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Chapter 8 Bathymetric Survey 

r· 

CHAPTER 8 BAT~TRICSURVEY 

r· Single point sonar bathymetry was collected along with the magnetic data in the 2001 

survey (note that bathymetric data was not collected during the 2000 survey). The survey 

specifications and trackpaths are the same as for the magnetic survey. 

r· 

While bathymetric charts already existed for the middle Derwent Estuary, none contain the 

detail of this new dataset. The bathymetry reveals some interesting details regarding the 

more recent history of the Estuary. 

(' 

" 

() 

r-> 

o 

Perhaps the most striking feature is a meandering channel in the deepest portion of the 

Estuary - this is particularly well defined south of Sandy Bay. This channel meanders 

down the central Estuary, and takes a sharp bend to the south west, just north of a 

bathymetric ridge at the northern end of Storm Bay. I interpret this feature as the fluvial 

channel of the Derwent River, cut into Tertiary and Quaternary stratigraphy during the last 

sea level lowstand (at around 18,000 years before present). At this time, sea level was 

some 125 metres lower than at present. Given the present geomorphology, it would have 

been possible to circumnavigate Brony Island on foot during these sea level conditions. 

The channel was incised by fluvial erosion of the poorly consolidated Cenozoic sediments, 

then partly filled by post-glacial sediments as sea level rose. By 9000 years before present 

sea level had reached modem levels, or possible just above - a rise of 125m in 9000 years. 

This represents an average rise rate of in excess of Bm per 1000 years, and presumably 

sedimentation rates were insufficient to completely fill the channel prior to inundation. The 

present middle Derwent Estuary is largely sediment starved, and if these conditions have 

persisted for the last 6000 years (note that sea level has been relatively static during this 

period) then it is not difficult to envisage the modem bathymetry as preserving some 

features from 6000 years ago. The channel also appears to have a tributary joining it from 

the position of the modem Browns Rivulet at Kingston Beach. This suggests that the flow 

through Browns Rivulet was once considerably greater than it is now. 

() 

o 
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c· 

That we can observe the channel at all is actually somewhat unusual - it is not common to 

find glacial-period channels recorded in modem bathyrnetry. Certainly it is a partly-filled 

channel - the bathyrnetry is proof enough, but the seismic evidence reinforces it. It is 
(i 

difficult to assess the depth of the channel due to the acoustic turbidity in the seismic 

record (see the discussion of the seismic data for more detail), but other (filled) channels 

recorded in the seismic sections are up to 40-5Orn deep, using conservative velocity 

estimates. Although I think the channel probably corresponds to the last glacial, it could in o 
fact be an older feature (eg. from the pre-5e stage at around 135,000 years before present). 

As I mentioned, the channel turns sharply south west at a broad bathyrnetric ridge in the 
o 

southern portion of my field area. From there, it appears to divert through the Brony 

Island/Tinderbox gap, and presumably down into the D'Entrecasteaux Channel. There are 

two possibilities here. Firstly, the channel could have been diverted by the ridge - i.e. the 

ridge is older. Alternatively, the channel could continue beneath the ridge, but be covered o 
by it - i.e. the ridge is younger. 

There are two possible explanations for the ridge. It could be a pile of marine sand pushed 
o 

up through Storm Bay by rising sea level and subsequently modified by storm events and 

wave action, i.e. a drowned barrier beach, similar in nature to the emergent Seven Mile 

Beach. Alternatively, Learnan (1974) suggested that it could be a remnant of Tertiary fill, 

o	 preserved at the "...zone where interaction of rivers flows and ocean currents meet.." (page 

104). Learnan (1974) discarded the possibility that it is a bedrock high. 

Seismic profiles across the bathyrnetric ridge do not indicate the presence of a buried 
n 

channel in the expected position - this suggests that the channel did not continue into 

Storm Bay. Therefore, my interpretation is that the ridge was present in some form prior to 

the last glacial. When sea level fell after stage Se, the fluvial channel was cut and flowed 

(";	 south down the centre of the modem Estuary. When the channel reached the ridge, it was 

diverted to the west and the fluvial flow of the ancestral Derwent River passed out to sea 

via the D'Entrecasteaux Channel during the sea level lowstand at 18,000 years before 

present. 
n 

The only other feature in the bathyrnetry worth noting at this point are the ridges extending 

from the western shore near Taroona. These do not have any particularly significant 

o 
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/-, 

c' 

r-

magnetic expression, and (not surprisingly) the seismic data reveals they are probably 

ridges of sediments. The seismic profiles suggest the ridges are composed of dipping 

Oligocene* strata overlain with younger sediments of indeterminate age. 

*Age assigned to dipping stratigraphy exposed on-shore at Taroona based on palynology 

(Quilty pers. comrn., 2001). 

