasing (Tassell, 2004)
Bandpass filtering

Trace removal of noisy traces

Front end muting to remove groundroll and refracted arrivals
Surgical muting to remove deep hyperbolic noise

Deconvolution (single trace predictive)

CDP sorting

Velocity analysis using an interactive velocity definition model (VELDEEF).
Velocities are picked and stored in the Disco Focus database to be applied in the

NMO correction. Moveout velocities were selected for each reflection.
Pre-stack NMO correction applied
Stacking

Runmix on 3 traces with weight 1, 2, 1

AMO1 Processing Steps

%

B o K

B e Fe K

Create input files for Disco Focus (seg2 to seg-y conversion and apply geometry

via line, pattern, and source files)

Combine seg-y files to create one Disco Focus seg-y file

Spectral analysis to determine frequency content of the data

Resampling data to 1 ms to reduce spatial aliasing (Tassell, 2004)

Notch filter (70 Hz) — to remove the noise introduced by the existing AMO1

downhole equipment, due to the proximity of the survey to the borehole site.
Bandpass filtering

Front end muting to remove groundroll and refracted arrivals

Surgical muting to remove deep hyperbolic noise

Deconvolution (single trace predictive)
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e

CDP sorting
% Velocity analysis using an interactive velocity definition model (VELDEF).
Velocities are picked and stored in the Disco Focus database to be applied in the

NMO correction. Moveout velocities were selected for each reflection.

£

Pre-stack NMO correction applied

£

Stacking

#% Runmix on 3 traces with weight 1, 2, 1

5.2.2 Seismic CDP profiles

The AMO1 seismic profile is shown in Figure 5.3. The final CDP profile and interpreted
sections of the AMO4EW Line are shown in Figure 5.4. Figures 5.5 and 5.6 respectively
display the final CDP profile and the interpreted CDP profile for AMO04NS. The seismic
profiles for G2A0203 and G2A0506 are displayed in Figures 4.3 and 4.5.

Both AMO1 and AMO04 presented problems for interpretation and modelling. As
recognised in the field while collecting data, a basal ice reflection and a reflection from
the boundary between meteoric and marine ice was difficult to view. These sites were
expected to display a marine ice layer, from modelling of the marine ice under the AIS
(Fricker et al., 2001), and from previous AMISOR drilling data. Larger explosive
charges were used for the shots for these surveys, but this did not completely resolve the
issue. The reduced thickness of the ice layers in these locations (being closer to the ice
shelf front) also increased the difficulty in seeing these ice reflections in the stacked
seismic data. Since front end muting removes refraction arrivals to an approximate
maximum time of 400 ms and the ice reflections were occurring before this time, this

reduced the fold coverage on the ice reflections.

Figures 5.3-5.6 display a best evaluation of reflections as seen in the data. AMO1
(Figure 5.3), although a relatively short-length low-fold survey, shows the marine-
meteoric ice boundary (MIP) at 150 ms, but only in the south end of the profile. The
base of the ice shelf (IP) occurs at 203 ms, only at the north end of the survey. The
seafloor depth here decreases from 807 ms to 820 ms (south-north).
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Possible

Possible Meteoric-marine ice primary; MIM?

Seafloor primary. (b) Possible interpretation of MIP? reflection. (c) (b)

Possible interpretation of MIM? reflection. Intersection point with AM04NS indicated by v

Figure.5.4 — (a) Full AMO4EW CDP profile: Reflections: MIP?

meteoric-marine ice multiple (second multiple); SP
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(c)
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AMO4EW (Figure 5.5) displays the seafloor well, showing the reflection to be
horizontal at 906-897 ms. The ice reflections, however, are difficult to discern. There is
a possible reflection that could relate to the MIP in the west end of the survey, at ~213-
228 ms, but it does not continue throughout the profile. There is also a possible multiple

arising from this primary at ~697-706 ms, although it is not the first multiple.

AMO4NS (Figure 5.6) displays a MIP reflection at 237-213 ms in the north (left) and
217 ms in the south (right); an estimation of where the MIP reflection can be traced
across the CDP profile is displayed on the profile. The IP reflection varies from 288-305
ms, but it is generally around 288 ms. A PP reflection also displays similarly - faint,
varying in depth and non-horizontal - occurring at ~362-343 ms in the north and 351 ms
in the south. The difficulty in tracing these reflections greatly increases the error in the
arrival times and any depths calculated from them. The error in time could be up to +10
ms, which would correspond to a depth error of £18.5 m. The seafloor is horizontal at

893-897 ms.

These two profiles intersect at Station 10630 for AMO4EW (1157 in Figure 5.5) and
Station 10470 for AMO4NS (1047 in Figure 5.6). Unfortunately the lack of ice
reflections in AMO4EW means that limited comparison can be made between these

lines, however, the seafloor does occur at the same time of 901 ms.

Depths and depth errors have been calculated from these arrival times, and are listed in
Table 5.1 and Table 5.2. The AMISOR drill depths have been included in Table 5.1.
Comparing drill depths to seismic data, AMO1 seismic results give a depth for the
meteoric-marine ice boundary well within error of the AMO1 drill depth. The reflection
for the base of the ice shelf gives a depth ~100 m less than that measured at AMO1. The
seafloor seismic depth is 18-24 m less than the AMOI1 depth. If we take the ice base
depth measured at AMO1 and convert that depth to time, that would give an arrival time
of 258 ms. Calculating for depth using this arrival time with the seafloor reflection time
would give a seafloor depth of 878-887 m. This also is not within error. The site of the
seismic line was however located a few kilometres downstream of where the AMO1
borehole was drilled and measured in 2002. The rate of basal melt and thinning over

this distance
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Table 5.2 — Error values for AMO1 and AMO04 seismic times and depths.
Since the AMO4EW seafloor depth was calculated from AMO4NS ice
shelf base depths, its higher error has been introduced to AMO4EW’s
seafloor depth.

Errors
Line Reflection | P-wave velocity (ms'l) Time (+ ms) | Depth (£ m)
AMO1 Ice 3703 2 3.7
Seafloor 1452 2 5.1
AMO4EW | Ice (MIP) 3703 4 7.4
Seafloor 1452 2 20
AMO4NS | Ice 3703 10 185
Seafloor 1452 2 20

would still not account for such a difference in ice thickness, although Craven et al.
(2009) describe that their depth results at AMO1 in 2002/2003 were gained from an
approximation using a video system (due to instrument failure) and that this value was
confirmed by the CHINARE ice core taken a few hundred metres from AMO1 that
returned a 296 m ice core. If a 20 m change in thickness over a few hundred metres is
considered good correlation, then perhaps a larger difference such as that measured
from the seismic data is acceptable over the larger distance between the 2002 AMO1

drillsite and the AMO1 seismic line.

The depth results for AMO04 seismic lines compared to the AM04 drill depths show a
good correlation for the meteoric-marine ice depth. All the minimum seismic depths for
this boundary are within error of the measured drill depth. The seismic profile does
show that this boundary may be more irregular than horizontal, with variances on the
scale of tens of metres. This may be due to uneven basal melting or non-uniform
accretion of marine ice. The accuracy of the seismic depth for the base of the ice shelf is
again dissimilar to the AMO04 drill depth. The seismic reflection has put the ice base at a
depth up to ~70-80 m less than at AMO04. Even if we assume the greatest variance in
error in favour of correlating the values, the seismic depth is still ~50 m less than that of
AMO4. The seafloor is ~10-16 m shallower at AMO4EW, and 10-27 m shallower at
AMOA4NS than the AM04 seafloor depth, although this is mostly within error of AM04’s
depth. The seafloor depth of AMO4EW is based on assumptions due to the reflection at
the ice base being too difficult to pick out of the seismic data. However, AMO4EW does



Seismic vs AMISOR -122 -

intersect the AMO4NS line in the middle of AMO4EW at the south end of AMO4NS.
These values here are similar, yet it must be remembered that the depth at AMO4EW
was calculated using ice base depths/times from AMO04NS, so that may account for the
small difference. Both AMO4EW and AMO4NS do show meteoric-marine reflections
and seafloor reflections very close to the same time, so the results are not invalidated by

this.

5.2.3 AMISOR CTD data

AMISOR collected seven CTD casts at AMO1 in January 2002. CTD Cast 6 was chosen
to represent the data from this location. Plots of conductivity and temperature against
depth below the surface of the ice shelf (calculated from Appendix 1.3 of the AMOI
report (Rosenberg, 2002)) are shown in Figures 5.7 and 5.8, respectively.

One CTD cast was carried out at AMO04, on the 9™ of January 2006. Plots of AMO04
conductivity and temperature versus depth below ice surface (Rosenberg, 2002) are

shown in Figures 5.9 and 5.10.

AMO1 Cast 6 CTD: Conductivity vs depth
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Figure 5.7 — AMO01 Cast 6 up- and down-cast CTD conductivity profile

between ice shelf base and seafloor
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Depth below surface (m)

Depth below surface (m)

AMO1 Cast 6 CTD: Temperature vs Depth (m)

Temperature (°C)
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Figure 5.8 - AMO01 Cast 6 up- and down-cast CTD temperature profile
between ice shelf base and seafloor

AMO04 Cast 1 CTD: Conductivity vs depth

Conductivity (mS/cm)
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603 . . . . .
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Figure 5.9 - AM04 Cast 1 up- and down-cast CTD conductivity profile

between ice shelf base and seafloor
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AMO4 Cast 1 CTD: Temperature vs Depth

Temperature (°C)
-2.4 -2.3 -2.2 -2.1 -2 -1.9
603 . . ,

653 4
703 4
753

803 4

—&— Up cast
—%— Down cast

Depth below surface (m)

853

903 4

953

1003

Figure 5.10 - AMO04 Cast 1 up- and down-cast CTD temperature profile

between ice shelf base and seafloor

In the AMO1 CTD data, there is a significant change in gradient at the same depths for
both conductivity and temperature. These depths are 773, 783, and 795 m, and are likely
candidates to produce a seismic reflection. The rate of increase over 520-531 m would

also likely result in reflections, near to the base of the ice shelf.

AMO04 CTD Cast 1 displays a profile with varying gradients through the water column;
there is not a smooth increase in either conductivity or temperature through the water
column. The up-cast for conductivity is particularly erratic in the 80 m below the base
of the ice shelf. Taking the depth values from the up-cast for temperature, there are
changes in gradient at approximately 735, 773, 796, 831, 914, and 971 m. In general,
the AMO04 water property profiles could be divided into three layers: 603 (base of ice) to
738 m, 738-971 m and 971 m to the seafloor.

Images of the AMO1 and AMO04 seismic profiles beside CTD casts from the AMISOR
drillholes are shown in Figure 5.11 and 5.12, respectively. Most of the major sharp
gradient changes in the AMO1 CTD data do not correspond overly well with any feature

in the seismic data, with the exception of one at 611 m.
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Figure 5.11 — AMO01 CDP profile compared to gradient changes in AM01
CTD temperature up-cast profile (red dashed lines indicate possible

correlations).
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Figure 5.12 - AM04NS CDP profile compared to gradient changes in
AMO04 CTD temperature up-cast profile (red dashed lines indicate

possible correlations).

The seismic and CTD data at AMO04 is not so well correlated either, with only one
temperature change aligning with the reflection labelled MIM1. Craven et al. (2009)
have described the oceanographic data from the AMO4 site as showing strong
seasonality. This may explain both the variant nature of the CTD profiles and possibly

why they still do not correlate well with the seismic data.
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5.3 Discussion

The most apparent difference between the AMO01 and AMO04 seismic data and the
G2A0203 and G2A0506 seismic data is the comparative lack of reflections or strong
reflections in the AMO1/AMO04 data, especially with regards to ice and water
reflections. Differences are to be expected, considering G2A and AMO01/AMO04 are

situated in different environments in term of the ice shelf-ocean dynamics of the AIS.

AMISOR site AMO1 is 70 km directly downstream from AMISOR site AMO04 within
the Eastern PCMs Flow Unit (as outlined in Figure 2.6 and 3.1). AMO1 is ~100 km
from the ice shelf front, and AM04 ~170 km. G2A on the other hand, is located in the
Lambert Glacier Flow Unit, near to the western margin bounding Mellor Glacier Flow
Unit. G2A/AMO3 is located approximately 250 km from the ice shelf front near the
Loose Tooth, or ~210 km to where the Lambert Unit reaches in the ice shelf front. The
greater distance from the ice shelf front means that the ice at G2A/AMO3 is thicker and
that the seafloor is deeper (see Figure 2.26 for a cross section of the AIS displaying
this).

The ocean circulation under the AIS is a controlling factor in the distribution of melt
and accumulation of ice at the base of the AIS. Figure 5.13 displays the marine ice
distribution under the AIS (Fricker et al., 2001) with the major ocean circulation pattern
as described by Hemer & Harris (2003) annotated upon it. Within this pattern,
G2A/AMO3 are situated neither completely within an area of inflow or outflow, and
according to Fricker et al’s (2001) map they are in an area of negligible accumulation.
This has been supported by the findings of this thesis, and by the AMISOR project
(Rosenberg, 2006; pers. Comm., M. Craven, 2006). AMISOR drilling at AMO1 and
AMO04 found the ice basal zone to be within the adjacent region of basal accumulation
and circulation outflow (Craven et al., 2009; Treverrow et al., 2010). As such the ice

properties vary greatly between these two regions.

As was concluded in Chapter 4 of this thesis, G2A is an area of meteoric ice with sub-

ice shelf layers of super-cooled water with a sharp change in water properties within 30-
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40 m, perhaps with frazil ice. AM0O1 and AMO04 are within an area of marine ice

accretion (Craven et al., 2009; Fricker et al., 2001), and as such the environment at the
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Figure 5.13 — Marine ice distribution under the AIS mapped with
diagrammatic indication of the ocean circulation pattern entering and
leaving the AIS. Arrows: red indicates warmer Prydz Bay water entering
the ice shelf cavity, blue indicates cooled water exiting the ice shelf cavity
(the size of the arrows indicates and approximate relative size of water
flow.), and black indicates longitude at the ice shelf front (Adapted from
(Allison, 2003; Hemer & Harris, 2003)).
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base of the ice shelf is quite different. AMISOR have described the presence of a
“porous ice/slush layer below the solid ice shelf” (Rosenberg, 2002) since drilling at
AMOI1 in 2001/2002. It was discovered that marine ice had a honeycomb structure
(Craven et al., 2007; Craven & others, 2005), where frazil ice formed platelets and with
accretion became first porous ice, then bubbly ice when the pores closed due to
increasing pressure. These bubbles preserve saline water and debris within the ice,
making this ice markedly different to meteoric ice (Eicken et al., 1994; Moore et al.,
1994). Refer to Figure 2.21 for an image of the brine inclusions present in marine ice

(and for more information refer to Section 2.5.5 and 2.5.6).

In terms of what this marine ice structure means to seismic reflections, let us consider
three aspects of the data results:

% All the seismic lines (AMO1, AMO4EW and AMO4NS) display a reflection that
correlates well with the AMISOR measured depth for the boundary between
meteoric and marine ice.

% All the seismic lines show a reflection at a height above the ice shelf base depth
measured by AMISOR.

% All the seismic lines do not display a reflection at the ice shelf base depth
measured by AMISOR.

The transition between meteoric and marine ice on the AIS has been discussed by
Craven et al. (2005); stating that the transition viewed at AMO1b was not a defined
sharp boundary (see Figure 5.14), and it was also not strictly horizontal. Craven et al.
(2005) describes the boundary as undulating, implying some meso-scale structure to the
ice shelf base upstream where the marine ice first began to accrete. The fine structure
may be due to the scalloped nature of the original meteoric ice shelf base, as has been

seen in overturned icebergs that had begun to accrete frazil ice (Craven & others, 2005).

The transition is clearly visible to the naked eye as displayed in Figure 5.14, and the
image shows a defined change in crystal structure. This change has now been shown to

be just enough to produce a weak reflection in seismic data.
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Figure 5.14 - Side-looking images at the meteoric—marine ice transition
depth. (a) Tiny platelet crystals (2-5mm across) appear in the dark
marine ice immediately below the transition, and a much larger meteoric
ice crystal grain projects into the marine ice across the interface
(circled). (Note camera lens reflection near top corners of the image.) (b)
The two dark patches (centre and middle-right) may be marine ice
inclusions within the meteoric ice crystal matrix. (Craven & others, 2005,
Fig 4)

In regards to the second and third point about seismic data and marine ice reflections,
there is another plausible explanation for the difference in AMISOR depths and
seismic-measured values for the base of the ice shelf. Referring back to Figure 2.24 in
Chapter 2 - the hydraulic connection depth measured by AMISOR at AM04 was ~530
m and 376 m at AMO1. Below this depth the ice is consolidated, but permeable (Craven
et al., 2009). The “IP” reflection depth measured on the AMO1 Line is 375.9 m, at
exactly the same depth as the AMO1 borehole. Along the AMO4NS Line, the IP
reflection varied somewhat but was generally stable around 288 ms. The depth
calculated from this value is 533.2 m. Again this is remarkably accurate for the

hydraulic connection depth given for AM04.