, 

r 
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l' 
A Geophysical Investigation of the Derwent Estuary 159 



525000 530000 535000 540000 

r 

5250000 1-1 + 

5245000 1-1 + (•.1

+ ,.;; ~r'~.) \ + ~ + ) , 

" ..". U le t, I ~ V::~ 
5235000 I-l ~_ _~" 

~ /'J. ++"'"" 1I + 

0.0 2.0 4.0 6.0 8.0 10.0km 

~._~ 

-3.0
 

-7.0
 

-11.2
 

-15.4
 School of Earth Sciences 

-19.6 
Bathymetry 

-23.8 
Hislogram Equalised 

-28.0 

Grid: AMG Zone 55 
-32.2 

Datum: AGD66 

DJiiiIIl l-.-J I!!!!!!!!!!!!!l -36.3

BiJ 
Drawn By: D. G. 06-11-2001 

Figure 8.1. False colour image map ofbathymetry, generatedfmm gridded data (gridded using spline 
interpolation and 650m scan distance - cell size is 50m). Units are metres, relative to high tide. The data has 
been corrected for tidal variations. 160 



525000 530000 535000 540000 

~ < 
5250000 + + + ~II 

'I ~ (\~\J 
(

5245000 + + + 

t) I 

,fI1J\J t 
. -, ~ 

+ _,,: \ t + +5240000 
(-,~' '~~ ~ /,::'\' 
y' ! 

" 
iI • " \ cJI 

I ,( ~ __________ 

5235000 + !~., ;::;+ +~\+ 
11 

.. \Z 
j 

\'f ':'-,''''. r 

o ~ ~ 

5230000 / + + +~ + 

V
 

)
 

0.0 2.0 4.0 6.0 8.0 10.0km

r---.-I 

Contour Specifications 

iJ School of Earth SciencesInterval From To Pen 
2 -36 -34 ~--

2 -32 -30 Bathymetry-- ~I 

2 -28 -28
 
2 -26 -24
 Contours 
2 -22 -20
 
2 -18 -18
 

Grid: AMG Zone 552 -16 -14 
2 -12 -10 
2 -8 -8 -- Datum: AGD66 
2 -6 -4DRi~ 

, Drawn By: D. G. 06-11-2001 

Figure 8.2. Contours ofbathymetry generatedfram the gridded data. Units are metres. 
161 



Chapter 9 Combined Geological Intcrprelation 

r' 

CHAPTER 9 COMBINED GEOLOGICAL INTERPRETATION 

n 

This discussion is designed as a general accompaniment to, 

geological interpretation map, presented here as figure 9.1. 

and explanation of, the 

(J 

(J 

The interpreted Quaternary channel is based on the acoustic turbidity distribution - seismic 

evidence suggests that a) the acoustic turbidity is confined to a channel and b) the gassy, 

channel-fill sediment is the most recent major accumulation of sediment within the 

Estuary (ie. more than several metres thick over a large area). 

(""> 

Faults were picked both from the qualitative magnetic interpretation as magnetic 

boundaries and/or lineations, and from magnetic forward models. Some can be traced 

offshore from their mapped positions onshore. Several were picked from the seismic data. 

(J 

n 

n 

With a few exceptions, it is not possible to make inferences about the distribution of 

Parmeener Supergroup rocks in the Estuary, and it is generally not possible to make a 

reasonable estimate of the thickness of Tertiary sediment either. One exception is where 

we can make estimates of the depth-to-top of a dolerite body - in these cases, we can 

estimate a maximum thickness for the overlying sediments. In other places it is less clear. 

For example, we can say that immediately east of the fault running down the western bank 

of the river there are no significant magnetic sources shallower than around 400m below 

sea level. West of this fault, dolerite occurs at surface - inferring a large displacement and 

possibly a very large thickness of Tertiary fill east of the fault. Of course, there could be 

several hundred metres of Parmeener Supergroup rocks east of the fault with only a 

relatively thin veneer of sediment over the top. 

(') 

() 

Most of the geological interpretation was done qualitatively based on the magnetic data 

principally I used a reduced to the pole image of TMI (figure 9.3) and a first vertical 

derivative image (figure 9.2) to produce the interpreted geology. As such, it is principally a 

magnetic basement map. In some cases it is a simple matter to trace the extents of some 

magnetic (and non-magnetic) bodies offshore, but for isolated, moderate amplitude 

anomalies in the centre of the Estuary interpretation is more difficult. Although I have 

(') 
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indicated a combination of dolerite and basalt, the significant overlap in magnetic 

properties for these two rock types means that most (but not all) of the anomalies could be 

due to either rock type, and therefore my assigned rock type may not be correct. Notable 
r 

exceptions include: 

I.	 Negative anomalies - these must be reversely magnetised basalt 

2.	 Extremely high amplitude anomalies - these are almost certainly basalt also (the 

amplitudes suggest they are too high to be caused by dolerite) l' 

3.	 The dolerite body and feeder I have interpreted near the Iron Pot - the sedimentary 

rocks in this area appear to be thermally modified, which is strongly suggestive of 

dolerite nearby 
,~ 

The criteria for assigning particular lithologies to the other interpreted magnetic bodies 

were (not necessarily in this order): proximity to mapped magnetic rock type on shore, 

~, anomaly amplitude, anomaly shape and inferred body depth/shape from modeling. 

Lastly, some comments regarding the seismic interpretation. Clearly, the widespread 

acoustic turbidity limits the extent to which I can interpret the seismic data. The 
r'--" 

interpretations are also limited by my lack of experience, the lack of stratigraphic control, 

and the discontinuous nature of the stratigraphy (although not necessarily in that order!). It 

is rare to find a reflector that is laterally continuous over a large distance, and it is not 

,.	 usually reasonable to correlate broken reflectors because in most cases there is not a 

recognisable pattern of reflections. For these reasons, I have not made any isopach maps, 

but I have indicated the positions of some non-magnetic lithologies (ie. Permian and 

Oligocene) where they can be defined from the seismic data. 
r 

There is effectively no age control on any of the seismic data. Therefore, it is not possible 

to assign ages to individual packages of sediment, even if it is easy to trace unconformity 

r	 surfaces. It is also generally not possible to correlate separate packages of the stratigraphy 

on an age basis, for the same reasons (so I cannot estimate the thickness ofthe Pleistocene, 

or pick the Tertiary/Pleistocene boundary for example). 

r 

C' 
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In conclusion, the geological interpretation map presented here is an amalgamation of 

several discrete datasets. The overall interpretation is largely based on the magnetic data so 

the magnetic lithologies are disproportionately represented. In the areas away from the 

acoustic turbidity where there are no interpreted magnetic bodies, and no acoustic 

basement apparent from the seismic sections, it is reasonable to assume thicknesses of at 

least SOm for the Cainozoic sediments, based on the minimum depth of investigation of the 

I' seismic system. Since the sedimentological and structural relationships apparent in the 

seismic profiles are highly discontinuous, they are generally not conducive to display in 

plan view. For this reason, it is preferable to keep the seismic profiles and the geological 

interpretation as separate entities, but they are best viewed in conjunction. 
(' 

" 

" 

("') 

("') 

() 

("') 

\: 
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Interpreted Geology of the Lower Derwent Estuary
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Total Magnetic Intensity, Reduced to the Pole. 
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First Vertical Derivative of TMI (reduced to the pole). 

525000 530000 535000 540000 

5250000
 

5245000 5245000 

5240000 5240000 

5235000 + 5235000 

5230000£\ + 
i 

525000 

Simplified Geology 

Stratigraphy 

0 Quaternary 

0 Tertiary 

0 Triassic 

0 Permian 

Igneous Rocks 

0 Tertiary Basalt 

I J( 

5000 
i 

( + 
i 

530000 

+ 
i 

535000 

0 

N 

A 

5000 
i 

Q 

+ t5230000 
i 

540000 

Meters ,-------" 1120 

786 

454 

122 

·209 

Jurassic Doler~e0 Geology polygons from 1:250,000 digital coverage. 
Image 1VD Grid: Australian Map Grid, Zone 55 -541 

99.9% clip,Datum: Australian Geodetic Datum, 1966 
histogram equalised, 
NW sun angle filter. 

Figure 9.3 167 



Chapter 10	 Conclusions and Further Work 

r; 

CHAPTER 10 CONCLUSIONS AND FURTHER WORK 

("')	 Conclusions: 

The shallow sub-bottom of the Derwent Estuary is characterised by large zones of acoustic 

turbidity, probably resulting from the in situ production ofmethane by bacteria in the fine 

grained sediments. This prevents successful imaging of much of the sub-bottom by the 
~ 

'boomer' seismic system. 

Sediment sampling and headspace gas analysis reveals elevated concentrations of methane 

are present in the surficial sediments. C"" 

Where the seismic data is not affected by acoustic turbidity, it reveals growth faulting, 

block faulting and complex erosion and sedimentation relationships, with up to five 
("') 

generations of filled channels developed in places. Commonly the faults extend to 

. relatively shaliow depths, possibly indicating recent movement. Faults can also be traced 

to bedrock in some cases (by comparison with magnetic forward models), suggesting a 

long history of activity.C' 

Magnetic interpretation and modelling suggests a simple graben (normal) faulting control 

on the (magnetic) bedrock distribution at basin scale. The Cascades Fault Zone extends 
("l 

offshore down the western side of the Lower Derwent Estuary, and this fault appears to 

have the greatest displacement (at least several hundred metres). 