Video taken down the boreholes by AMISOR at these locations showed that in the
bottom 40-50 m of the ice shelf the ice texture had a layered, flaky appearance (Craven
et al., 2009) (see Figure 5.15). These ice platelets could be randomly oriented and are

filled with seawater-filled connected pores, permeable to the ocean cavity below the ice.
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They were described as interconnected cells with channels, akin to firn ice. Craven et al.
(2009) state that this permeable layer still retained structural integrity, and was unlike
the unconsolidated slush seen elsewhere and under other ice shelves such as the Ronne.
However the random orientation of platelet crystals and the large volume of interstitial
freely flowing sea water in this type of marine ice could result in no seismic reflected
waves at this location. The nature of the connection with the water column in this zone
may mean there is an insufficient difference in physical properties over this boundary
(or that the properties of the water swamp any measurement of the ice properties, or the
ice properties of newly formed marine ice are exactly the same as the water they freeze
in) to be able to produce a seismic reflection here. In terms of physical measurement by
drilling, this layer displays enough consolidation and integrity to be classified as
accreted marine ice rather than frazil ice. However, to the seismic technique, this layer
appears no different to sea water and the “ice base” boundary is instead measured where

the marine ice loses hydraulic connection with the ocean cavity.

From comparison with AMISOR CTD and drill data, we now understand much more
about the seismic response at meteoric ice-water interfaces and marine ice-water

interfaces.

Figure 5.15 - (a) Marine ice sample from 450m depth at AM04 with

millimetre size cells (scale with mm gradations across bottom), possibly
containing trapped brine. (b) Video image from near the base of the shelf
showing thin platelets stacked together, seen largely edge-on. Whilst the
exact scale is uncertain, the platelets are probably 10mm or more in

diameter. (Craven et al., 2009)



Chapter 6
PYNOCLINES IN THE WATER
COLUMN BENEATH THE AIS

*“Characterising the temperature and density fine structure of the ocean is
important for understanding numerous ocean processes, including internal
waves, mixing, and thermohaline circulation.” (Paramo & Holbrook,
2005, p.1)

6.1 A brief introduction to the study of oceanography for
Prydz Bay and the AIS

For reference throughout this chapter, the following two thesis chapter sections outline

the theories and define the terms that are of relevance to this topic.
6.1.1 Oceanographic terms

A pycnocline is defined as a layer across which there is a relatively rapid change in
water density with depth (Dictionary of Earth Science 2003). In freshwater
environments this density change is primarily caused by a change in water temperature.
In the open ocean and ice shelf environments where seawater is present, the density

change may be due to salinity and/or water temperature changes (Baum, 1997).

Similarly, a halocline is a strong, well-defined vertical salinity gradient in oceans and
seas (Dictionary of Earth Science 2003; Baum, 1997). In polar regions such as the
Southern Ocean where ocean surface waters are colder than deep waters, the halocline

helps maintain water column stability — separating and isolating the surface waters from
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the deep waters. It also allows for the formation of sea ice and helps to limit the amount

of CO; that escapes to the atmosphere.

The Thermocline is a layer within a water-body or in the air where the temperature
changes rapidly with depth. In the open ocean, the sun heats the surface layer, and wind
and waves mix the water to produce a warm surface layer. Below that, the temperature
drops rapidly, by as much as 20 °C over 150 m change in depth — this area is the
thermocline (Baum, 1997). Temperatures continue to decrease below the thermocline,

but at a slower rate.

If referring to the joint activity of salinity and temperature in the oceans, the term
thermohaline can be applied (Dictionary of Earth Science, 2003). Thermohaline
convection is the vertical water movement observed when sea water, due to conditions
of decreasing temperature or increasing salinity, becomes heavier than the water
beneath it (Dictionary of Earth Science, 2003). The impact of this internal mixing upon
the oceans include effects on sediment transport, biology (e.g. plankton moving in/out
of photic zone), and the large-scale overturning circulation of the world’s oceans

(Zimmerman et al., 2005).

Waves are the periodic movements of interfaces (Zimmerman et al., 2005). If the water
column consists of an upper layer and a denser lower layer, the interface between the
layers can undergo wave motion. This motion, which does not affect the surface and is
mostly not observable at the surface, is an example of an internal wave (Zimmerman et
al., 2005). Another way of describing them is as gravity waves that oscillate within,

rather than on the surface of, a fluid medium.

Internal waves arise from perturbations to hydrostatic equilibrium, where balance is
maintained between the force of gravity and the buoyant restoring force. A simple
example is a wave propagating on the interface between two fluids of different
densities, such as oil and water. Internal waves typically have much lower frequencies
and higher amplitudes than surface gravity waves because the density differences (and
therefore the restoring forces) within a fluid are usually much smaller than the density
of the fluid itself. They have periods ranging from 10-20 minutes to several hours,

compared to surface gravity waves which have periods several seconds to minutes long
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(Baum, 1997; Zimmerman et al., 2005). Internal wave motions are ubiquitous in both
the ocean and atmosphere. Internal waves at tidal frequencies are produced by tidal flow
over topography/bathymetry, and are known as internal tides. They manifest
themselves in a periodic lifting and sinking of the seasonal and permanent thermocline

at tidal rhythm, and are the most common internal waves (Zimmerman et al., 2005).

Waves can occur on the thermocline, causing the depth of the thermocline as measured
at a single point to oscillate (usually as a form of seiche - an occasional and sudden
oscillation of the water of a lake, bay, estuary, etc., producing fluctuations in the water
level and caused by wind, earthquakes, changes in barometric pressure, etc.).
Alternatively the waves may be induced by flow over a raised bottom, producing a
thermocline wave which does not change with time, but varies in depth as one moves

into or against the flow.

In describing these attributes, surfaces of constant density of water are called
isopycnals. Due to the action of winds and currents, isopycnals are not always level.
Figure 6.1 displays a graph of isopycnals against temperature and salinity, showing the

world’s major oceans, including Antarctic bottom water.

In general, in polar ocean environments, temperature increases with depth, with cooler
water sitting above warmer water — this is why ice freezes at the surface of water.
Density increases with depth, and is modified by both temperature and salinity, as was

displayed in Figures 4.6-4.7 in Chapter 4.

6.1.2 Ocean water bodies in polar regions

Based on differing temperatures, salinities and densities, the waters of the polar and
circumpolar regions exist as discernable bodies of water. The area of Prydz Bay has
been investigated by Nunes Vaz & Lennon (1996) and Yabuki et al. (2006), who has

formed the following explanation of the ocean in Prydz Bay.


http://www.reference.com/browse/wiki/Seiche
http://www.reference.com/browse/wiki/Wind
http://www.reference.com/browse/wiki/Current_%28water%29
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Figure 6.1 - The relationship between temperature, salinity and density is
shown by the blue isopycnal (of same density) curves in this diagram. In
red, green and blue the waters of the major oceans of the planet is shown
for depths below -200 metre. The Pacific has most of the lightest water
with densities below 26.0, whereas the Atlantic has most of the densest
water between 27.5 and 28.0. Antarctic bottom water is indeed densest,
although the Atlantic also has a lot of similarly dense water but at higher
temperatures and salinities. (Anthoni, 2000; Dietrich, 1963)

Antarctic Bottom Water (AABW) is the cold, dense water that spreads over the
abyssal layer of the world ocean. It is thought to have originated mainly in the Weddell
Sea, until Jacobs & Georgi (1977) detected cold, high oxygen water near the bottom of
the continental slope near 60°E., with flow to the east, and proposed that one of the

sources of AABW came from the Enderby Land/Prydz Bay coast.

According to Yabuki et al. (2006), the hydrographic features in the Prydz Bay region
are characterized by relatively warm (temperature 6 > 0.5°C) and salty (salinity S >
34.65) deep water, called Circumpolar Deep Water (CDW) which is distributed
outside of Prydz Bay, with Modified CDW (MCDW) and cold shelf water, Ice Shelf
Water (ISW) in the Amery Ice Shelf region (Nunes Vaz & Lennon, 1996).
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MCDW is a mixture of low salinity shelf water and intruding CDW, and it is colder and
less saline than unmodified CDW. One of the crucial processes of AABW formation is
the mixing of MCDW with salty shelf water (Yabuki et al., 2006). The terms Low
Salinity Shelf Water (LSSW) and High Salinity Shelf Water (HSSW) are used to
describe water masses characterized in the shelf domain. In the Prydz Bay region, the
shelf water has been classified as LSSW (Yabuki et al., 2006) using the definition of
Whitworth et al. (1998), although the investigation of Nunes Vaz & Lennon (1996) in
the Prydz Bay region revealed the existence of LSSW more saline than 34.6, which they
called HSSW. Yabuki et al. (2006) instead calls this “saltier LSSW”. When the salinity
of the shelf water is over 34.6, the mixing process can make bottom water dense enough

to descend the continental shelf slope, called Prydz Bay Bottom Water.

Nunes Vaz & Lennon (1996) and Yabuki et al. (2006) describe a cyclonic clockwise
circulation in Prydz Bay, with the water inflow to the bay and clockwise circulation
being dominant at 200-500 m depth. Yabuki et al. (2006) identified the water below
200 m as the MCDW,; and explain MCDW provides salt for the shelf water and is the
main source of the saltier LSSW, mostly by brine rejection associated with ice

formation, both as sea ice and as basal accretion under the AIS.

The results of Yabuki et al. (2006) give the thickness of ISW near the front of the AIS
to be up to 500 m, decreasing to 200 m by ~68°S, confirming internal cooling of water
by the AIS. Higher saline water accumulates in the deeper waters under the AIS due to
its higher density, leading to what Yabuki et al. (2006) call saltier LSSW. This water is
at near-freezing temperatures and Yabuki et al. (2006) have shown that the bottom
water in front of the AIS has a higher salinity than further out in Prydz Bay. In this
process, the MCDW that is input into the bay circulation system is modified to saltier
LSSW at depths greater than 500 m. Although it has not been directly shown to date,
mixing between the saltier LSSW and the unmodified CDW near the continental slope

would produce water with properties characteristic of AABW (Yabuki et al., 2006).
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6.2 Case study: Camp Tropical

The case study survey for this chapter is the Camp Tropical CDP line (CT Line). The
survey’s purpose was to investigate whether the seismic technique could image any
changes over a major boundary flow line within the AIS. The CT Line was surveyed
perpendicular to ice flow in a general E-W direction over a flow line visible on satellite
images. This flow line represents the boundary between the Lambert Glacier Flow Unit
(on the west) and the Mawson Escarpment Ice Stream (MEIS) Unit (on the east). The
aim was to see if there is any discernible difference in the ice of these flow units due to
their different source regions (e.g. in ice thickness, properties, seismic velocity, etc).
This was the longest seismic dataset collected upon the AIS, totalling 3.34 km in survey
length and 3.25 km total CDP profile length. Hence it is the best opportunity presented

to date to view changes in features over a larger distance.

Figure 6.2 shows the location of the CT Line with respect to nearby refraction surveys
for anisotropy (which will be discussed in Chapter 7), and Figure 6.3 shows the CT line
in relation to the Lambert-MEIS flow margin. The boundary as marked intersects the

CT Line 1350 m in from the west end of the survey line.
6.2.1 Processing and Results

The same sequence as that used for the improved processing of the G2A0203 seismic
line was used to process the CT Line with Disco Focus at Geoscience Australia (refer to
Section 4.1.2). The only difference to this sequence was different post-stack filters were
applied. For the CT Line, an additional post-stack step of a K-L transform was applied
to suppress groundroll noise. The CDP profile produced for CT Line is shown in Figure

6.4.

Upon observing the CT Line profile, certain features other than the apparently
horizontal ice-water interface stood out as being more significant, one being a reflection
produced in between that of the base of the ice and the seafloor, i.e. from within the

ocean water column. The other is the presence of variations in seafloor topography over
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Scale 1:1,300,000 Image: 15-Nov-2002

Figure 6.2 — Location of the CT Line and surrounding survey sites

Scale 1:1,300,000 Image: 15-Nov-2002

Figure 6.3 — CT Line showing where the Lambert-MEIS Flow Unit
boundary passes through it at approximately 1350 m from the west end
of the line.
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Figure 6.4- CT Line CDP profile. Reflections: IP = Ice Primary (base of ice shelf); PP= Pycnocline; IM1 = IP multiple; SP = Seafloor primary; EDR = East-dipping reflectors (apparent dip angle ~ 10-15°);

SM1-3 = SP multiples (SM1 is the ice-seafloor multiple; SM2 is the pycnocline-ice-pycnocline-ice-seafloor multiple; SM3 is the seafloor-seafloor multiple)
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this length of the line. Prior to the CT Line, the longest seismic survey on the AIS was
the ~1 km G2A0203 Line, and the seafloor was revealed at this and other previous

locations to be a flat surface, either horizontal or with an unvarying shallow dip.

There are 3-4 reflections visible at the base of the ice. In the east of the CT Line, the
earliest arrival time is 355 ms, and in the west this occurs at 363 ms. The time of these

arrivals does not vary more than 1-2 ms until a step from 355 ms to 363 ms is seen at

CDP-STAT value 1896 (2180 m from the western end of the line).

Seafloor topography varies, and shows a hillock in the approximate centre of the CT
Line, with the peak visible in this line at 929 ms at CDP-STAT 1850-1860 (1720 m to
1820 m from the west end of line, a distance of 100 m). The seafloor dip decreases to
the west around CDP-STAT 1781 to the west end of the line, varying between 973 and
980 ms respectively. To the east of the hill, the reflection begins to level out at
CDP-STAT 1915, arriving at 968 ms. Eastwards from here, the seafloor arrives at
970 ms at 1988 CDP-STAT, and then the dip appears to increase again as the east end

of the CT Line shows this reflection arriving at 998 ms.

An intra-water column feature produces a reflection at ~550 ms in the seismic record. In
the west this reflection arrives at 560 ms, varying from 548-565 ms until the reflection
appears fairly horizontal at 557 ms from CDP-STAT 1800 to 1853 where the reflection
begins to arrive earlier in the record. At CDP-STAT 1896 this arrival time has
decreased over this relatively short distance to 533 ms. East of here the reflection again
remains fairly horizontal, decreasing slowly to 526 ms at CDP-STAT 1930. From here
to the east end of the CT Line, the reflection increases in time to 531 ms at the line’s

end.

It is interesting to note the rapid decrease in the intra-water reflection time occurs
between 1750-2180 m from the west end of the line, spanning 430 m. The western
location lines up with the peak of the hill on the seafloor, and the reflection time
steadily decreases until it reaches the location of the sharp change in the ice base

reflection’s arrival time.
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A summary of these arrival times, with CDP-STAT values, Station value, position along
the CT Line, and calculated depths is given in Table 6.1. The seismic P wave velocities
used for these calculations are the same as those used for the seismic CDP lines
previously discussed in this thesis: 3703 ms™ for ice, and 1452 ms™ for sea water. It
should be noted that depths of reflections have been calculated assuming there are no
lateral changes in seismic velocity of ice or water. If there were a lateral change in
either ice or water velocity this would of course affect the lateral variation in calculated
depths and thicknesses. Further investigation of the ice and water properties at this
location would be required to resolve any lateral changes in velocity, therefore no
assumptions have been made regarding lateral variation of velocity and the discussion

of results hereafter applies to a laterally uniform velocity scenario.

The ice depth varies by 15 m, with the eastern side being thinner than the west. The
intra-water reflection varies in thickness by a maximum 9 m in the west part of the line,
and then quickly decreases thickness by 18 m from 1750-2180 m along the line. This
matches the decrease in the ice thickness at 2180 m within the error of the calculated
depths. In the east part of the line, the depth to the intra-ice reflection decreases a
further 1-5 m. For the depth to the seafloor, it decreases by 5 m over the first kilometre
of the CT Line, then quickly decreases another 32 m to the shallowest part of the
seafloor (the peak of the hill) at a depth 37 m closer to the surface than the start of the
line, 1.7-1.8 km away. On the east side of the hill, the seafloor sits at a level ~8 m
higher that in the west part of the line. In the eastern 150 m of the line, the seafloor

deepens by 5 m.

The resulting average calculated thicknesses of these layers are given in Table 6.2. The
ice shelf ice and Water Body 1 (the layer under the ice base) show two distinct
thicknesses in the west and the east side of the CT Line. The ice thickness has been
discussed above. The thickness of Water Body 1 changes from 141 m in the west to 125
m in the east, with a change of 18 m occurring between the seafloor hill and where the

ice shelf thins.
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Table 6.2 — Thicknesses of layers displayed in the seismic data, given as
average layer thicknesses in the east and west, with specific layer
thicknesses calculated for the location of the hill and ice-step. The

change in thickness measured across the CT Line has been calculated

also.
Lambert Gl. Flow Unit MEIS Flow Unit
West side of At Hill Peak (~1770 At Ice-step (2180 East side of
Layer line m) m) line
Ice 672 672 672/657 657
Water Body 1 141 141 123 125
Water Body 2 304 270 323 328
Total water
column 445 411 446 453
Change in thickness from west-CT Line thicknesses:
Ice 0 0 -15 -15
Water Body 1 0 0 -18 -16
Water Body 2 0 -34 19 24
Total water
column 0 -34 1 8

Although the thickness of Water Body 1 has immediately decreased by 3 m where the
ice thins, it also decreases by a further ~15 m in the east. The total Water Body 1
decrease in thickness of 18 m is the same as the decrease in the depth of the reflection at
the bottom of this layer, which occurs between the hill and the ice-step. This may raise
the question of whether Water Body 1 truly decreased in thickness at the ice-step or
whether the change in the pycnocline reflection’s depth was due to the ice thinning, but
the nature of the seismic reflection shows both have occurred. If these changes in depth
and thickness were only due to the ice shelf changing depth/thickness, then the seismic
profile would show the pycnocline reflection here as a step also, but it is instead a

gradual change over hundreds of metres.

The total water thickness (measured from ice base to seafloor) is 8 m thicker in the east
compared to the west. Although Water Body 1 has thinned here, the seaflooris ~8 m
higher in the east and there must be more water in total to make up the difference. The
total water column is thinnest at the location of the seafloor hill. The thickness of Water
Body 2 varies across the line, controlled by the seafloor depth and the base of Water

Body 1, which follows the base of the ice rather than conforming to the seafloor.
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Until recently the only nearby drill site was AMO03 at 13 km in the direction 254°, which
has an ice thickness 722 m and seafloor at 1339 m. The recent AMO6 site, located just
west of the northern tip of Gillock Island and within the MEIS Flow Unit (see Figure
1.1 for AMO6 and Gillock Island locations, and their proximity to the CT Line), is 38
km from the west end of the CT Line, at a grid bearing 039°. At this location AMISOR

measured an ice depth 607 m and the seafloor at 902 m.

From Wen et al.’s (2010) basal melt/freezing rate model, the basal melting rate between
CT Line and AMO6 can be read to be 0.2-0.5 m a'. The distance between the sites
(based on GPS positions) is ~38+0.5 km, and the surface ice velocity is ~300 m a’
(Young & Hyland, 2002), which would equal a decrease in thickness of ~25-63+1.2 m
from CT to AMO6 at the given melt rate (Wen et al., 2010). AMO6 is situated in the
MEIS Flow Unit, hence the eastern end of the CT Line (“CT-east”) will be used for the
comparison of ice thickness, since this maps in the same ice stream. The measured
change in ice basal depth between CT-east and AMO06 is 50+£5.6 m, however this only
accounts for basal ice change. Surface accumulation must be taken into account as well.
Figure 2.24 shows an increase in the surface accumulation layer between AMO04 to
AMO1 of 36 to 58 m over the 67.8+0.5 km distance (Treverrow et al., 2010). That is an
increase of 22 m, or 0.32 m/km. Similarly, thicknesses given in Craven et al. (2009)
indicate an accumulation rate of 0.3 m/km between JP and AMO04, and a rate of 0.33
m/km for AM04 to AMOI. For the distance from CT to AMO6, this would be an
increase in this surface layer of 11.4-12.5+0.3 m. The revised decrease in ice thickness
between the sites would be 12.7-51.6£1.5 m. The change of 50+£5.6 m between CT and
AMO6 is within the upper part of this range. This suggests the calculated ice thickness
at CT-east is within reason, and supports the basal melt value modelled by Wen et al.

(2010) in this location may be nearer to 0.5 ma™' than 0.2 ma™ .

6.2.2 Interpretation

The structure of the ice as revealed by the seismic data shows a sharp decrease in ice
thickness at 2180 m along the line. No visible differences were observed at the surface

in the field. and precise elevations along the CT Line have not been available for
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inclusion in this study. The closest sites where GPS elevations have been processed (by
Rachel Hurd, data sourced from pers. Comm. B. Galton- Fenzi) are the eastern S5
regional seismic survey sites. These sites cross the Lambert Glacier (LG)-Mawson
Escarpment Ice Stream (MEIS) boundary, with SS5E10 (Shown in Fig 6.3) on the
Lambert Glacier Unit side and SS5E15 to S5E25 (sites are 5 km apart) on the MEIS Unit
side of the boundary. The elevation, H, at SS5E10 is 87.22 m, and 85.18 m, 83.64 m,
81.48 m at SSE15, SSE20, and S5E25 respectively. This shows a 2.04 m, 1.54 m and
2.16 m decrease in elevation from SS5E10 to SS5E25 between each site. Per kilometre this
is a rate of 0.408 m/km, 0.308 m/km, and 0.432 m/km decrease in elevation

respectively.

The LG-MEIS boundary occurs between SSE10 and SS5E15 (Fig 6.3, Fig 3.1). The
boundary intersects the line between these two points ~1.5 km E from S5E10. This
distance would equal an interpolated elevation of 86.61 m (to 4 s.f.) at the boundary,
using the rate -0.408 m/km elevation change. At 3 km east from S5E10 (an equivalent
location for the end of a line the same length as CT Line) the interpolated elevation is

86.00 m (to 4 s.f.). From this point to SSE10 is a difference of 1.22 m.

Equation 6.1 from Renner (1969, Equation 1) can be adapted to find the floating surface
ice elevation (h) (Equation 6.2) from ice thickness H, density of water py, and density

of ice p;.

H=pyh (Equation 6.1)
pw'pi
h =H(pw-pi) (Equation 6.2)
Pw

The closest values for water density are from AMO03. CTD calculations give a density
range of 1030.75-1033.5+0.5 kg/m’. Wen et al (2010) give ice density values for
sections of the AIS. Using their value range of 903.5-890.5 for the section of the AIS
315 km to the ice shelf front, an interpolated value can be reached for CT/AMO3 at the
distance 200-200 km from the ice shelf front. This calculated value for p; is 895.2+0.8
kg/m®. Using H values of 672 m for LG Unit ice and 657 m for MEIS Unit ice,
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Equation 6.2 give values of H of 88.37-89.93 m in the LG Unit, and 86.40-87.92 m in
the MEIS Unit. Error in these heights is £0.24 m. This gives a difference of 1.97-2.01
m, which is 0.75-0.79 m greater than the interpolated elevation results from the S5 line
data. The lowest possible elevation change from these calculations (from the errors) is
1.73 m. Assessing whether this elevation change occurs over the CT Line would require
the processed kinematic GPS data to be processed and made available. Better estimated
of pw, and p; would also improve the comparison of data. From this analysis it may be
possible that the CT Line shows an elevation change that could support the likelihood of
MEIS Unit ice being thinner than LG Unit ice.

In terms of the possible effect of differences in the near surface velocity profiles
between LG and MEIS Unit ice, refraction results at anisotropy survey sites LME2 -E
and LME2-W can be of use. In comparing the maximum velocities of the combined EW
and NS line results (Table 7.1), the LME2-E (MEIS) site shows higher velocities at 40
m depth of 5 m/s EW and 33 m/s NS. Velocity errors as given in Table 7.1 are £100
m/s, so the difference in the modelled velocities is well within error, and the value of
3703 m/s used for depth calculations is also within the error range. The near surface
velocities therefore are effectively equal, and so a comparison of near surface effects on

the arrival time of the ice base reflection cannot be justified with the available data.

As mentioned earlier in this chapter, the boundary between the Lambert Glacier Flow
Unit and the MEIS Flow Unit passes through Line CT. From the traces made from
satellite imagery this margin possibly occurred at 1350 m from the west end of the line.
What the CT seismic data shows is that this margin may occur at 2180 m from the west
end of the line, 830 m further to the east. This places it between the LME-2C and S4E10
sites as shown in Figure 6.2. This change in ice thickness at the margin can be explained
by an initial difference in thickness of the ice units as they joined the ice shelf. The
Lambert and MEIS Flow Units have their source in different parts of the AIS hinterland.
The Lambert Glacier is extremely thick at its source and at the southern grounding line
of the AIS. Figure 2.15 shows a thickness of ice entering the south of the AIS of ~2 km,
whereas the ice entering from the east (at the MEIS) is ~1 km thick. It is possible that
the ice remaining from the Lambert Glacier would be thicker than that of MEIS ice.
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In terms of the seafloor, the hill evident in the seismic data is the largest expression of
bathymetry measured as part of this seismic project. It shows that even over a few
kilometres there can be a variation of ~40 m in the seafloor depth. The location of the
hill relative to the ice flow unit margin is also a matter of interest. It is not in exactly the
same location, sitting ~400 m further west, but it may still be related to glacial
dynamics. It is a possibility that the hill is a thicker unit of sediments that may be a
linear glaciation feature such as a glacial moraine or a drumlin on the seafloor (Larter et
al., 2009) — the seismic data shows sub-seafloor sedimentary reflections to a greater
depth under the hill as opposed to the sub-seafloor areas away from the hill. A
bathymetric relief of ~40 m is not unusual, nor very high, according to Later et al.
(2009). The seismic profile also displays east dipping reflectors in the ~200 ms below
the seafloor, all with an apparent dip of 10-15° in the profile. The bathymetric high may
be due to a harder more prominent layer within these dipping sedimentary layers — that
after erosion maintains a higher elevation than the surrounding material. The
interpretation of this feature would have to be confirmed by future surveys over
different parts of this ice margin, and over other major Flow Unit margins to see
whether this is a linear feature associated with major flow unit margins, or whether it is

a localised feature.

An intra-water column reflection had not previously been observed in seismic data from
the 2002/03 season, however one similar feature had been observed in seismic data
collected in the 2003/04 season by Hugh Tassell (then of University of Tasmania) as
part of his honours thesis (Tassell, 2004). It was however not observed in such great
detail as is seen in the CT Line data, having been described as a “patchy reflector”
(Tassell, 2004), with the reflection being discontinuous across the 1 km CDP profile.
Tassell (2004) proposed that the reflection corresponded to a thermohaline interface.

A more detailed hypothesis for the reflection has been proposed by Ben Galton-Fenzi
(UTas, pers. Comm.). He suggested the reason for this water reflection can be attributed
to the presence of a pycnocline (see Section 6.1.1 of this chapter for a definition). In
other words, that the reflection is not solely dependant on a temperature change as
proposed by Tassell (2004), but may also be due to a salinity change, hence an overall

change in water density. The term pycnocline is therefore a more accurate designation.
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The two Water Bodies delineated by the seismics at the CT Line can be classified
according to the interpretation of Yabuki et al (2006) described in Section 6.1.2. The
depth to MCDW is given as 200 m in Prydz Bay, with this water entering the AIS
cavity where it is cooled and forms ISW and saltier LSSW, or HSSW according to
Nunes Vaz & Lennon (1996). These waters exit to Prydz Bay where the ISW is ~500 m
thick.

We can therefore define Water Body 1 as ISW, and Water Body 2 as saltier LSSW or
HSSW. To discern which classification Water Body 2 is requires some information
about the salinity to make a definition. Any CTD measurements taken at AM06 were
not available for discussion in this thesis, however we can compare values to AMO03
data. Here the salinity is at a maximum near the seafloor with a value ~34.55. This is
close to the 34.6 salinity value Nunes Vaz & Lennon (1996) used to define HSSW, and
matches previously sub-ice shelf water body definitions by Holland & Feltham (2005).
Therefore Water Body 2 can be defined as HSSW.

Looking at the thicknesses, depths and locations of the water bodies in relation to the
changes in the ice and seafloor can reveal some information about what may control
these water bodies, and what may be happening in the water column. Although a
complete theory of what controls these bodies of water in this area can not be fully
completed without information upstream and downstream of the CT Line, the following

discussion aims to interpret the available two dimensional data.

As has been discussed in Chapter 5, the prevalent ocean circulation at the front of the
ice shelf is a large rate of flow into this eastern half of the ice shelf (Hemer & Harris,
2003). With this being the case, the water under CT would be newer to the AIS cavity
compared to water on the western side of the AIS such as at AMO1 and AM04. At
AMO3 the thickness of the ISW was similar to CT, ~140 m, whereas at AMO1 (taking
pycnoclines seen in Figure 5.4 at 640-670 ms) the ISW is ~277-299 m thick. This would
be plausible with the water travelling south from CT undergoing further cooling

(thicknening the ISW) and travelling out to the ice shelf front via AMO1.

What we can infer from the evidence presented in the CT Line seismic data is that the

ISW itself, its layering for instance, is controlled by the ice shelf base more so than
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bathymetry. The ISW thins and becomes shallower as the ice does, it does not thin and
then thicken once more over the east of the hill. The location of the decrease in the ISW
thickness aligning with the location of the local bathymetric high on the seafloor is
unlikely to be unrelated. Though the ISW circulation (and therefore perhaps thickness)
may be affected by the thinning of the AIS to the east, the seafloor hill would most

likely have some effect on local circulation as well.

Looking closely at the pycnocline reflection times in the west, it can be observed the
arrival times vary from 560 to 548 to 565 to 557 ms from 0, 710, 820, and 1120 m along
the line respectively. The pycnocline arrival time east of 1120 m is affected by the ice
thinning and the hill. This change describes a sinusoidal wave form, changing from a
nominal zero at 0 m along the line, to -9 m, +4 m then to -2 m. The equation of a line
drawn through these points is y = -5x10%2 + 0.0129y — 10 and the amplitude of the
wave would be ~7 m, with a wavelength between the troughs of ~200 m. This may be
an internal wave travelling along this pycnocline (Baum, 1997; Zimmerman et al.,
2005), however the interpretation would benefit from at least one second definite
measured peak to either the east or west. The CT line ends before another peak in the

west is seen and the hill and ice thinning disrupts this waveform to the east.

6.2.3 Seismics and pycnoclines

The ability of seismics to pick up the difference between two bodies of water with
differences in density (differences in temperature and/or salinity) is supported by other
marine seismic surveys undertaken in open waters (Holbrook et al., 2003). The marine
seismic data in that project was collected over the North Atlantic Current and Labrador
Current. It shows reflections from layer boundaries in the water with a reflection
coefficient of 0.002, relating to a change in seismic velocity of only 6 m/s (Holbrook et

al., 2003).

The water bodies themselves have been defined, and the intra-water reflection itself has
been theorised to be a pycnocline. To define whether there could be a pycnocline

present under the AIS (and under the CT Line) and to determine which physical
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properties have caused this change, and whether they are significant enough to produce
this intra-water seismic reflection, further analysis is required. To address this, the
seismic data should be compared to measured water properties and the Z and R values

derived from them.

6.3 CTD and reflection coefficient data analysis

The nearest sites of AIS water cavity property measuements that can be compared to CT
seismic data are the AMISOR sites AM03 and AMO04. In the recent 2009/2010 summer
season AMISOR also drilled the new site AM06, as mentioned previously, however
CTD data for this site has not been made available to this study so AM06 CTD data will

not be discussed here.

The sites AMO03 and AMO04 are both within 15 km of CT. In this section AMO03 data
only will be discussed in comparison with the CT Line since it is both closer to CT than
AMO04 and AMO3 and CT are located at a similar distance from the southern grounding
line. CT and AMO3 are also both located where there is no marine ice accretion at the
base of the AIS whereas AMO04 is a site of marine ice accretion. Comparing sites of a

similar environmental setting will produce more significant results.

The data from AMO03 was obtained from Ben Galton-Fenzi (University of Tasmania) in
the original format and a 2 dbar averaged format. The 2 dbar averaged data is at too
coarse a spacing for the purposes of looking for what is possibly only a small change in
density, therefore the original unaveraged data were used for calculations. Plots of the
salinity and conductivity measured at AMO3 have already been shown in Figures 4.5
and 4.6. The entire CTD dataset for AMO03 consists of more than 20 000 individual data
points. Due to the complexity of the calculations to first find density and seismic
velocity from the supplied temperature, salinity and pressure values and then to
calculate acoustic impedance (Z) and reflection coefficient (R) from these, an online
calculator was used for the first step of the calculations (shown in Appendix B). Even
so, a total of 26 000 data points was far too many for a timely analysis of the data, and

only sections of interest were chosen to study. Calculations were performed on both the
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down- and up-cast data, they were not averaged before calculating; this could be done

post-calculation if necessary.

The following processing steps were followed to minimise total processing time:

1. Plot all AM03 CTD data with temperature, salinity and depth (pressure).

2. From the plots, areas of interest were selected — these were sections of data
where there appeared to be a significant, or somewhat greater, change in
temperature or salinity. These were depths that were most likely to be a
pycnocline, and show the greatest acoustic impedance contrast. They were also
chosen to include the depths of reflections modelled from the seismic data.
Sections of data with constant temperature or salinity change (i.e. that directly
related to density) were also highlighted as control comparisons on the
pycnocline boundary data.

3. A new abbreviated dataset was created, reducing the total datapoints from 26000
to 530 points.

4. The salinity, temperature and pressure values for each discrete datapoint were
entered into a web-based calculator (Appendix B).

5. The data output values from the web-based calculator were recorded — these
parameters were density, depth, seismic velocity, and freezing temperature.

6. Acoustic impedances were calculated using Equation 4.1 from the density and
seismic velocities.

7. From the calculated Z, reflection coefficients were calculated, as per Equation
4.2. Since a change in density would need to be across a significant distance in
depth, R values were calculated not just for adjacent datapoints, but also for the
difference between datapoints up to three apart in the CTD dataset, relating to a

maximum depth offset of 2 m.

The unprocessed AMO03 temperature and salinity values between 840-880 dbar - which
covers a range of depths near where the G2A0203 Line pycnocline occurs at an ~860 m
calculated depth - are shown in Figures 6.5 and 6.6, respectively. Two areas of interest
are highlighted from the profiles where there is a greater rate of change in properties,
between dbar 857-861 and 870-875. Over these pressures, temperature displays a

greater increase in rate of change than salinity.