Modem and	 paleo-channel positions seem to be largely controlled by (or at least~ 

coincident with) major fault positions. Although several faults are inferred to be present 

near Arm End, it is not clear whether movement on these faults has .been the cause of the 

uplift of Arm End. 
() 

Recommendations for further work.
 

The discontinuous nature of the (reflector) surfaces in the Estuary suggests it would be
 

("l	 preferable to cover a small area with a closely spaced series of seismic profiles rather than 

covering a large area with widely spaced profiles (assuming the generation of isopach 

maps etc. is an aim of the investigation). 

~ 
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() 

() 

Age control would be very valuable in terms of the seismic interpretation, but if reflectors 

can not be correlated due to the nature of the data then age control from only one or two 

localities will probably be insufficient. I would recommend a thorough investigation of any 

available seismic data and careful planning prior to selecting sites for stratigraphic coring. 

The occurrence of acoustic turbidity is a major impediment to this kind of study. If I am 

correct in my belief that the acoustic turbidity is related to biogenic methane production in 

recent sediments, then it is likely to be found in many other estuaries around the state. This 

limits the usefulness of the boomer seismic system in investigations of these sites. A more 

powerful, lower frequency seismic source would be required if the attenuation and 

scattering effects of bubble phase gas was to be overcome. This of course increases the 

required budget and introduces further logistical problems, not to mention (real or 

perceived) environmental issues related to the use of relatively powerful seismic sources. 

In general a higher powered source would operate at reduced frequencies, decreasing the 

resolution of the seismic profiles. 

Ship borne gravity coverage would be extremely useful for this kind of work. If at all 

possible, I· recommend gravity data be acquired for any further studies of this nature, 

because the potential field models need to be more tightly constrained. 
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1) Abstract 

Global sea level has varied from near present levels to at least l20m below present 

"	 twice in the past 250ky, and the present high sea level is not representative of the 

period as a whole. By studying oceanic composition and ice volume via deep sea 

sediments, and making direct estimates of sea level from fossil coral reefs, a high' 

('	 resolution sea level record for the past 250ky can be obtained. This record shows 

global sea level to be characterised by periodic fluctuations, with frequency 

components similar to that of important parameters of Earth's orbit. This in turn has 

led to theories regarding the causes of ice volume fluctuations, and may enable 
(' 

prediction of future sea level variation. 

2) Introduction 
r 

Fluctuation in global sea level has had an important influence on humankind. For 

example, consider how the world would be today if land bridges (exposed during 

lowstands) had not been present during the Quaternary. Without the lower-than

present sea level conditions typical of the late Pleistocene and Holocene, dispersal of 

various plant and animal species (including humans) would have been more restricted' 

owing to the absence of land bridges, and the world would be a very different place. 

"	 In spite of this, most people do not tend to think of sea level as being actively varying 

- probably due to the slow nature of the changes, relative to the human experience. 

For example, most changes in sea level measured since the advent of modern 

technology are taken as indications of global warming due to greenhouse gas

" emissions or some other anthropogenic factor. But is it realistic to think that "natural" . 

sea level should be invariant - even on human timescales? Paleoceanographic 

conditions are relatively well understood for the latter parts of the Quaternary, thanks 

l'	 to exhaustive research (ongoing since the 1950s). Perhaps the most important 

outcome ofthis research is that sea level is anything but invariant. Indeed, the present 

conditions of high sea level are relatively unusual, and natural sea level variations 

could easily account for O.5m of sea level rise or fall in my lifetime! n 
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We can study past sea level in different ways, and agreement between diverse 

techniques indicates that our understanding of paleoceanographic conditions is 

fundamentally sound. In this review, I will discuss the causes of global sea level 
() 

variation, along with the major techniques used to estimate past sea levels. I will also 

present a "best estimate" sea level curve for the past 250ky, and provide some local 

context in the form of a model of South Eastern Tasmania as it may have appeared 

during the Pleistocene. o 

3) What Sea Level Actually Means 

o 
Like many other branches of Earth science, the paleoceanographic waters are 

muddied by the confusing use of basic terms. Before I can begin discussing sea level 

variations in terms of cause and measurement, I need to clarify several important 

o	 terms and (re)introduce some concepts. 

Firstly, what exactly do I mean by the term sea level? While this may seem to be a 

redundant question, there are several types of sea level referred to in the literature.. 
o 

The first is absolute or gauge sea level. This is defined as the elevation of the sea 

surface relative to a fixed datum, i.e. a datum that is not affected by tectonics or other 

geological processes. The simplest datum of this kind is the centre of the Earth. The 

o	 second is eustatic sea level, meaning globally averaged sea level. The third is relative 

sea level. This is usually defined as the elevation of the sea surface relative to the 

present elevation of this surface for any given location. Relative sea level may also be 

referred to as local sea level, and is essentially eustatic sea level modified by local 
o 

effects such as uplift or sediment loading. A local sea level curve (a plot of sea level 

as a function of time) for a given location may appear quite different from the eustatic 

sea level curve, but in theory it would be possible to convert from one to the other by 