- 153 - CT Pycnocline

-20B5
840

Temperature ["C)
-2.085 =205 -2.045

-20

G345

850

i
=

855

%%

Pressure {dbar)
[ux}
[a3}
[}

865

870

875

880
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R values were calculated from the acoustic impedances using a range of depth
separation between each acoustic impedance measurement. The CTD data was collected
at a spacing of 0.2 m, however the seismic data may not resolve layers this thin, so R
was calculated on larger scales of depth differences. For the two zones highlighted in
Figures 6.5 and 6.6, the calculated depth range becomes 849-853 m and 862-867 m.
From the Z values for these depths, R equals -8x10~ and 1.61x10™* respectively. The R
values above and below zones of interest are between 5 x10™ to 9x107 for 849-853 m
and 2x107 to 2x107 for 862-867 m. So although there is a larger temperature difference
over 849-853 m, it shows no significant change in R. However, for 862-867 m the R
value increased by 20-100 times the R values calculated above and below this narrow
range. This suggests that over this 5 m change in depth there is a significant increase in
R, which could produce a seismic reflection. The seismic results at G2A0203 (see
Chapter 4) showed a pycnocline at 860 m depth, and at 853-859 at G2A0506. These
depths correspond very well with the depths where R is significantly increased. The R
value of 1.61x10™ is not very large, but it is would seem to be large enough to produce

a reflection in the water under the AIS.

A second method of testing this hypothesis that a salinity-temperature dependant
density change over a finite distance in water (a pycnocline) may be present in AIS ice
shelf cavity water and that it can be imaged with the seismic technique is to use forward
modelling to produce synthetic seismograms to compare to the real seismic data. Layer
models based on thickness and P wave velocity have been forward modelled in Reflect
1.0 Build 7 software (Craig H. Jones, 2004-2006, based upon the original 1992
ReflectModel and ReflectSolve software by Douglas C. Burger and H. Robert Burger)
to produce synthetic seismograms and to give values for the arrival time of these
synthetic reflections and other seismic waves such as ground roll, air wave, direct wave

and first refraction arrivals.

Input models were based upon the P-wave velocity values for water gained from the
analysis of CTD data at AMO03, and on the modelled thicknesses and P-wave velocity
for ice measured at the G2A sites — as described in Chapter 4 of this thesis and in
McMahon & Lackie (2006). Over the depth below surface of 862-867 m (within the
water column) where the R difference was significant, the calculated change in P-wave

velocity for water is 1451.5 to 1451.7 ms™'. Inputting these values as a simple model of
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a 5 m thickness change with these two velocities, and using the survey geometry as
employed at G2A of 24 channels at 10 m spacing and a 20 m shot interval, a synthetic
reflection is produced (shown in Figure 6.7). As a test, the same thickness model was
forward modelled for no change in velocity, resulting in no reflection, and for a change
in velocity spanning the minimum and maximum water P-wave velocities calculated
from the CTD data at AM03 — 1448.8 ms™' and 1459.9 ms™. This produced a wavelet
with the same apparent amplitude as Figure 6.7. If both velocity variations were
introduced into the same input model, as a 1448.8 ms™ to 1450 ms™ change over 5 m
(akin to the input for Figure 6.7) and then a change from 1450 ms™ to 1459.9 ms™ over
5 m (after a gap distance of 60 m to make sure any reflections do not interfere with one
another in the synthetic seismogram), two synthetic reflections are produced (Figure
6.8). The earlier small amplitude reflection relates to the 0.2 ms™ change in velocity and
the later larger amplitude reflection relates to the hypothetical scenario that the entire
velocity profile of the AIS cavity water at AMO03 occurred over a significantly shorter
distance than in reality. Figure 6.8 shows that although the reflection produced by the
relatively small velocity change at 862-867 m depth is orders of magnitude smaller than
what would be produced by the maximum velocity difference in the water column, it is

still significant enough to produce a reflection.
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Figure 6.7 — Synthetic seismogram of a reflection resulting from a 0.2

ms™* P-wave velocity change over a 5 m distance.
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Figure 6.8 — Synthetic seismogram displaying reflections arising from
(A) a 0.2 ms™ P-wave velocity change over 5 m in the early record from
20-176 ms; and (B) a 10.1 ms™ P-wave velocity change over 5 m in the

late record from 90-195 ms.

As also discussed in Chapters 4 and 5, these intra-water reflections are not only
observed at CT but are seen elsewhere in the seismic data from the AIS, with the next

best example being displayed in the G2A seismic data from 2002/03 and 2005/06.

6.4 Discussion and implications

The implication of the results discussed in this chapter is that all marine seismic data
could potentially hold information on the thermal and salinity profiles of the world’s
oceans. If seismic data was reprocessed looking at the water response rather than the
seafloor and sub-seafloor, this information could provide plentiful data for
oceanographers to input into and improve current ocean models. Some work has been
started on comparing seismic data to CTD casts in the open ocean (Holbrook et al.,

2003), and this would certainly be valuable to continue.
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The AIS seismic data discussed in this chapter has shown that the seismic technique is
an extremely useful tool for modelling the sub-ice topography, the ocean cavity and
changes in ocean water properties under an ice shelf. Seismic data in concert with
available CTD data can give scientists a much greater coverage of oceanographic
information, and can greatly increase the detail and accuracy of ocean circulation

models.



Chapter 7
AZIMUTHAL ANISOTROPY IN AIS
STRAINED ICE: An experiment In

applying the seismic technique

“Anisotropy resulting from non-random ordering of crystal axes
produces effects on seismic wave propagation speeds measurable by
both refraction and reflection techniques™ (Bentley, 1975, p.113)

Since ice fabrics are closely related to the strain history of the ice,
measuring anisotropy is of great potential value to the study of ice
dynamics (Bentley, 1975)

7.1 Introduction

In the Antarctic summer season of 2004/05 a series of refraction surveys were carried
out with the aim of investigating the anisotropic nature of buried previously-strained
ice. Strain rates for the entire AIS have been mapped from surface velocity
measurements by Young & Hyland (2002) (see Figure 2.20); this part of the seismic
project attempted to investigate the effect of strain on the ice. That is, to discover
whether deeper ice showed a preferred crystal orientation and hence a measurable
seismic anisotropy that could be attributable to past strain in the ice, generally due to ice

streams converging to form the AIS.

A crystal matrix is, in general, expected to be isotropic in nature although exceptions
are found often associated with shear stress or flow (Bullen & Bolt, 1985). Bentley

(1975) stated that ice fabrics are closely related to the strain history of the ice, and that
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measurements of anisotropy are of great value to the study of ice dynamics. Budd
(1972) stated that anisotropy appears to have a relation to large-scale flow patterns, and
the mean crystal properties at a certain point represent the integral of the history of

change along a trajectory from its origin at the surface.

The seismic technique is a suitable method for the investigation of anisotropy. Even
during early geophysical work in Antarctica, the link between seismic results and
crystal fabric was seen (Budd, 1972; Gow & Williamson, 1976). Anisotropic ice was
revealed in ice at Byrd Station after the first ice core to penetrate to the bottom of the
ice sheet (total length 2164 m) was completed in 1968. Budd (1972) cited that in the
1971-72 season Charles Bentley confirmed ice crystals may have considerable large-
scale average anisotropy, but previous to this discovery anisotropic fabric had not been
seen in other glaciers. Anisotropic fabric was observed as a gradual but persistent
increase in C-axis preferred orientation, with a broad vertical clustering (Gow &

Williamson, 1976) (see Figure 2.19).

This process of increased anisotropy with depth should be observable in other glaciers
and ice sheets, although seismic evidence as reviewed by Kohnen & Bentley (1973)
indicates strikingly different anisotropic patterns in the ice of different regions. Wide-
angle reflection measurements have generally revealed that a good proportion of the ice

sheet is anisotropic (Bentley et al., 1987).

As Budd (1972) stated, “although the association between the seismic anisotropy and
the expected fabric patterns is encouraging, a thorough investigation is still needed of
the large-scale seismic anisotropy and crystal orientation fabrics by detailed
measurements of both in the same area in the field.” p.94. This project was undertaken
for this purpose, and the seismic work we undertook was to be compared to the ice

fabric study of AIS ice cores by Adam Treverrow (University of Tasmania, ACE CRC).

Although deviations from the conditions of isotropy are small, their effect on the
propagation of seismic waves can be observed and provides important information
about the average crystal orientation of the ice (Budd, 1972; Udias, 1999). Because of

the properties of seismic body waves travelling through an anisotropic medium,
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anisotropy is detected by observations of changes in P wave velocity along two

perpendicular directions, and by observations of S wave splitting (Udias, 1999).

Considering there is strain in ice, it should be expected that a preferred orientation is the
rule rather than the exception in ice shelf ice, and that it could vary widely with the
shelf location (Crary et al., 1962). The work of Young & Hyland (2002) began the
modelling of the areas of the AIS that are undergoing strain, and Treverrow et al. (2010)
have measured the fabrics of some deep AIS ice. This seismic project aimed to

contribute to this research, using seismic results to define anisotropy in certain areas.

7.2 What is anisotropy?

According to the definitions of Bullen & Bolt (1985), by isotropic we mean that the
elastic behaviour of a medium is entirely independent of any particular direction, and
that a material (still taken to be perfectly elastic) is anisotropic if it deviates from the
directionally regular elastic behaviour of an isotropic material. In other words, “a
medium is anisotropic if its intrinsic elastic properties, measured at the same location,
change with direction, and it is isotropic if its properties do not change with direction”
(Yilmaz, 2001, p.1961). The usual meaning of seismic anisotropy is a variation of
seismic velocity, which depends on elastic properties, with the direction it is measured

in (Yilmaz, 2001).

There are two main types of anisotropy, as defined by (Udias, 1999; Yilmaz, 2001). In a

horizontally layered Earth the two cases of anisotropy are:

1. Vertical transverse anisotropy, known simply as transverse anisotropy:
Velocities do not vary laterally, but vary from one direction to another on a
vertical plane that coincides with a given lateral direction. For example, horizontal
bedding, fracturing parallel to bedding, or horizontal alignment of a structural or

mineralogical nature.
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2. Horizontal transverse anisotropy, known as azimuthal anisotropy:

This is where velocities do vary in lateral directions, i.e. the velocity of the
propagation of waves along one trajectory in a particular azimuth is different to that in a
direction perpendicular. For example, fracturing in a direction other than the bedding
plane, preferential alignment of crystals, cracks or heterogeneities along a particular

azimuth.
The type of anisotropy of concern to this thesis is the latter, azimuthal anisotropy.

In terms of ice, “deviations from a random distribution of ice crystal axes in
polycrystalline ice produce a dependence of velocities and amplitudes of seismic and
electromagnetic waves on direction of polarisation and on direction of propagation

through the ice.” (Bentley, 1975, p.114)

7.3 Stress and strain rate in glaciers

In glaciology, simple shear is important to study as it is the dominant stress
configuration and deformation state in the deeper parts of natural ice masses (Budd &
Jacka, 1989; Jun et al., 2000). “Ice core and borehole studies along flow lines in ice
sheets show that the ice crystal structure and flow properties evolve together with strain

and rotation along the particle paths” (Budd & Jacka, 1989, p.107).

Near the base of the ice sheets large variations in stress and strain rate can occur
between ice and bedrock (Budd & Jacka, 1989). Similar stresses and strains can be
found in a horizontal rather than vertical direction between two streams of ice that
converge together, as in the case of streams or glaciers merging to form an ice shelf.
This is the situation occurring on the margins of the AIS; in the south where the
Lambert, Mellor and Fisher glaciers and smaller tributaries merge, and also in the

numerous ice streams entering from the eastern escarpment into the AIS.

The strain over an ice shelf varies with proximity to stress-causing features. For

example, Figure 7.1 displays the pattern of strain rates across the Saskatchewan Glacier,
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Canada. The figure shows the variance of strain rate across the glacier, both in direction
and magnitude. There is strong shear parallel to the flow directions at the margins of the
glacier and this is where the highest strain rate is located. The strain rate varies,
becoming a small longitudinal compression at the centre of the glacier (Budd, 1972).

The strain rates of the AIS are shown in Figure 2.20 in Chapter 2.
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Figure 7.1 — Pattern of rate of strain across the Saskatchewan Glacier.
Flow direction is from left to right. The crosses indicate strain rates of

extension and compression and their magnitude (Budd, 1972, Fig 2)

7.3.1 Ice crystal fabric, strain and anisotropy

Ice crystal orientation is defined by the crystallographic c-axis, which in ice corresponds

to the optic axis. Orientations of crystals are readily obtained on the Rigsby Stage, the
technique essentially being the same as that for the study of quartz fabrics (Gow &

Williamson, 1976).

In the case of a vertical uniaxial situation like an ice dome summit, uniaxial

compression (i.e. vertical compression as ice is compacted as more snow/ice
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accumulates) provides the rotation of the c-axis towards a compression axis. The
enhancement of ice deformation caused by the favourable c-axis orientation fabric for
vertical compression induces further rotation of c-axes toward the vertical axis (Azuma,
1999; Budd & Jacka, 1989). This is the basic principle of the formation of anisotropic
ice fabric — compression leads to an alignment of c-axis orientations. As depth
increases, the fabric of the ice changes. At Dome C, ice layering due to variation in
surface snow accumulation persists to the depth of the snow-ice transition, but
disappears by ~100 m (Gow & Williamson, 1976). Ice from directly below the snow-ice
transition shows a random fabric, which is retained in the top 100 m or so of ice. Deeper
in the ice a 2-3 maximum pattern occurs, but a preferred c-axis orientation gradually
develops until a depth of ~1000 m where there are typically 2-3 maxima within 20-40°
(Blankenship et al., 1982; Gow & Williamson, 1976).

Theoretical considerations of the development of anisotropic crystal fabric in simple
shear deformation scenarios indicate a single-maximum fabric with the c-axis
concentrated around the direction normal to the shear plane (Jun et al., 2000). In
laboratory experiments a two-maxima fabric pattern was typically observed — one
maximum with the stronger concentration of c-axes developed perpendicular to the
shear plane, the second, of weaker concentration, developed several of tens of degrees
(depending on strain) away from the shear plane towards the shear direction. This

second maximum however disappears at large strains (Budd, 1972; Jun et al., 2000).

In summary, ice crystal c-axes can be oriented in the horizontal plane, or the vertical,
depending on the mode of crystal growth and the deformation it has undergone. The
general pattern for c-axis orientation measurements is two broad unequal maxima, with
an angle 50+10° between them. This is the general type of pattern for simple shear in
the horizontal direction across vertical planes, which is the strain geometry expected in
a shear margin (Jackson & Kamb, 1997), and is the scenario being explored by this

project.

Figure 7.2 shows crystal orientation fabrics for ice at 400-500 m depth at AMO04. This
shows there is a definite alignment of c-axis orientations at these depths, although the
direction of this orientation is not constant throughout the ice. This ice fabric is marine

ice, and may have undergone a different strain regime than meteoric ice that joined the
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Figure 7.2 —Crystal orientation fabrics for AIS marine ice cores from the
AMO4 borehole at approximate depths 400, 450 and 500 m. Data are
from the (@) horizontal AMO04-400c, (b) horizontal AMO04-450a, (c)

vertical AM04-500a and (d) vertical AMo4-500c thin sections.(Treverrow
etal., 2010)

AIS from the continent. Marine ice fabric may display a stress regime and changes in
ice fabric akin, but in reverse to, the uniaxial vertical dome summit example, since

marine ice accretes and compresses from the bottom up rather than the top down.

7.3.2 Distribution of ice stress and strain rates

Deformation of ice can be used to determine ice flow properties; strain rates can be

measured directly and stress can be estimated from the geometry of deformation and the
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ice density distribution. Various techniques for a direct measurement of deformation
include: measuring borehole tilt, borehole closure, tunnel closure, and surface velocity
and strain rates (Budd & Jacka, 1989). Borehole and tunnel closure are a flow response
to the ice disturbance of having removed a bore of ice, so are not really representative of
in situ flow properties of ice in the natural flow state which is particularly important to

anisotropic ice (Budd & Jacka, 1989).

The degree of development of the crystal fabrics depends primarily on total strain and
less on strain rate, stress or temperature (Budd & Jacka, 1989). The total strain due to
the longitudinal deformation from one position to another can be estimated from the
difference in surface velocity (Budd, 1972; Budd & Jacka, 1989), which is the method
employed by Young & Hyland (2002). Looking at the strain rate over an ice sheet, the
longitudinal strain rates may vary from positive to negative over distances of several ice
thicknesses (Budd & Jacka, 1989). The surface velocity varies smoothly, reflecting
average basal shear over large scales of many times ice thickness (10-20 times) (Budd

& Jacka, 1989).

Surface velocities therefore provide a valuable stable indicator of the integrated shear
within the ice, which consists mainly of shear in the basal zone or just above the basal
zone. This has been useful in plotting the average strain rate through the ice versus basal
shear stress (Budd & Jacka, 1989), as has been done for Law Dome and a summary of
results is shown in Figure 7.3. The grey bands of high shear stress in Figure 7.3 could

be expected to give rise to crystal anisotropy at depth in grounded ice.