()	 quantifying and removing local effects. In this review, I will use the stand-alone term 

"sea level" to mean eustatic sea level, since I am mainly concerned with global 

change. Note that some workers do not use relative and local sea level· 

interchangeably, and define relative as global (i.e. eustatic). This is only a problem 
() 

when the usage is not stated explicitly (which, unfortunately, is most of the time). 

o 
Appendix I	 IV Literature Review 



A Geophysical Investigation ofthe Derwent Estuary 

,"'>, 

Figure 1. Strandline deposits on the coast of Hudson Bay near Fort. These deposits have been exposed 

by uplift over the past several thousand years. From Flint (1957). 

Leading on fr.om these definitions, I will use the terms eustasy and eustatic to refer to 

changes in sea level that are global in scope. Lastly, I use the terms transgression and 

regression simply to refer to a rise or fall (respectively) in relative sea level. I do not 

intend these last terms to be genetic, i.e. they do not imply cause. 

4) Why We Might Want to Study Sea Level 

r~"\ 

Sea level studies have numerous implications. Firstly, there is interest in sea level 

from a paleoceanographic and paleoclimatic perspective (Haq et aI., 1987). Sea level 

studies are directly related to paleoclimatic studies at least for the recent geological 
to", 

past (i.e. the Quaternary) since sea level has been inexorably linked to glaciation over 

this time. Inter-related studies of paleoclimates and sea level have led to theories 

regarding the mechanisms driving ice volume change. An understanding of the causes 

t"-,	 of sea level change may provide the ability to predict future sea levels, which could be 

very important in planning coastal developments. As an example, it has been 

calculated that if the modem polar ice was to completely melt, sea level could rise by 

up to 60m (1. Morelock, http://cima.uprm.edu/-more]ocklsealvl.htm#relative) - this would 

have a devastating effect on coastal communities and infrastructure. 

.,." 
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In a more immediate economic sense, there is interest in sea level from a petroleum 

geology point of view, due to the influence of sea level on source-rock deposition. For 

example, it is recognised that the greatest volume of petroleum source rocks were 

formed during transgressive episodes (Hunt, 1996). It has been suggested that this is 

related to the preferred water depth environment for marine biota. During lowstands, 

the zone of highest organic productivity is only in contact with a relatively small area 

of the continental slope. During transgressive phases, this optimal depth range may 

cover large areas of the continental shelf, vastly increasing the potential for deposition 

of organic rich sediments (Hunt, 1996). Therefore if we understand sea level history, 

then sedimentary rocks known to have been deposited during highstands can be 

targeted as potential petroleum sources during exploration. 

W E 
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Figure 2. In this example from the continental shelf off the coast of Peru, anoxic sediments high in 

organic carbon are deposited where the oxygen minimum layer contacts the shelf. If sea level was to 

fall, the anoxic zone would move from the shelf to the slope, reducing the deposition of sediment with 

high organic carbon. From Hunt (1996). Note the water and sediments are anoxic due to the increased 

consumption of dissolved O2 by marine biota. 
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5) Causes of Sea Level Variation. 

Broadly speaking, there are two causes of sea level variation: change in the volume of 
n 

the ocean basins; and change in the volume of liquid water contained within these 

basins. There are various ways of changing either of these parameters, and individual 

processes tend to take on more or less significance depending on the time scale of the 

r-	 discussion. 

Over long periods (tens to hundreds of millions of years), it is suggested (e.g.' 

Williams et al. 1993) that change in the volume of the ocean basins due to tectonic 
r· 

processes has been the main driving force behind global sea level change. This leads 

to the concept	 of tectono-eustasy, i.e. sea level change caused by tectonics. An 

example of a tectono-eustatic process is the variation in spreading rate at mid ocean 

r ridges. As newly formed crust moves away from the spreading centre it cools and 

subsides, producing the profile of the mid ocean ridge. High spreading rates tend to . 

produce broader ridges because hot crust remains isostatically buoyant at greater 

distance from the spreading centre. Therefore an increase in spreading rates tends to .,--. 

decrease the volume of the ocean basins, leading to transgression. Other potentially 

important tectono-eustatic factors include the number, position and morphology of 

both spreading centres and subduction zones, and the relative amount of oceanic and 

r continental crust present at any particular interval of geological time. Since tectonic 

processes are inherently slow, tectono-eustatic sea level change also occurs slowly' 

and will therefore have been important in long term sea level variations. 

(' 

Another cause of sea level change with very long term implications is the addition of 

juvenile water to the surface from the mantle. Unlike most other causes of sea level 

change, the addition ofwater is a one way process, leading to a gradual increase in the 

('	 water mass present at the Earth's surface. While this has been of fundamental. 

importance to changing (increasing) sea level since the Archean, it is probably not 

important in terms of Quaternary sea level (Williams et al. 1993). 

r 

c-
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Ifwe consider a shorter interval of geological time (such as the Quaternary), then we 

can assume that the slowly varying factors mentioned above have not been important. 

As a result, we must examine the second main cause of sea level change - variation in 
". the volume ofliquid water in the ocean basins. That is, ifbasin volume and total water 

mass is constant, then sea level is controlled by the relative mass of water in the' 

atmosphere and on land, and the volume in the oceans. One mechanism for changing 

the volume of water in the ocean basins is by changing its temperature - it has been " 
estimated that a rise of 1°C over the entire oceanic volume could raise sea level by 

about 60cm (Munk and Revelle, 1952 in Goudie, 1992). 

,
The other mechanism of changing sea level while maintaining a water mass balance 

and constant ocean basin volume is by varying the global ice volume. Glacio-eustasy 

(i.e. sea level variation due to changes in global ice volume) is regarded (Eg. Williams 

r	 at al. 1993, Flint 1957, Matthews 1990) as the most important factor in terms of sea 

level change in the Quaternary. The effects of changing ice volume are complex - an 

increase in ice volume causes a decrease in the volume of liquid water in the ocean 

basins and therefore drives regression. But the ocean basins are unloaded by removal 
r-

of water mass, and rise isostatically (this is referred to as hydro-isostasy). Similarly,' 

increased ice loading causes subsidence of continental crust, and also leads to the 

formation of a glacial forebulge (Williams at al. 1993). This is a broadly ring shaped 

(")	 zone of isostatically high crust surrounding a glaciated region, formed in response to 

the displacement of viscous mantle material from beneath the ice-loaded crust. Local 

subsidence or uplift related to one or more of these processes can also affect 

sedimentation rates, increasing or decreasing sediment loading on continental margins. 
('j 

and thereby affecting sea level at least on a local basis (although whether this can be 

significant globally is arguable). Despite this complexity, the generalisation that 

decreasing ice volume drives transgression is valid, but the distinction between 

Cl	 eustatic and local sea level change becomes blurred. 

('j 

n 
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Other - less important - proposed causes of sea level variation include: (I) filling of 

ocean basins via sedimentation, causing transgression. Higgins (1965) stated that 

based on Gilluly's (1955) estimated rate of continental erosion, sea level would rise 
r, 

by less than I cm per 250 years, although he did qualify this by stating the subsidence· 

of the ocean floor due to sediment loading would offset the sea level rise to a certain 

extent; (2) decantation ofwater from shallow seas (eg. the Baltic Sea) or lakes into the 

(") ocean due to crustal uplift (Goudie, 1992); (3) major orogenic events (in the long term 

these could have eustatic implications, although in the short term they would have 

only local effects); (4) exchange between lakes and the ocean, particularly following 

deglaciation (Flint, 1957); and (5) changes in the shape of the geoid caused by mass. 
n	 redistribution through processes such as mantle flow. These last factors are either very 

slowly varying (such as changes in the shape of the geoid) or not significant in terms 

of overall impact on sea level (e.g. decantation), so are not important in terms of 

Quaternary sea levels. n 

So far I have generally attempted to restrict this discussion to eustatic sea level 

variations. If we were to now consider local effects such as differential uplift and· 
(',	 

local tectonics, volcanism, sedimentation and so on, we might expect to see a very 

complex relative sea level history for any given location, and hopefully a somewhat 

less complex eustatic sea level history. The question then becomes how can we 

determine eustatic sea level history? n 

6) Ways of Estimating Sea Level 

n 
There are a number of techniques used for estimating sea level for the geological 

record, and each is appropriate to a different timescale. 

n 
6.1) Seismic Stratigraphy 

Over the very long term (hundreds of Ma), seismic stratigraphic analysis can be used. 
n	 This type of analysis is based on the recognition that seismic reflectors represent 

physical surfaces (velocity-density boundaries) within the Earth. These boundaries are 

typically stratal surfaces or unconformities. 

n 
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This is significant because stratal surfaces are essentially synchronous with respect to 

geological time, while unconformities represent time breaks. The basic unit of seismic 

stratigraphy is	 the seismic sequence. This is a largely conformable package of rocks 
o 

bounded by unconformities or their correlative conformities, and thus represents a' 

time stratigraphic unit (Mitchum et aI., 1977). By recognition of important 

relationships between seismic sequences, particularly in terms of reflector 

,. terminations, it can be determined whether or not an individual seismic sequence was 

deposited during a transgressive or regressive phase. Estimates can also be made of 

the magnitude and duration of the event, and post depositional structural deformation 

can be studied (and compensated for). Using well logs or field data, seismic 
\' 

sequences can be dated and a record of local sea level change can be obtained. 