Qualitative experimental evidence for the assumed flow anisotropy gives the
extensional strain rate perpendicular to the compression axis as smaller in the direction
parallel to the margin planes than in the direction at 45° to the marginal plane (Figure
7.4). Figure 7.5 is the cross section of an Ice Stream B in West Antarctica showing

where the areas of marginal strain occur.
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Figure 7.3 — Variable stress and strain rates in ice sheets. (a) Cross-

section of Law Dome flowline towards Cape Folger (where three closely

spaced borehole data sets are available) has been analysed using finite

element analysis (Budd & Rowden-Rich, 1985). For isotropic ice the

pattern of development of high shear stress zones is shown by the dark

shading with mean values for each element given in the table in bars.
The column 0-8 in (a) correspond to 50-58 in the table. (b)The observed
velocity profiles (Etheridge & McCray, 1985; Russell-Head & Budd,

1979) show the relative stiff upper zone moving largely as a block over a

high shear zone and a highly variable more mobile basal zone (Budd &
Jacka, 1989, Fig 13).
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Figure 7.4 - Schematic illustration of a typical test block, with ice (0001)
planes of the main maximum of the c-axis fabric dipping 45° relative to
the top (z) face of the block, which is perpendicular to the compression
axis. The planes of the secondary maximum, not shown, would have the
same strike and would dip ~20° in the opposite direction. The strike
direction is the core axis, parallel to the x-axis. The heavy arrows depict
schematically the shortening strain rate parallel to the z axis (¢,) and the
extensional strain rates parallel to the x and y directions, é, and é,

respectively, with é, < ¢, (Jackson & Kamb, 1997, Fig 7).
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Figure 7.5 — ldealised cross section of Ice Stream B, West Antarctica
(not to scale). Ice is dotted area, marginal shear zones are heavily dotted,
and the bed is hatched. The ice is taken to be 1200 m thick (hc) at the
centre and 900 m thick (hm) at the margins. Gravitational body force
acts on ice in downstream direction, perpendicular to cross section,
shown by end on “arrow heads” — circles with dot in centre. The shear
stress at the bed and margins (drag stress acting upstream on the ice) are

“arrow tails” — circles with cross. (Jackson & Kamb, 1997, Fig 9).
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7.4 Strain rates of the Amery Ice Shelf

A map of the strain present in AIS ice has been produced by Young & Hyland (2002),
using the analysis of two RADARSAT Synthetic Aperture Radar (SAR) images to
produce a velocity map over the entire surface of the AIS. This technique improves
upon the results of ground-based techniques for velocity determination which give

accurate velocities at only discrete points on the AIS.

Two optical satellite images, or two SAR images, can be used to calculate velocity
values. One technique for this is to track the displacement of surface features moving
with the ice over a period of years. However this limits where you can gain velocity
data to where there are visible features to track, leaving most of the ice shelf unknown.
Other techniques such as an interferometry analysis of two SAR images depend on
other properties, such as micro-wavelengths of snow. This technique can utilise data

over short time periods, over days to weeks rather than years.

Young & Hyland (2002) used two RADARSAT SAR images from 24 days apart,
collected during Antarctic Mapping Mission 24 Sep - 18 Oct 1997. Young resampled
the images to give a velocity every 1 km on the surface. A precision of 1 pixel leads to
an error 8 m a™' along-track and 26 m a across-track. Vertical displacement due to tidal
motion becomes an apparent across-track displacement. Overall, there is a velocity
average over an 8 km distance. Velocity estimates for the AIS were generated and these
velocities were then used to generate the horizontal strain-rate components, resolved
with respect to local flow direction. The map of strain rate over the AIS is given in

Figure 7.6.

Young & Hyland (2002) describe the strain rates varying systematically across and
along the AIS. The pattern of transverse shear strain rate clearly identifies shear
margins, where values are greater than 0.1 a™' in the southern part of the ice shelf. There
are also longitudinal bands of enhanced shear strain rate containing ice with strong
fabric of preferred crystal orientation caused by shear margins upstream (Young &

Hyland, 2002).
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Figure 7.6 — Spatial distribution of transverse shear strain rate over the
AIS, resolved with respect to flow direction (Young & Hyland, 2002, Fig
3). Colour scale has been constructed to show detail at low strain rate
values, with increments selected to give a resolution above the error

estimate.

Horizontal components of longitudinal and transverse strain rates and the transverse
shear strain rate were produced. The value of the transverse shear strain rate (Figure
7.6) is positive (red) where velocity increases to the left looking downstream (north) —
meaning the rate is typically positive on the right (eastern) side of a stream, decreasing
toward the centre of the stream. Since the AIS is oriented in the along-track direction, it
is implied that precisions for the longitudinal and transverse shear strain rates are better

than 1x 107 a™ and the precision of the transverse strain rate is ~ 1-2 x 10~ a™".

These strain rates, along with the geometry of the shelf, allow for a characterisation of
the flow pattern, and an inference of some of its deformation properties. The transverse
shear strain rate varies across the flow direction, but tends to vary slowly and smoothly
along the direction of flow of the shelf. Values sometimes exceed 100x10™ a™ along
the eastern margin of the southern part of the ice shelf. The strongest values occur in the
west beside Jetty Peninsula — which is upstream of the AMO0O1 and AMO04 sites (Craven
et al., 2009; Treverrow et al., 2010) — and on the east in a narrow band passing the north

end of Gillock Island.

High strain values in the south imply a dissipation of energy as strain heating through
the ice shelf, this raises the temperature of the core of the shear margins and results in

horizontal temperature gradients out of these areas (Young & Hyland, 2002). Ice within
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these margins accumulates large strains as it is carried downstream. The strain
accumulated depends on the strain rate and the velocity of the ice through a strained
area. In general, 20% strain is accumulated within 2-10 km, and 80% within 10-30 km.
This is more than enough to establish a strong crystal fabric alignment, consistent with
simple shear in a vertical plane along the margin (Budd & Jacka, 1989). With other flow
bands joining the shelf further downstream, these bands of deformed ice are

incorporated into the shelf and protected well away from the outer margins.

The longitudinal strain rate is significant in the northern part of the AIS, and is larger
than the transverse shear strain rate in this region of the ice shelf except at the margins
(Young & Hyland, 2002). Where the longitudinal strain rate starts to decrease toward
the ice shelf front, the transverse shear strain rate becomes significant and increases to
the front. If there is preferred crystal orientation within the central core part of the AIS,

it is likely to counter rather than enhance shear deformation (Young & Hyland, 2002).

Spatial patterns of strain show evidence that two modes of shear strain occur within the
AIS. One is related to the presence of ice with a strong preferred crystal orientation
fabric with simple shear parallel to ice flow direction. Ice within narrow bands has been
carried downstream from the origin of the shear margins where it initially developed the
strong fabric (Young & Hyland, 2002). These are the areas of the ice shelf that are of

interest to a seismic study for azimuthal anisotropy.

7.5 Seismic body waves and anisotropy

Body wave velocities, for both primary (P) and secondary (S) waves, are affected by
anisotropy. In anisotropic media, body waves travelling in different directions produce
different waves and velocities. According to an explanation given by Udias (1999),
referring to the diagram in Figure 7.7, propagation in the y3 direction (the principle axis)
leads to both P and S waves with differing velocities. When propagation occurs in the y;
direction, there are three different waves with three different corresponding velocities —
the P wave, and two S waves. The S wave has two different displacements
perpendicular to the direction of propagation, one with displacement in the y, direction

and the other with displacement in the y3 direction.
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Figure 7.7 — The propagation of P (&) and S (#) waves in a medium with
hexagonal symmetry and the principle axis in the y; direction: (a) waves
in the y; direction; and (b) waves in the y; direction, SH waves have

velocity #; and SV waves have velocity £,. (Udias, 1999)

The conclusion can be drawn that in an anisotropic medium with hexagonal symmetry,
P waves propagate with different velocities along the principle axis of symmetry (3)
and along a direction normal to it (y;) (Udias, 1999). In general, for any type of
anisotropy there are always three types of waves propagating with three different
velocities: quasi-P, quasi-SH and quasi-SV. The velocities for the three types of waves
change according to the type of symmetry present in the medium. Because of these
properties, anisotropy is detected by observations of changes in P wave velocity along
two perpendicular directions and by observations of S wave splitting (Bentley, 1975;

Udas, 1999).

The effect this has upon measurable seismic velocities in terms of azimuth is shown in
Figure 7.8. The faster velocity is in the direction of the major axis, while the slow

velocity in the direction of minor axis (Yilmaz, 2001).
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Shear Wave

Figure 7.8 — the physical aspects of seismic wave propagation in

anisotropic medium (Yilmaz, 2001, Fig 11.7-31)

7.5.1 Relating seismic P waves to crystal orientations

Correlating P wave velocity to crystal orientation, Bentley & Clough (1972) conducted
measurements of ultrasonic P-wave velocity in the Byrd Station drill hole. Conducted
only to a depth of 1540 m due to a blockage, this study confirmed the existence of
strong vertical c-axis orientation, as shown in Figure 7.9. There is a sharp initial
increase in velocity in the top 200 m of ice, due largely to the increasing ice density.
After that, virtually all increase in velocity is consistent with the pattern of crystal fabric
changes and transitions (Gow & Williamson, 1976). According to Figure 7.9, the
seismic velocity due to anisotropy reaches a maximum of approximately 4000 ms™ at
~1280 m depth where there is a strong c-axis alignment. This indicates that P wave

velocity increases in anisotropic ice with a strong ice fabric orientation.
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Figure 7.9 — Correlation of ice fabrics (fabric distribution as a contoured
density) and P wave velocity from the Byrd Station drill hole. Peak
velocity corresponds with vertical c-axis fabric (Gow & Williamson,
1976, Fig 7).

7.5.2 The P wave velocity variation in anisotropic ice

From various studies, definitions have been made of the usual velocity variation in ice.
Bentley (1975) states that wave velocities vary 3.5% over the 60°C range of
temperatures found in glaciers and ice sheets. The variance of velocity with temperature
has been well defined by Robin (1958), while Kohnen (1974) determined the
temperature coefficient for P wave velocity to be -2.30 + 0.17 ms™ degrees. However,
work on the Ross Ice Shelf also suggests a P wave velocity 5% higher than what is
expected for isotropic ice, but it is appropriate for propagation parallel to the c-axis in

strongly oriented ice (Bentley, 1975).

The maximum deviation from isotropic mean is ~5% for P wave velocity (Bentley,
1975) — see Figure 7.10. This could apply to a polycrystalline region in which the c-axes
were perfectly aligned. In reality, perfect alignment will not occur, although strongly
oriented polycrystalline ice will show diminished but still detectable velocity variations

in field measurements.

In the case of S waves, analysis of S-wave reflected and converted P to S waves on a

wide angle profile along flow direction shows the inversely polarised S waves (SH
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waves) travel 1-2% faster than waves polarised in the plane of the profile (Bentley et al.,
1987). A 2% difference was also seen in the shear wave velocity of different
polarisations generated by micro-earthquakes at the base of an ice stream (Bentley et al.,

1987).

®

Figure 7.10 — P wave velocity curve with isotropic polycrystalline
averages (Bentley, 1975, Fig 1). Phase velocities (dashed lines) and wave
velocities (solid lines) in a single crystal of ice at -10°C as a function of
direction of propagation. V1 = P wave; V2 = extraordinary S wave; V3 =
ordinary S wave. Upper and lower horizontal line represent S-wave and

P-wave velocities, respectively, in isotropic polycrystalline ice.

7.6 Amery Ice Shelf seismic anisotropy data

Refer to Section 3.2 of this thesis for an explanation and map of the anisotropy survey
geometry and locations on the AIS strain map. Figure 7.11 shows all the surveys in

relation to Flow Units.

7.6.1 Data processing
Figures 7.12 display an example shot record of the anisotropy refraction data collected
for this survey (viewed in SeisImager Pickwin). The refraction data collected was

processed using SeisImager© software, which is made up of two modules: Pickwin
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version 2.85 (March 1, 2004) for data viewing and first arrival time picking, and
Plotrefa version 2.67 (December 22, 2003) for layer assignment and time-term
inversion. These model results gave initial model parameters for processing using
Rayinv in Seismic Unix (Zelt & Smith, 1992), this allowed for velocity gradients to be
applied and ray tracing to match the input models to the real data. Ray inverse trace
modelling has been successfully used previously in seismic investigations of polar
regions to apply step velocity-depths functions to 2D velocity models with an iterative

approach to modelling (Engen et al., 2009; Schijns et al., 2009).

Models were iterated to improve the fit of the ray inverse model to the data. This
methodology was chosen to allow for discrete maximum velocities to be calculated at
the maximum model depths, followed by ray tracing which allows for smooth velocity
gradients to be applied throughout the model and for changes in velocity gradients over

different depth ranges of the model.
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Figure 7.11 — Map of anisotropy surveys (+) and regional seismic sites
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Figure 7.12 — Raw shot record from site LME-2W

7.6.2 Seislmager discrete layer models

Models were produced with three or four layers where possible. All lines could be
processed with three layers, but some produced more realistic results when assigned

four layers. For some lines no fourth layer could be discerned from the data.

Both three- and four-layer models have validity for representing what is happening in
the shallow subsurface of the AIS. The shallow material of the ice shelf can be divided
into three major layers: snow, firn (semi-compacted snow) and solid ice. The snow layer
occupies the first few metres, and it quite distinct. However, it is generally not as simple
for the boundary between firn and ice. The reason why a fourth layer may be interpreted
in some data, and why it is acceptable, is the lack of a distinct boundary between firn
and ice. In reality, this change occurs gradually with depth, as the natural process of firn
compacting to solid ice. Hence there can be a velocity gradient between firn and ice as
opposed to a distinct change in velocity over a small change in depth. Because of this it
can be interpreted that there really is only two layers - snow and the second firn-ice
layer, which has a steep velocity gradient at shallow depths. Being required to assign

distinct layers then can cause a distortion of the modelled results. Using four layers if
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possible helps to reduce that distortion, allowing for a greater outline of average
velocity values over smaller layer thicknesses. An example of layer assignation is
shown in Figure 7.13. The discrete-layer models for the same anisotropy group, LME-2,
are given in Figure 7.14 and 7.15. The remainder of the discrete layer models for other

anisotropy groups is included in Appendix C.

7.6.3 Ray inverse tracing models — velocity gradients applied

The data was processed in Rayinv using initial model values (layer thicknesses and
velocities) gained from the Seislmager models, trialling both three and four layer
models with varying gradients and depths being applied to the layers. An example ray
trace for the LME-2W site is given in Figures 7.16 and 7.17 (the remainder of the
Rayinv plots are included in Appendix C), showing thicknesses and upper and lower
defined velocities for each layer, and the resulting ray trace comparison to the real
seismic data. At LME-2 a three layer model worked best. This ray inverse trace matches
the data well, and the extra benefits of this analysis include being able to apply velocity
gradients, which match the reality of the ice shelf ice properties better than discrete

modelling can.
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7.6.4 Results

The SeisImager discrete layer models model the ice to a depth ~60-70 m. A summary of
the SeisImager velocity results is given in Table 7.1. This gives the modelled velocities
for each site’s three layer model, for the EW and NS lines. Surveying for anisotropy is
about measuring differences in this velocity with direction. Table 7.1 gives the changes
in velocity for the same layer from EW to NS, for the same layers from the central

(anisotropic?) site to the east and west sites (isotropic?) of the group.
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Figure 7.14 - 2D Seismic refraction profiles for the LME-2 group; NS
profile lines. At locations (a) LME-2EE, (b) LME-2Ee, (c) LME-2Ct, (d)

LME-2W
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7.7 Discussion

The maximum P wave velocity of AIS ice that has been used in this thesis for
calculating the thicknesses of ice, water and seafloor depths is 3703+78 ms™". This is an
average total ice thickness velocity that includes the near surface snow and firn layers
velocities — these account for the top ~25+6 m or ~2445 ms of seismic data at average
measured AIS P-wave velocities of 1200+200 ms" for snow and 2690+220 ms™ for
firn. Comparing this average velocity to the Layer 3 velocities gained from the
anisotropy refraction surveys in Table 7.1, we see three NS lines modelled almost
exactly this velocity — LME-1W NS, LME-3C NS and ML-E NS. In total, 7 NS lines
and 2 EW lines showed Layer 3 velocities in the low 3700s, while another 3 lines
showed values 3750-3780 ms". The LME-1 EW-oriented lines are the only group to

have Layer 3 velocities all above 3800 ms™.

The averages of all lines are 3790 ms™ for EW lines and 3731 ms™ for NS lines. This is
a difference of 59 ms™ or 1.6% in P wave velocity. At sites on the Ross Ice Shelf (RIS),
Robinson (1968) (cited in Bentley, 1975) found major differences in three out of four
sites, with 15-20% anisotropy in the firn gross structure. The AIS anisotropy velocities

for Layer 2 (~firn) range between ~3-14%.

From measurements of constants of a single ice crystal by Jona & Scherrer (1951) (cited
in Robin, 1958) P-wave velocity differs by 4% along its principal axes. Bentley (1975)
measured a P wave anisotropy on the Ross Ice Shelf of 5%. Since this value is for
Antarctic ice shelf ice, it is the most reasonable to use to define anisotropy in the AIS

ice (Layer 3).