Obviously individual areas or seismic lines can be affected by local processes, so 

large areas must be considered or comparisons made between different areas to ensure 

r	 that the sea level changes being studied are truly eustatic. Once sufficient data for a 

particular interval of geologic time is compiled, charts of sea level variation can be 

constucted. 

o 
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Figure 3. Part of the eustatic sea level chart from Haq et al. (1987). Note resolution - good for 20 
n 

million year timescale shown here, poor for 250 thousand year period I am interested in. 

n 
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~ 

While charts of this nature have been published for the last 2S0Ma (Eg. Haq et ai., 

1987 and Mitchum et ai., 1977), the highest frequency variation that can be recovered 

has a period of around SOOky and therefore this technique (when used in isolation) 
r 

offers low resolution for the time period I am considering. When combined with other· 

techniques, seismic stratigraphic analysis can be used to study shorter period 

variations - Skene et ai. (1998) used data obtained from a high resolution seismic 

r	 record as input for a model of delta progradation and compared their results to 

Quaternary sea level records. 

South 
8 2 10 61216 

"	 rI I I I J 75I1<1no~ 

150 'g 
,5 
~•

225 ~ 

.ll 
~ 

~	 ~I~; 

400	 300 

375 
',-,.~ 

i i I i I	 i i i i i I II I I I 
20 km 25 km 30 Km 35 km 

~, 100 -L.._	 1-75if.:< 

:;" 7200 24
 

" •E 8
 
~..S 

~ 

,;:<	 225 ~ ~ 300 ,.	 
10 

•• 

t	 

["i.. 
~ ~ ro	 I" • 
~ ~OO 300 

,! B..TrsnsgreS$I~ s'urfaces 

500	 0 ,n l;l >l-~ ____1-375Paleoshorelll\e positions 14 8 

"	 I 
" 

Figure 4. Seismic reflection profile and interPretation from Skene et al. (1998). InterPretation shows 
(j transgressive surfaces labeled by isotopic stage. 

6.2) Oxygen Isotope Data as a Proxy for Sea Level 

(j 

Deep sea sediment oxygen isotope data has been used to estimate sea level for the 

latter part of the Cainozoic. This method relies on the link between ice volume and 

oceanic composition, and the recording of oceanic chemistry by marine organisms. 
(j 

While the technique has some drawbacks, it has the tremendous advantage of not 

being affected by tectonics. 

(j 

Appendix I	 XI Literature Review 



A Geophysical Investigation of the Derwent Estuary 

~ 

The technique is founded on the isotopic fractionation of water molecules that occurs 

during evaporation. Oxygen exists in three different naturally occurring isotopic 
r\	 

forms (i.e. same atomic number, different mass number), but only 0 16 and 0 18 are 

abundant enough to be relevant for our purposes. Since nearly 90% of the mass of a 

water molecule is due to the oxygen atom, a water molecule containing an atom of 

()	 0 18 is significantly heavier than one containing an atom of 0 16 (10% heavier, in round 

numbers). Since heavier molecules require more energy to evaporate, "light" water 

(containing 0 16
) evaporates more easily than "heavy" water (containing 0 18

). This 

means that at any given time, the ratio of "light" to "heavy" water is greater in the. 
() 

atmosphere than in the oceans. When the evaporated water falls as precipitation, some 

returns to the ocean and some falls on land. If the precipitation falls onto an ice sheet, 

it can be incorporated into that ice sheet. During a' period of ice sheet growth, the 

re oceans become increasingly isotopically heavy, i.e. heavy water molecules increase in 

relative abuf\dance as the light water molecules are preferentially evaporated and 

added to the ice sheets and glaciers (Emiliani, 1955). Conversely, if ice sheets melt, 

then isotopically light water is returned to the oceans and the bulk composition of the' 
(",	 

oceans becomes lighter. 

Single-celled marine organisms known collectively as foraminifera absorb carbonate 

from seawater to produce their CaC03 tests (i.e. shells). The carbonate in seawater is r: 
in equilibrium with the water, so when the water becomes isotopically heavy due to 

an increase in the volume of ice on land, the oceanic carbonate also becomes. 

isotopically heavy. As a result, the tests of foraminifera formed during glacial periods 
("') are also isotopically heavy. The tests of dead foraminifera sink to the ocean floor 

where they accumulate as part of the sediments, where they can reach concentrations 

oftens of thousands of individuals per cubic centimeter of sediment. 