The only measured P velocity difference > 4% is 4.3% at LME-1W. This is one of the
southern-most surveys in this investigation, and as such this ice underwent strain more
recently than the ice at LME-2 and LME-3 downstream. The strained ice would be
preserved closer to the surface and hence more likely occur within the depth of
investigation of the refraction anisotropy surveys. This is not to say that anisotropic
fabric might not be present within the ice downstream of LME-1, it would just be

deeper due to the continued accumulation of snow at the surface, adding to the total ice
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thickness and perhaps taking the anisotropic ice deeper than what could be measured
with the survey geometry that was employed. If we assume the Layer 3 P wave velocity
may increase further below the ~80 m of the model, then variations in P wave velocity >

5% may be reached north of LME-1 also.

The amount of deepening of the ice from LME-1 to LME-2 and LME-3 can be
estimated using the method discussed in Chapter 6 (Section 6.3.1). If we use the surface
accumulation rate of 0.32 m/km then the surface ice at LME-1 would be at 9 m depth at
LME-2 and 15.4 m at LME-3. The Ray inverse models for LME-1W (Appendix Figures
C13 and C14) modelled the velocity from the discrete layer model to a depth of 140 m
instead of the 60 m in SeisImager. If this depth increases to 69-149 m at LME-2 and
~75-155 m at LME-3, then this anisotropic ice of LME-1W may be measurable at
LME-2 models at the shallowest possibility, but is definitely below the depth of
investigation by LME-3.

Plotting these percentage changes on the map of the site location (Figure 7.18) gives a
clearer picture of what changes are occurring. Note that as revealed in Chapter 6 of this
thesis, the boundary of the Lambert-MEIS Flow Units is located between LME-2C and
LME-2E.

To discuss the differences between sites, the differences in each sites EW and NS
velocities, and their difference to adjacent sites’ differences, may tell us more about the
AIS in these locations. If we look at the Layer 3 velocity % changes for each line (refer
to bottom section of Table 7.1) the differences in this velocity are from 0.1% to 4.3%,
with an overall average of 1.5% difference. If we average the east, central and west
sites’ percentage differences (placing LME-2C in the west basket from Chapter 6 results
and excluding ML sites since they are on a different ice boundary), the resulting
differences are a 1.3%, 1.9%, and 2.0% change in velocity with direction. These values
show that on average the west and central sites are almost identical in average azimuthal
variation, and vary a little more then the velocity in the east sites. This may indicate
there is a slight difference in the ice fabric of the MEIS ice as compared to the Lambert
Glacier ice. This is possible, since the two units of ice are different ages and thicknesses
(as shown in Chapter 6) and have undergone different strain regimes as they joined the

AIS.
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Figure 7.18 — Location of anisotropy survey sites on modis map,
annotated in green the % difference between Layer 3 (solid ice) P wave
velocities in the EW and NS direction (perpendicular and parallel to

flow) (Distance between red regional locations is 10 km)..

If we look at the individual groups of anisotropy cross-line surveys, then the LME-3
group of sites vary oppositely to what would be expected if the centre site was
anisotropic. Instead, LME-3C shows a tiny 0.2% azimuthal anisotropy whereas the west
and east sites show a change of 2.3%. LME-1 shows a small difference of 0.1% for
LME-1W, whereas LME1-C and LMEI1-E have the largest differences shown in this
dataset of 3.7-4.1%. LME-2 values change from 0.1-1.4% on the west side of the ice
boundary, to 1.8-2.2% on the east side.

The ML sites, only half of the group of sites that were intended to be surveyed, show a
small rate of change of 0.5-0.9 %. This boundary between the Mellor and Lambert
Glacier Flow Units displays a lower strain rate than the Lambert-MEIS boundary,
according the model of Young & Hyland (2002). The sites were also located further
from the location where the two ice streams merged into the AIS, hence any previously
strained ice may be preserved deeper in the ice here, perhaps below the depth the
seismic refraction data could model to. This may be true for all these refraction surveys

here.
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The data seems to show that sites that are closest to the boundary of the ice flow units
show lower azimuthal differences in P wave velocity than other east and west sites ~1
km away. This is shown in LME-3 and LME-2 (once the actual boundary was
positioned between LME-2C and LME-2E). If we line up this low trend from LME-3C
to LME-2E it would be likely these would connect to LME-1E, making these locations
the “closest” to the ice flow unit boundary. An explanation for why azimuthal
differences in velocities are greater 1-2 km away from the boundary may be shown by
Figure 7.3 and 7.5 scenarios — where the strain actually occurs a distance in from the
margin rather than at the margin, be it the base of the glacier or at the margins of a
moving ice stream. Perhaps as the ice units entered the AIS and merged, the zone of
maximum strain was not at the boundary but at a short distance away from the

boundary, and this would explain the distribution of the variance in P wave velocities.

The varying values of P wave velocity difference with azimuth may also be due to the
stage of anisotropy that the ice has reached at the modelled depth of the refraction data.
See Figure 7.9, the ice fabric displayed at Byrd Station in the top few hundred metres
(although in a different setting to the AIS) shows no anisotropic fabric until around 400
m depth, a depth well beyond the depth of investigation of these refraction surveys. In
the study by Treverrow et al. (2010), meteoric ice samples at 240 m and 255 m depth at
AMO1 displayed distinct fabric alignments. These fabric patterns are typically
encountered below the high shear layer (Gow & Williamson, 1976; Treverrow et al.,
2010), indicating a depth of ~200 m or more should be measured to gain information
about anisotropy within ice. With no aligned c-axis orientation to measure at the
shallower depths modelled in this investigation, the response and the % difference of

the P wave velocities may be random small scale differences.



Chapter 8
CONCLUDING REMARKS

“To complete the story that the Amery Ice Shelf and environs have to
tell us though, we need to launch other major deep field projects, for
example, a full seismic survey for the true bathymetry of the southern
half of the shelf.”” (Craven et al., 2007, p.33)

This research aimed to undertake a multipurpose seismic study of the Amery Ice Shelf
with the goal of expanding glaciological knowledge and measurements of the structure
of the AIS. The results shown and discussed in this thesis show this goal has been
achieved, and the knowledge gained from this study has increased our understanding of
the Amery Ice Shelf - how it is formed and how it changes, what the seismic technique
is capable of measuring, how these results compare to models of rates of accretion or
melt such as the work of Wen et al. (2010) and the AMISOR group’s findings, and what
can be achieved in the future with further seismic investigation of the Amery Ice Shelf

and its environs.

8.1 Key findings:

%k At G2A, 3-4 reflectors occur in close succession at the base of the ice shelf. The
actual reflector for the ice shelf base is the earliest faint (yet still visible)
reflection. The next two reflections are stronger, and correspond to changes in
water properties in the AMO03 CDT data. This shows there is a cool fresh layer
of water hugging the base of the ice shelf in the top 18-24 m of the water
column.

% The ice thickness at G2A does not seem to have varied greatly between the

seismic survey in 2002/03 and that in 2005/06, varying from 712-722 m
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thickness across the surveys. Neither do the seismic results show there is an
abnormal rate of melt at this location over the three years. This case study does
not seem to support the proposition that global warming-affected changes in ice-
ocean interaction have had a significant impact at this particular location during
the period of the survey.

The seismic P wave velocity for AIS ice shelf ice is 3703 ms™. The P wave
velocity for sea water in the AIS cavity is 1452 ms"' — discovered from the
comparison of seismic data with AMISOR depths and CTD data.

At AMOI1 and AMO04 the boundary between the meteoric ice and marine ice can
be observed in the seismic data, although the reflection is not strong.

The seismic data collected in these locations revealed reflections occur at the
hydraulic connection depth as opposed to at the base of the ice shelf where the
marine ice layer opens up to the ocean cavity. This may be due to the randomly
oriented plate crystals, which is how the marine ice accretes, or due to the
absence of a seismically measurable difference between the marine ice and the
sea water that flows through this permeable ice layer.

The CT Line reveals the location of the ice shelf base boundary between the ice
of the Lambert Glacier Flow Unit and the Mawson Escarpment Flow Unit,
showing the MEIS Unit ice to be 15 m thinner than the Lambert Unit ice.

The seismic data from the CT Line reveals information about water bodies under
the ice shelf and possible circulation features. The upper water body was defined
as ISW and measured to ~140 m below the ice shelf base; the water body below
this was labelled as HSSW.

The CT Line shows the largest seafloor variation seen in any recent seismic
data, revealing a hill ~450 m to the west of the basal ice flow unit boundary.
This hill may be a bathymetric expression of glacial processes from when the ice
was grounded in this location.

The refraction surveys for investigation of anisotropy have given P wave
velocity parallel to the flow and perpendicular to the flow across all the surveys,
showing a difference of 0.1-4.3% between these orientations.

LME-1W is the only site that may show distinct anisotropy outside of the range

of velocity errors, with the variation in velocity of 4.3%.
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% The ice that the LME-1W response is gained from (at ~60 m depth in the
discrete layer model) will likely occur at a greater depth (at ~70-85 m) in the ice
below the downstream LME-2 and LME-3 sites, due the accumulation at the
surface and subsequent deepening of the surface ice. These depths at LME-2 and
LME-3 were beyond the depth of investigation using a 230 m length seismic line
with maximum 250 m offset shots.

% The distribution of variations in velocity with orientation may reveal the location

of strained ice at ~1-2 km away from the ice flow unit boundaries

8.2 Recommendations:

% In terms of seismic CDP investigation of the AIS, it would be advantageous to
survey a location with surface seismic investigations prior to AMISOR drilling.
This would gain data from exactly the same location, and over as short a period
of time as possible. That way, there would not be the need to survey ~1.5 km
away from the drillsite to avoid the negative effect of noise from AMISOR
downhole equipment.

% It would be interesting to return and resurvey the exact same locations some
years from now and see if there is a variation over a longer period of time, or at
different times of the summer season — at the beginning coming out of winter
compared to at the end of summer. The same location at the surface should be
surveyed, and also the same ice should be surveyed — i.e. calculate where the ice
that was surveyed in 2002/03, 2004/05 or 2005/06 has travelled to and survey
there. This would show what changes occur in a specific section of the AIS over
a period of time and also any variance in the rates of basal melt or accumulation
in the area.

% In terms of the comparison of seismic data with CTD data, more calculations
could be carried out with the CTD data. The shear volume of data and difficulty
of the transform from CTD values to densities and P wave velocities makes this
a daunting task. A logical next step would be to explore whether a script/macro

can be written or has been written since this analysis was undertaken to run
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these calculations in a more optimised and efficient manner to gain values for
density, velocity, acoustic impedance and reflection coefficients.

Once profiles of these properties for every AMISOR drill site were produced in
the highest detail from the unaveraged data, the changes in properties of the
water column for the use of seismic analysis could be mapped across the
majority of the northern part of the AIS. Seismic ray tracing or seismic
simulations could be run on this data to show what reflections would occur from
the effect of the physical water properties only.

The seismic data may also be investigated in terms of amplitude. This is another
way of calculating acoustic impedance and reflection coefficient, and results
from this line of investigation could be compared to the values calculated from
CTD data. If there is a difference, then it could be discerned whether there are
other factors besides water temperature and salinity that affect the observed
reflections. Simulated seismic profiles from the CTD-derived reflection
coefficients could be correlated with the real seismic data, and the seismic
difference could be imaged.

Hot-water drill holes produced by AMISOR (and before their moored equipment
gets placed and secured down them) could be surveyed using a downhole
seismic technique. This would give seismic response and properties in a
continuous profile down through the AIS and would be very useful in comparing
to AMISOR data and surface seismic results. For example, use of a vertical
seismic profiling (VSP) tool (with a 3 component geophone) down a borehole
would give information about anisotropy as well as reflection and transmission
properties. This would be a good way to look at the ice shelf, and a good way to
co-utilise field operations.

Further investigation into the best processing software and processing sequence
to use for AIS reflection data should be made to find what will optimise the
signal in the data while removing multiples and noise

For seismic surveys in areas of marine ice accretion, a revised survey method
should be employed to increase fold coverage and increase the size of the shots
to produce more energy to improve the amplitude of the reflections, that would
more clearly image the meteoric-marine ice interface and the base of the ice

shelf.
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% The seismic technique could easily be employed in the western AIS to find the
depth to the meteoric-marine ice transition and to map the depth of the hydraulic
connection of the marine ice with the AIS ocean cavity water.

% For improvements in the seismic geometry and methodology employed — the
AIS could and should be the site of a large-scale seismic survey expedition. The
amount of data to be gained from the seismic technique supports making a
concerted effort to improve the coverage and productivity of the seismic
surveying. Using long towed geophone streamers with a mobile seismic
recording and shot station would increase both the area and speed of coverage of
the AIS surface. For difficult areas, e.g. areas with crevassing nearby, suitable
vehicles/methods for safe travel should be used or suitable safe paths of travel
should be outlined. Using radio geophones and setting up surveys with aerial
support would overcome some problems with land access and having a safe
working environment.

% With a seismic program on this scale, a greater breadth of seismic data covering
the AIS from east to west and south to the grounding line would be possible. A
continuous seismic survey of this kind could reveal information about the
variations over/between different ice streams of the AIS, and the areas of
accretion or basal melting, as well as mapping the boundary between ISW and
HSSW throughout the ocean cavity.

% In terms of anisotropy investigations, again it would be beneficial to increase the
scale of the seismic surveys. Deeper ice needs to be imaged, and longer
refraction surveys with farther offset shots are required. This is also another
situation where radio geophones would be highly useful, since the seismic
cabling length limits the length of survey.

% The geometry of the anisotropy survey should be improved, with the first step to
trial multiple intersecting lines at more orientations about the centre point. At
least four lines at orientations 45° apart should be measured. The site for the
survey should be where strained ice is more likely to occur. i.e. further east and
south than this project’s surveys that were carried out to investigate shear
margin controlled strain, or surveying where marine ice is present (such as near

AMO04) to investigate anisotropy of marine ice (a vertical uniaxial compression
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regime) at target depths such as 400-500 m (akin to the depths of ice fabric study
by Treverrow et al. (2010)).

% A control survey with the same geometry should be carried out near the eastern
front of the AIS (away from major crevassing). This would be where there is no
marine ice complicating the situation, since the ice in this part of the ice shelf is
mostly derived from snow that has accumulated on the shelf surface and
compacted to form ice, rather than sourced from the continent where it would
have undergone strain at some on the way to and way into the ice shelf. In this
situation the variation of P waves at different orientations should be as random
as is possible on the ice shelf.

% Another method of investigating anisotropy involves measuring the arrivals and
properties of S waves rather than P waves. Some studies and trials of this could

be made in conjunction with a program of P-wave investigation.

The seismic technique has proved that it is invaluable in the exploration of the Amery
Ice Shelf. The CDP reflection profiles and refraction surveys have provided a wealth of
information about the structure and dynamics of the AIS ice, ocean cavity and seafloor,
and the value of the information is only enriched when combined with the AMISOR
program of hot-water drilling, ice coring and ocean cavity investigation. Data from this
seismic research has already been coupled into ice shelf-ocean models that predict the
patterns of melting and freezing at the base of the shelf and the modifications to water
masses circulating below the shelf (Craven et al., 2007). Further seismic investigation
can undoubtedly assist in deepening our understanding of the Amery Ice Shelf system,
and in answering the AAD’s Ice Ocean Atmosphere and Climate program’s key
question of what role the Antarctic cryosphere plays in the global climate system, and
how the AIS and its cavity water interact with the waters of the continental shelf and

beyond.
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SUMMARY

A detailed seismic reflection survey has been performed, utilizing a 24-channel spread with a
10 m geophone spacing, giving a maximum fold coverage of six, with the aim of revealing a de-
tailed view of the subsurface structure of the Amery Ice Shelf, showing meteoric and marine ice
thicknesses, water column thickness and sediment structure. The survey has successfully de-
lineated the subhorizontal meteoric and marine ice layers, with average thicknesses of 754 and
20 m, respectively. The water column is 595 m thick, placing the seafloor at a depth of 1369 m
below the ice surface. A 55 m thick, subhorizontally layered sedimentary unit can be seen,
below which are deep features, at approximately 2225 m below the surface. These features
could reveal the presence of dykes, a broken bedrock surface or glaciologically derived clasts
that are sufficiently large enough to show up within the data.

Key words: Amery Ice Shelf, East Antarctica, ice shelf, marine ice, reflection seismology,

refraction seismology.

INTRODUCTION

The Amery Ice Shelf (AIS) is located on the east coast of Antarctica,
at approximately 70°S, 70°E (Fig. 1). It is the third largest embayed
shelf in Antarctica, and the largest in East Antarctica (Allison 2003),
and as such is one of the largest glacier drainage basins in the world.
Due to this, and its thermal isolation, the AIS plays an important
role in the global climate system (Allison 2003; Passchier et al.
2003). Knowing the structure of the AIS is important to studies of
the impact of global warming on present-day ice shelves and the
subsequent effect on global ocean circulation and climate (Allison
2003; Hemer & Harris 2003; Passchier et al. 2003). Understanding
the structure of the AIS can also provide tighter control in mass
balance calculations of the shelf and in ocean circulation models
beneath the ice cover.

To date, the bathymetry, and hence the water column thickness,
under the ice shelf is poorly known. What limited information there
is available comes from about 80 seismic observations taken by
the Soviet Antarctic Expedition (SAE) in the 1970s, none of these
being taken south of 71°35’'S (Hunter et al. 2004; Allison 2003).
These gave the earliest indications of the depth of the ocean floor
(Allison 2003), and presumably this Russian data has been used to
help produce the bathymetry image and vertical section of the AIS
as displayed in Hunter et al. (2004).

More recently, airborne ice radar data have been collected over
the shelf (Allison 2003), but the results for these surveys are lim-
ited. Marine ice thicknesses for the AIS have been calculated using
a digital elevation model (DEM) and airborne radio-echo soundings
(RESSs), assuming hydrostatic equilibrium for the shelf (Fricker et al.
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2001). Due to the high absorption of electromagnetic energy by ma-
rineice, ice radar will not penetrate into it (Blindow 1994), and hence
ice radar is only useful to map the thickness of meteoric ice. Two ice
cores have been taken on the front of the shelf as part of the Amery
Ice Shelf Ocean Research (AMISOR) project (Craven et al. 2003),
a project which aims to quantify the interaction between the ocean
and the AIS, to determine the implications of this for the discharge
of grounded ice and water mass modification, and to derive the long
time record of the variability of this interaction (Allison 2003). The
ice-radar method is based on indirect observations/data, and the hot-
water drilling takes one expeditionary season to complete a single
hole, since drilling through the ice shelf is only one step of a se-
ries of experiments they undertake. In reality, another quick, direct
surveying technique is required to accurately map sections of the
AlS.

The seismic geophysical technique is a powerful tool for survey-
ing the thickness and structure of the subsurface, and this makes
it suitable for the investigation of the structure of the AIS. A vast
amount of data can be relatively quickly acquired, to reveal a com-
plete picture of the subsurface in terms of ice, water and sediments.

Using seismic refraction and a detailed reflection survey, the main
aim of the study was to map the thickness of both the ice and water
column, hence depth to the seafloor, and most importantly to see
if a delineation could be made between meteoric and marine ice.
Meteoric and marine ice have different physical properties, such as
density and elastic properties, meaning a seismic survey, if detailed
enough, should be able to delineate the two boundaries. Such a
survey may also reveal structure within the sediments, adding to
knowledge of possible seafloor processes.
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Figure 1. Map of the Amery Ice Shelf, East Antarctica. Inset: Map of Antarctica showing the major ice shelves.

GLACIOLOGY

The AIS is formed from the convergence of the Lambert, Mellor,
Fisher and Charybdis Glaciers, and the Mawson Escarpment Ice
Stream (Fig. 1). It extends for approximately 550 km north of its
grounding zone at 73.2°S (Fricker et al. 2002), and is bounded by the
Prince Charles Mountains (PCMs), draining through the Lambert
Graben, and emptying into Prydz Bay. The Lambert Glacier drainage
basin is quite well defined by ice surface contouring. Flowlines
that determine the surface slope were obtained using RES (Drewry
1983), showing the ice funnelling into the Lambert Graben.

The Lambert Graben is quite well defined by both seismic (Stagg
1985; Federov etal. 1982) and magnetic (Federov et al. 1982) data. It
is about 100 km wide and extends south for approximately 700 km,
displaying a bedrock relief of up to 3500 m, which is mainly overlain
by ice (Federov et al. 1982). Magnetic data shows depressions in
the basement, up to 5 km in depth, filled with nonmagnetic rocks.

Ice thickness is variable and tends to smooth the underlying topog-
raphy (Hambrey 1991). Ice is thinnest at the coast, with a thickness
less than 500 m and some areas of bare rock being exposed. It is
also thin in areas of higher elevation, such as the PCMs, where rock

is exposed as nunataks. In the Lambert Graben below the Mawson
Escarpment ice is 2500 m thick, the thickness decreasing with dis-
tance north to about 900 m at the AIS’s grounding line and 270 m at
the shelf front. In all other areas, the ice becomes thicker inland to
a maximum of about 3000-3500 m at the margins of the drainage
basin.

The topography of the floor of Prydz Bay is characterized by
a deepening coastward from about 500 m at the continental shelf
break to over 1000 m in some places near the coast, forming what
is known as the Amery Basin (Hambrey 1991). This is also known
as the Amery Depression (Phil O’Brien, private communication,
2005), being a depression which sits on top of the Prydz Bay
Basin, a sedimentary basin. From the front of the AIS, the Amery
Basin deepens progressively to the south under the ice shelf and the
Lambert Glacier, reaching a depth of at least 2500 m below sea level
(Hambrey 1991).

Previous glaciological research sites where detailed data were
acquired on the AIS are G1 (69.5°S, 71.5°E) about 60 km from the
shelf front, G2 and G3 (Fig. 1). At these sites, ice cores, density
and temperature data, as well as ice velocity measurements were
collected and ice thickness was found using radar (Allison 2003).

© 2006 The Authors, GJI, 166, 757-766
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GEOLOGY

In MacRobertson Land and Princess Elizabeth Land (Fig. 1) nearby
the AIS, exposed rock are widespread in the PCMs. Geochronolog-
ical investigations by Australian geologists suggested lower grade
rocks exposed in the southern PCMs to be of Archaean age and the
highest grade rocks to be of late Proterozoic age (Tingey 1982).

The Archaean crystalline basement underlies an area of about
130000 km? of the AIS-PCM region, and is up to 20 km thick
(Ravich & Federov 1977). Proterozoic metasedimentary rocks oc-
cupy an area approximately 200 km by 100 km in the southern
PCMs, with a thickness of 7 to 8 km (Tingey 1972).

After the Early Palaeozoic Pan-African orogeny (Mikhalsky et al.
2001), tectonic activity in the area was dominated by crustal-block
movement, resulting in a longitudinal system of horsts and narrow
depressions. One of these is the Beaver Lake graben, where Permian
coal-bearing, flat lying deposits are preserved. They directly overly
the strongly eroded crystalline basement (Ravich 1974), having a
total area of outcrop of 450 km? (Hambrey 1991) and an observ-
able thickness of 1300 m (Ravich & Federov 1977). Despite the
relatively small outcrop of Permian and younger rocks, Hambrey
(1991) believed much of the AIS region is underlain by such sed-
iments, especially in the complex Lambert Graben structure under
the Lambert Glacier-AlS system.

METHODOLOGY

The surveys were carried out near G2A (Fig. 1) in the middle of
the AIS, the southern-most geophone of the line being located at
70°33.5'S, 70°20.6’'E. A 24-channel spread was used with a 10 m
geophone spacing, the line oriented at bearing 083° magnetic
(010° true), to orientate the line approximately parallel to the direc-
tion of flow. A Geometrics Strataview R48 seismograph was used,
located at the centre of the spread. Groups of four 14 Hz geophones
were used for every channel, to improve the signal-to-noise ratio
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(SNR). These were placed in ~30 cm deep holes to keep them out
of the wind and snow drift, and were spaced up to 10 cm apart, in the
cross-line direction. For the reflection survey, the source consisted
of two Pentex H boosters (150 g) and a single Nobel 35 g primer.
The source depth was 2 m, which was cored using a Polar Ice Cor-
ing Office (PICO) corer. For the refraction survey, the exterior shots
utilized a Nobel 35 g primer and the centre shot an Orica No 8 elec-
trical detonator. The source depth was 1 m for the primers and 10
cm for the detonators.

Refraction survey

This survey was carried out to detail the shallow surface structure
and to find a seismic velocity for ice near the surface. Two refrac-
tion surveys were completed at the southern and northern ends of
the detailed reflection survey line. Shot locations for the refraction
surveys were at 25 m and 1 m exterior to the line, and also a central
shot. All were on-line with the spread, using an explosive source.

Reflection survey

The detailed reflection line was surveyed in between and inclusive
of the refraction lines. We could not perform a roll-along reflection
survey, since we did not have suitable cables, so to overcome these
limitations, geophone spreads were moved in sections to maintain
fold coverage, maximum six, over the entire line. Walk on shots
were taken at 55, 25 and 5 m exterior to the spread, and interior
shots were taken every 20 m (Fig. 2a). The 25 m exterior shot was
offset 2 m since that online location had already been used for a
refraction shot. The spread was moved north by 12 geophones so
that the new Channel 1 was at the old Channel 13 location (Fig. 2b).
Shots needed to be repeated at the same locations, so for different
spreads shots were offset 2 m alternatively to the east or west of the
line. In total, seven spreads were completed. Using this method, 89
shots were taken in total to cover a line distance 1.06 km.
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PROCESSING

Refraction data were processed using the Seismic Refraction In-
terpretation Programs (SIP) v4.1 (Rimrock Geophysics) and RAY-
INVR (Zelt & Smith 1992) programs. A three-layer model was
plotted to represent snow, semi-compacted snow and ice. Reflection
data were processed using two software packages—Seismic Unix
(SU) (Colorado School of Mines) and GLOBE Claritas© v3.3.0
(Claritas©) (New Zealand Institute for Geological and Nuclear
Sciences).

The raw reflection data were of an overall good quality, with high-
amplitude refraction data dominating the upper part of the records,
persisting until approximately 400 ms in the data. All reflections
appear as approximately horizontal reflections, arriving at approxi-
mately 400, 800, 1250, 1650 and 2030 ms.

The data were first converted to SU seg-y format then to
Claritas© seg-y format. All 89 shot records were formed into a
single file and field geometry was applied. Data quality was im-
proved by trace editing, including front muting to remove refracted
arrivals, and trace deletion to remove individual noise traces. Ranges
of maximum frequency gained from performing a spectral analysis
were used to construct a bandpass frequency domain filter to remove
high-frequency noise.

A preliminary velocity analysis gave a velocity of 2500 m s~ for
a pre-stack NMO correction. The data were then sorted according
to common depth point (CDP) number (numbered 100-301 going
from south to north), and the CDP geometry file was applied. The
CDP sorted data were then stacked. True stacking velocities (using
a simple three-layer model representing ice, water and sediments)
were found to be 3300 m s for the ice/water reflection set and
3080 m s~ for the water/sediment reflection set. Automatic gain
control (AGC) and balancing were performed on the data, however,
they produced no improvement in the data, and in the case of the
AGC, made interpretation more difficult, and so neither were used
for the final stack.

RESULTS

Refraction

The refraction data revealed a three-layer structure of snow, semi-
compacted snow (firn) and ice. An example of a SIP time—depth
conversion model from the refraction data is shown in Fig. 3(a).
The surface snow layer varied from 3-5 m thick and the firn dis-
played a variable thickness, but had an average of about 20 m. This
variability of the firn/ice boundary may be due to the change not
being such a definite boundary, but more gradational. The average
seismic velocity of the ice layer taken from nearby surface refrac-
tion surveys is 3545 + 158 m s, and the highest measured value
is 3710 m s~1. When a model with a gradational increase in density
(and hence seismic velocity) of the firn layer is undertaken using
ray tracing (Fig. 3b), then the thickness of the firn layer is about
40 m with a seismic velocity increasing from ~2100 m s~ at the
top of the layer to ~3700 m s~ at the bottom.

Reflection

The stacked reflection data (Fig. 4a) clearly show two major re-
flection sets. The first shows two definite reflections at 397 ms and
404-411 ms, with multiples of these occurring at 390 ms intervals.
The upper reflector can be interpreted as the base of the meteoric ice,

and the lower reflector as the base of the marine ice (Fig. 4b). The
thickness in two-way time (TWT) of the marine ice layer becomes
12 ms at CDP 100, decreasing to 7 ms between CDP 125 and 301.
The time difference locally increases to about 10 ms around CDP
175.

The second reflection set is from the water/sediment boundary.
The sediments show at least four persistent reflection boundaries,
starting at approximately 1240, 1276, 1306 and 1337 ms taken from
the reflection times at CDP 100. The earliest reflection time in the
record for the first sediment reflection is 1227 ms. This reflection
set has multiples at 387 ms intervals down the record (Fig. 4a).
The primary sediment reflection boundaries all occur at ~30 ms
intervals, which implies that the lower three reflections are more
likely reverberations from internal reflections than true primary re-
flections, meaning they are intrabed multiples. The reverberations
appear to be exact copies of the first arrival sediment reflection. The
duration of the true primary sediment reflection within the record
is, therefore, 26 ms.

Well below the sedimentary layering in the stack, discrete hyper-
bolic reflections can be seen (Fig. 4a). Referring to these hyperbolae
by the CDP number of their uppermost point, the five hyperbolae
occur at CDP 107, 130, 137, 225 and 267. The earliest arrival is
1679 ms at CDP 107, and the latest is 1955 ms at CDP 225.

DISCUSSION

The seismic data shows two major reflection sets; the ice/water
boundary and the water/sediment boundary. There are two reflec-
tions in the ice/water boundary; the upper reflection is interpreted as
the base of the meteoric ice, and the lower as the base of the marine
ice.

The ice/water boundary reflections seem similar in the record,
both in time arrival and the time difference between them. This
leads to the question of whether the lower reflection is simply a
ghost from the free surface of the upper reflection. Hand picking
the times for the meteoric/marine-ice boundary and the marine—
ice/water boundary shows that the two reflections are parallel for
46 per cent of the CDP values and show inverse (reverse polarity)
characteristics for 54 per cent of the CDP traces. Assuming a ghost
would turn up as a reflection of reverse polarity, this would show
that the entire reflection is not a ghost. Time differences in the parts
of the gather that show reverse polarity are not constant, compared
within or between these areas of reverse polarity. Since all shot
depths were the same, this also does not concur with ghosting. If
the second reflection was a ghost, it would be expected the average
of the arrival times be a straight line between the two. This is not
the case, and so the second reflection by all indications seems to be
a true reflection and not simply a ghost of the first.

Refraction surveys at the ends of the detailed line give velocities
for the top 3 m of snow of 851 + 19 m s~ for the south end,
and 1094 + 288 m s~* for the north. Taking account of errors, the
maximum range of velocity for snow on the line is 806-1382 m s™.
Similar velocities were also found from refraction lines surveyed 500
m to the south of the detailed line. Over a distance of 2 m for a shot,
these velocities for snow would add a time delay of 2.8-4.8 ms to
the reflection arrival. For a depth of 2.5 m (the maximum shot-depth
possible) the time delay added is 3.6-6.2 ms. With the measured
time difference between the first and second reflection generally
being 7-13 ms, and the average being 9.8 ms, these calculated delay
times are well below what is seen in the data. If we use this actual
time difference of 9.8 ms with the known shot depth to calculate a
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velocity, the velocity of the surface layer would have to be as low
as 408-510 m s~* for the signal to be a ghost, which is below the
lowest velocities found from refraction processing of all data in the
area. All this suggests the reflections are not ghosting, but actual
reflections of two definable boundaries.

In order to compare these results with previous studies, the arrival
times of reflections were converted into depths (Fig. 5). Reasonable
near-surface seismic ice velocities were gained from the seismic
refraction data. Seismic ice velocities can also be calculated using
the density and temperature of the ice (Robin 1958, cited in Thiel &
Ostenso 1961). The closest density and temperature readings of the
ice shelf is at G1, located about 130 km downstream (to the north)
of G2A, where temperature and density profiles have been taken
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(Budd et al. 1982; Mike Craven, private communication, 2003). In
other Antarctic ice shelves, seismic ice velocities have also been
calculated, for example, the maximum velocity of ice of the Ross
Ice Shelf (RIS) is 3839 m s~ (Thiel & Ostenso 1961). Considering
the calculations from density and temperature, and the refraction
results, a seismic velocity that could represent the entire ice layer
is 3800 m s1. This was used to calculate the thickness of both the
glacial and marine ice, with a maximum error of & 50 m s~ in
the velocity. The error of picks for the time arrivals is up to 2 ms.
However, this is the maximum error, and in most cases the arrivals
could be picked to within 0.5 ms accuracy. The thickness of the
meteoric ice, therefore, is 754 + 4 m, and the marine ice varies
from 13-27 m thick, with an error in the range 4-8 m.
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The thickness of the water column can be calculated using a seis-
mic velocity between 1400 and 1500 m s~1. Cochrane & Cooper
(1991) used a seismic velocity of 1460 m s~ for the Prydz Bay wa-
ter column, based on temperature and salinity measurements made
at the Prydz Bay drill sites, whereas Beaudoin et al. (1992) used a
velocity of 1440 m s~ on the RIS. Cochrane & Cooper’s (1991)
value is the closer in proximity to the AIS, however, the environ-
mental setting must be taken into account. The 1460 m s~* value
for Prydz Bay is based on the specific temperature and salinity mea-
surements taken in Prydz Bay ocean waters. Under the AlS, there
would be mixing of fresh water with the saline sea water from the
melting of the shelf itself. Therefore, it would have a lower salin-
ity, and a different seismic velocity. Beaudoin et al.’s (1992) value,
1440 m s, has been proposed for the water under the RIS, and

taking this as indicative of Antarctic waters under ice shelves, this
velocity was used to calculate the water column thickness of the
AIS. The water column thickness ranges from 597 m at the south
end of the line to 594 m in the north, the average thickness being
595 m. This places the seafloor at a depth below the surface ranging
from 1378 to 1362 m, from south to north.

Glacial material under the RIS has a seismic velocity of 2700 m
s~! (Beaudoin et al. 1992; Parasnis 1997; Sharma 1997), and sed-
iment thickness under the ice shelf was calculated using this value
(Beaudoin et al. 1992). Sonobuoy seismic studies in Prydz Bay
taken on ODP Leg 119 show near surface seismic velocities exceed
2000 m s~ at all sites studied (Cochrane & Cooper 1991). The data
collected at Sonobuoy 5 (at Site 740; see Fig. 1), the closest to the
AIS, show a range of seismic velocities for the glacial sediments
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between ~2300 and 2850 m s~1. This supports the use of 2700 m
s~! as a seismic velocity for the glacial sediments under the AlS.
The AIS being in a similar environment with glacial sediments, a
velocity of 2700 m s~ has been used to calculate the thickness of
this sedimentary column, which gives the stratified sedimentary se-
quence a thickness of 51-58 m. Using the full range of velocities
(2300-2850 m s—1) and a picking error of less than 0.5 ms to gain an
idea of the error in this value, the thickness maybe be a maximum
of 10 m thinner, or 5 m thicker. The point reflectors have also had
depths calculated using 2700 m s~* as the velocity, since there is no
indication that the overlying materials have changed from a glacial
type. These occur at depths ranging from approximately 2020 to
2400 m, with the average depth being approximately 2225 m.

The thicknesses of the ice and ocean cavity as modelled by Hunter
etal. (2004) agree with the results we have obtained at G2A, and with
previous depths measured from actual core data taken at site AMO1
(near G1) (Fig. 1). In a bathymetry image of the AIS produced by
Hunter et al. (2004) (produced in part from the sparse 1970s SAE
seismic data), the depth to the seafloor in the image around our
survey area is anywhere from 1100 to 1800 m in depth. The depth
we found at G2A is well within this range. The thickness of ice under
our survey location according to the profile produced by Hunter et al.
(2004), extracted from the above-mentioned bathymetry image, is
about 700 m, with no delineation given between meteoric and marine
ice. The seafloor boundary in the profile is at about 1375 m below
the surface. The depths gained from our survey relate well to these
values, and can be used to support the models produced by Hunter
et al. (2004).

From the AIS marine ice thickness models produced by Fricker
et al. (2001), the marine ice thickness at our survey location is

© 2006 The Authors, GJI, 166, 757766
Journal compilation © 2006 RAS

~20-30 m. This model is in good agreement with what is seen in
the seismic data, where the marine ice thickness varies from 13-
27 m. Fricker et al. (2001) model can also be compared to studies
at G1, including a 315 m drill core taken in 1969 (Budd et al.
1982). This core revealed a three-layer structure in the AlS, with the
marine ice being 45 m thick starting at a depth of 270 m (Allison
2003). Morgan (1972) used oxygen isotope evidence to show that
the marine ice does indeed start at 270 m depth. He also states that
the thickness of the shelf at G1 is 428 m thick, as determined by ice
radar, and this results in a marine ice thickness of 158 m. Fricker
etal. (2001) have given the thickness of marine ice here to be 141 m
+ 30 m, which is consistent with Morgan’s (1972) value. Fricker
et al.’s (2001) model can then be considered as a robust image of
the marine ice beneath the AlS.

The sediments under our survey line, as defined by seismic reflec-
tions, can be interpreted in terms of bedding (Fig. 4c). Individual
beds are of approximately 3 ms thickness in TWT. The sedimentary
layering shows evidence of sedimentary processes. The two major
amplitude boundaries seen in the reflections decrease in amplitude
to either end of the record—the upper reflection loses amplitude
to the south, whereas the major reflection below that decreases in
amplitude to the north, which may indicate a possible sedimen-
tary foreset. The sediment reflections also reveal structures such as
truncated beds (Fig. 4c, Fig. 5). Structures such as this have been
described in sediments under other ice shelves and in glacial en-
vironments (Eyles & Eyles 1992; Lachniet et al. 1999; Raunholm
et al. 2002).

It may be that the ~55 m of stratified sediments seen in our seismic
data are unconsolidated, and below these are more massive (hence
non-reflection producing) and/or more compacted sedimentary units
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that could be as old as the Oligocene or Eocene (Cochrane & Cooper
1991; Ehrmann 1991). In Prydz Bay, sedimentary units have been
identified, including diatomaceous clay, diamictites, sands and car-
bonaceous shales, Lower Cretaceous sandstones and silts, and red
bed sandstones and siltstones (Cochrane & Cooper 1991; Cooper
etal. 1991; Stagg 1985). The bedrock under these sedimentary units,
in Prydz Bay and under the AlS, is most likely Meso- to Early Neo-
proterozoic (Precambrian) high-grade metamorphic rocks (Cooper
etal. 1991; Mikhalsky et al. 2001), based on mapping of the nearby
PCMs.

The sediments taken from AMO02 (Fig. 1) show lodgement till at
the base of the core sample (Hemer & Harris 2003). Lodgement
till is deposited closest to the grounding zone of the glacier, and is
commonly compact with oriented clasts (Bennett & Glasser 1997;
Drewry 1986; Sugden & John 1976). Till generally contains a large
amount of erratic material, and so the point reflectors may be large
boulders.

The point reflectors are seen quite distinctly in the raw data, and
do not appear to be a relict of processing, but a true feature. Upon
analysis of every raw record, the hyperbolic reflections do appear
in numerous records at approximately the correct position as where
they would appear in the CDP gather. They do not appear in every
record, but consistently enough for the existence of something at
depth producing these hyperbolae to be a definite possibility. They
are not simply caused by shot-generated noise, since they do not
show the same characteristic as this type of event, which is a persis-
tent high-amplitude anomaly throughout the record for two to three
traces around the shot location. Also, the hyperbolae are found in
the record unrelated to shot location.

When comparing the times and positions of the significant hyper-
bolae seen in the stacked record to times and positions of hyperbolae
in the individual records, there is a remarkable correlation. Times
in the records closely, and sometimes almost exactly, match arrivals
in the stacked section.

From the hyperbola reflection shapes in the stacked section, what-
ever is responsible would appear to be inclined to the south, except
for the one at CDP 107, which seems to be more vertical than the oth-
ers. However, in the raw records, the hyperbolae appear to be more
symmetric. The inclination could be due to the stacking process.

The hyperbolae could represent the presence of boulders, which
would fit a glacial environment of deposition, possibly from a time
when the grounding zone of the AIS was further north, dropping
large boulders within the till. Hyperbolic point reflections could
indicate vertical fractures (broken bedrock) or a blocky, bouldery
texture—the result of basal ice structures from the glaciation that
deposited the sediments (Sweat 1997). In the case of our data, it is
possible that the point reflectors indicate a broken or jagged bedrock
surface. Assuming the AIS was grounded somewhere nearby in its
past, the action of the ice working on the bedrock could have de-
formed the substrate, as happens in glacial environments (Eyles &
Eyles 1992), producing this kind of surface. The absence of any lin-
ear reflection between the individual hyperbolae in the data, however,
means it cannot be confidently stated that the hyperbolae indicate a
bedrock surface.

Other surveys performed in the region of the AIS suggest that
the bedrock could appear in the data record (Federov et al. 1982).
According to a cross-section through the AIS based on geophysical
data, especially deep seismic sounding (Federov et al. 1982), the
bedrock begins at a depth of ~1 km. Mishra et al. (1999), who
studied the gravity and magnetic anomalies of the Lambert Graben,
also mention that the bottom of the subglacial valley is greater than
1 km below sea level. Fricker et al. (2001) states the AIS sits in a

long, narrow cavity with a maximum draft of 2200 m. This depth
is also approximately coincident with the depth where the point
reflectors appear. If the glaciers were once grounded further north
than where they are at present, features could be evident at this same
depth, again meaning the hyperbolae are possibly related to features
produced by basal glacier processes.

The Ocean Drilling Program (ODP) Leg 188, discussed by
Passchier et al. (2003), took drill cores in Prydz Bay. The clos-
est drill site to the shelf is Site 1166, located approximately 400 km
from the front of the ice shelf on the continental shelf, where drilling
penetrated 343 m of Holocene through to Cretaceous sediments. A
seismic interpretation of the extent and depth of the sediments shows
that they are around 670 m deep. If the depth of hyperbolic point
reflections under G2A indicate a bedrock surface, and the mate-
rial above that, is therefore, sediment deposits, to an approximate
thickness of 835 m, this would indicate a much larger thickness of
sediments in the ice shelf cavity than in the open sea.

A 225.5 m sediment core was retrieved from Site 740, showing
sandstones and siltstones overlain by diatom ooze (Hambrey et al.
1991). The seismic line ODP-119, part of ODP Leg 119, was sur-
veyed over Sites 739, 742, 741, and 740 (Fig. 1). It shows basement
rock, most likely eroded Precambrian metamorphic rock, occurs to
depths of up to 2 km, and probably deeper (Cooper et al. 1991;
Federov et al. 1982). Magnetic profiles that have been taken across
Prydz Bay show there is a minimum basement depth of 2.5-3 km
(Cooper etal. 1991). This shows a similar depth as our data, so again
this suggests the possibility that bedrock is seen under the glacial
units in our data.

Another possible cause for the deep hyperbolic reflections is the
presence of dykes within the basement. An eroded surface in which
dykes display higher relief than surrounding weathered softer mate-
rial could form a terrain that would produce the results we have seen.
In effect, the dykes would be a relatively narrow ridge, acting like
a point for the seismic waves to reflect off, producing a hyperbola
in the seismic record. The difference in physical properties alone
of the dykes compared to their host rock may also be sufficient to
produce the hyperbolic reflections.

The most likely rocks to be found under G2A are those be-
longing to the Beaver-Lambert Terrane, as described by Mikhalsky
et al. (2001). Within the Beaver-Lambert Terrane are found mafic
granulite, ultramafic and metadolerite dykes, mostly 2—15 m wide,
with some material gathering in small plutons up to 50 m across
(Mikhalsky et al. 2001). These types of dykes may be what our
detailed reflection survey has imaged.

CONCLUSION

The seismic survey employed on the AIS to produce a detailed
image of the subsurface structure has been successful. Using a geo-
phone spacing of 10 m, with 20 m spaced interior shots to maintain
a six fold coverage, a seismic data set has been produced that has
revealed detailed information about the AIS subsurface. In partic-
ular it has imaged the marine ice layer, which up to now, beside
time-consuming drill core sampling, had only been imaged using
numerical modelling, such as Fricker et al.’s (2001) method utiliz-
ing RESs and DEMs. It is extremely important to note the seismic
technique’s ability to directly view the marine ice itself.

The detailed reflection data collected in this survey on the AIS
has revealed a detailed view of the subsurface structure, clearly
delineating the meteoric and marine ice boundaries, defining a water
column thickness, and sedimentary structure with the upper 55 m
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of sediments. The marine ice layer ranges in thickness from 13 to
27 m, and the 55 m of stratified sediments show structures such as
truncated beds and foresets. The part of the record below this unit
that displays no reflections is likely formed of massive sandstones
or siltstones (Hambrey et al. 1991), and compared to sediments off
the front of the shelf, they could possibly be as old as Oligocene
in age (Ehrmann 1991). Point reflectors seen at ~2200 m depth are
in most likelihood features of a broken bedrock surface (the result
of glacial action), large boulders or the presence of dykes. This
bedrock surface refers to older Proterozoic rocks, whereas above
this would be the Permian—Tertiary sediments (Hambrey 1991). The
depth to this surface found from our data correlates with estimated
depths made by Federov et al. (1982) and Fricker et al. (2001), and
bedrock depths gained from reflection data off the front of the ice
shelf (Cooper et al. 1991).

Detailed seismic studies make a valuable accompaniment to cur-
rent GPS and drill core studies on the AIS. It overcomes the problems
encountered with ice radar where the marine ice cannot be seen, and
improves upon the SAE seismic data where the marine ice was also
not mapped. So overall, the method for seismic studies on the AIS
as used for this study is a useful method for mapping the subsurface
structure of the AIS in a quick, easy to repeat manner, and would
be beneficial in a continuation of studies on the AlS.

The bathymetry, and hence the water column thickness, under
the AIS is poorly known up to this date (Hunter et al. 2004), and
performing more surveys such as this seismic survey would greatly
improve the quantity and quality of data gathered on the AlS, provid-
ing clarification on the current structural model of the AIS. A better
model means improvements can be made to mass balance calcula-
tions, and any change of the mass balance can be better recorded
and analysed. This is turn will improve studies of global climate
change, and how this affects the volume of ice in Antarctica and
fluctuations in global sea level.
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Appendix B

Source reference for online Javascript Sea Water Equation of State calculator used in
Chapter 6 to convert AMISOR CTD data to seismic property values (including P wave

velocity) to be used in reflection coefficient calculations.

Webpage title: A Sea Water Equation of State Calculator

Website URL.: http://fermi.jhuapl.edu/denscalc.html

Date Accessed: July 2007

Author: Rick Chapman

Affiliation: The Johns Hopkins University Applied Physics Laboratory
Webpage last updated: 26" November 2006 17:17:54

Screen Shot of Calculator:

A Sea Water Equation of State Calculator

The Java=ctipt calculater below will allow you to compute the THESCO International Equation of State
{IE= 80) as described in Fofonoff (1985). The calculator 15 quite flextble. To use the calculator:

1. Youmust enter etther the depth or the pressure.
2. Check any 2 of the bottem 4 checkboxes to mdicate what parameters will be entered,
3. Enter changes to the checked parameters and the other parameters will be automatically recalculated.

The depth and pressure are related according to a simplified approzmation for a standard ocean (by
cotvention an ocean at 0 deg C and 35 psu). The depth label includes an approxmation symbol as a
reminder. The quantities below the honzontal rule (Sound speed,. ) are output anly

O ~Depth: 1] tn
Pressure: 0 dbar
Temperature: 15 deg C
Conductiwity: 4.2814 Sim

[ Salinity: 35 PSU

O Density: 1025.97 kgim™3
Sound speed: 1506.7 mfs
Specific heat: 3969.5 Tileg °C)
Freezing point: -1.922 °C

A diabatic lapse rate: |0.150544 mdeg/dbar

Potential temperature: |15 °C
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Further webpage update information given by author: Text was updated on

November 24, 2006 to include reference list and links to UNESCO papers. The

calculator was updated on January 22, 2006. A description of how to access the

Javascript code was added to address a frequently asked question. Additional comments

were also added to the Javascript code to make it slightly easier to read. This calculator

was updated on June 17, 1998 and again on November 8, 1999 to fix bugs in the

interpretation of pressure units (dbar vs bar). The updated version has been checked

against additional test points and seems to be accurate. The calculator now also updates

automatically if the pressure or depth units are changed. The depth and pressure

calculations were updated on Feb 23, 2000, based on the suggestion of Pascal Vernin.

Sources:

Calculator is based on the International Equation of State described by Fofonoff (1985).
Fofonoff, N. P., "Physical Properties of Seawater: A New Salinity Scale and
Equation of State of Seawater," Journal of Geophysical Research, Vol 90 No.
C2, pp 3332-3342, March 20, 1985.

The speed of sound calculation is based on Chen and Millero (1977).
Chen and Millero, "Speed of sound in seawater at high pressures," Journal of
the Acoustical Society of America, Vol. 62, No. 5, 1129-1135, Nov 1977.

The values for the other four parameters are based on Fofonoff & Millard (1983).
Fofonoff and Millard, "Algorithms for computation of fundamental properties
of seawater," UNESCO Technical papers in marine science No. 44, 1983.

Paper available through URL.:

http://fermi.jhuapl.edu/denscalc/fofonoff millard 1983.pdf

Date Accessed: 20/7/2007
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Appendix C

SeisImager discrete layer models and Rayinv velocity gradient models
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Figure C1- 2D Seismic refraction profiles for the LME-3 group; NS
profile lines. At locations (a) LME-3E, (b) LME-3Ct, (c) LME-3W.
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Figure C2 - 2D Seismic refraction profiles for the LME-3 group; EW
profile lines. At locations (a) LME-3E, (b) LME-3C, (c) LME-3W.
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Figure C3 - 2D Seismic refraction profiles for the LME-1 group; NS
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Figure C4 - 2D Seismic refraction profiles for the LME-1 group; EW
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Figure C9 — Ray inverse tracing model for LME-2EE NS line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C10 — Ray inverse tracing model for LME-2EE EW line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C11 — Ray inverse tracing model for LME-1W NS line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C12 — Ray inverse tracing model for LME-1W EW line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C13 — Ray inverse tracing model for LME-1C NS line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C14- Ray inverse tracing model for LME-1C EW line, with a

three layer model. Depths are in km and velocities in km/s.



-227 -

=

DISTANCE Cknd

57

498

214

229

143

-z9

-i14

—208

-208

DISTAKNCE <kmd

Ray inverse tracing model for LME-1E NS line, with a

Figure C15 —

three layer model. Depths are in km and velocities in km/s.

=

DISTAKNCE <kmd

.82

33, 63, 8F

-i14

—208

DISTANCE tkmd

Ray inverse tracing model for LME-1E EW line, with a

Figure C16

three layer model. Depths are in km and velocities in km/s.
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Figure C18- Ray inverse tracing model for LME-3W EW line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C20 — Ray inverse tracing model for LME-3C EW line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C21 — Ray inverse tracing model for LME-3E NS line, with a

three layer model. Depths are in km and velocities in km/s.
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Figure C22 — Ray inverse tracing model for LME-3E EW line, with a

three layer model. Depths are in km and velocities in km/s.
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layer model. Depths are in km and velocities in km/s.
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