(";, 

Because sedimentation is assumed to be basically continuous in the deep ocean, by 

sampling deep sea sediment cores at regularly spaced intervals and making' 

measurements of the isotopic composition of the foraminifera in the sediment, 
("") 

continuous records of foram composition as a function of time can be obtained. This 

data can be used to estimate a number of things (notably oceanic composition as I 

alluded to earlier). 

r: 
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Unfortunately, foraminifera do not quantitatively record the oceanic carbonate 

composition - they also fractionate oxygen isotopes. Fractionation in foraminifera 

varies with the temperature and salinity of the oceanic water. Different species of 

foraminifera fractionate oxygen isotopes to different extents, and different sized 

members of the same species have also been shown to fractionate oxygen in different 

ratios. Further potential problems exist: foram tests may be partially dissolved during 

their descent to the ocean floor depending on the water chemistry. Bioturbation has 

the effect of smoothing out the isotope curve by mixing foraminifera of differing 

compositions, and the highest temporal resolution obtainable from the record is the' 

time required for oceanic mixing (on the order of 0.5 to Ika). Furthermore, laboratory 

limits mean that to make one analysis you typically require twelve individuals to 

make up the required mass of sample, so each analysis is an average (Shackleton, 

1977). 

Despite the potential difficulties with the method, the existing literature places a great 

deal of significance on oxygen isotope data in terms of Quaternary sea level, so it is 

worth reviewing the development of the technique. 

6.2a) A Brief History of Deep Sea Oxygen Isotope Data and 

Paleoceanography. 
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Figure 5. A recent high resolution isotopic record from a single drill hole, plotted against time based on 
the Martinson et al. (1987) chronology. From Kennell (1995). 
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() 

Cesare Emiliani was the first worker to attempt to use oxygen isotope data from 

planktonic foraminifera in deep sea sediments to make inferences regarding 

paleoc1imatic conditions in his seminal paper, Pleistocene Temperatures (1955). 
r, 

Emiliani found that he could correlate events (in terms of negative and positive 

excursions of the isotopic values) between cores from different locations, suggesting a 

global cause for isotopic variation. He therefore introduced the concept of isotopic 

() stages, corresponding to intervals of geologic time (with even stage numbers 

signifying relatively more positive oxygen isotope events, and odd numbers for more 

negative events). Emiliani considered that the oxygen isotope record could be best 

interpreted as a measure ofmean sea surface temperature (SST). 
(") 

Nicholas Shackleton (1967) made a study ofbenthonic species in deep sea sediments, 

and demonstrated that Emiliani was incorrect in his theory regarding SST because if 

r, the benthonic foram data was presented in the same way, it indicated that oceanic 

bottom waters. must have been below freezing point. 

Shackleton considered that the oxygen isotope data recorded principally an oceanic. 

composition (and hence ice volume) rather than temperature signal. He also suggested 
r, 

that it was preferable to study benthonic rather than planktonic foram species, since he 

believed that temperature effects would be smaller for oceanic bottom waters than for 

surficial waters. 

r, 

In 1973, Shackleton and Opdyke published a paper regarding the analysis of 

equatorial Pacific core V28-238. Building on the work of Shackleton (1967), they 

contended that "ice volume, or sea level, may be reliably estimated from the isotope 
\) 

data." (pg. 45). They used a calibration of 0.1 %0 per lam sea level change, and 

compared their sea level curve to independently obtained sea level estimates from 

Barbados (Broecker et al. 1968) and New Guinea (Veeh and Chappell, 1970). 

("> 

I) 

I} 
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n	 Figure 6, The sea level curve derived from core V28-238 by Shackleton and (Jpdyke in 1973, Isotopic 

stages are number according to Emiliani's convention, and data from Barbados (BI, BII and BIII) and. 

New Guinea (NGIII) is shown for comparison. 

n	 Shackleton (1977) went on to compare oxygen isotope records from various cores and 

pointed out that sufficiently high sedimentation rates ( > 5cmlka) are required to 

produce records with temporal resolution of the same order as the mixing time of the 

oceans. 
(j 
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Figure 7. A map presented by Shackleton (1977) showing the location of cares studied using oxygen 

isotopes at that time. 
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c-, 

The next important development came in 1984 with the publication of Oxygen

Isotope Analyses and Pleistocene Ice Volumes by Mix and Ruddiman. They modelled. 

the response of the ocean to ice-volume changes in tenus of isotopic composition, and 

"	 concluded that " ...the isotopic composition of the oceans is probably not linearly 

related to ice volume" (p. 17), and that this " ...does have significant implications for 

paleoclimatic and paleoceanographic interpretation of oxygen-isotope data" (p. 17). 

.~-.., Despite this, Mix and Ruddiman still considered the oxygen isotope record invaluable 

in terms of Pleistocene stratigraphy. 

/'. 

r

.~ 

;:lw -30 "	 "":40 ~50 -10" . 
~'80 of ICE 

Figure 8. Isotopic distribution curves for a 20,000 year time series of ice growth presented by Mix and 

Ruddiman (1984). Their modelling indicated that ice (and oceanic) composition varied with time in a 

non-linear manner. 

" 
Building on the idea that isotopic events could be correlated from core to core, several 

groups published composite core records in 1984. These composite records were 

offered as time scales for the Brunhes chron (i.e. approximately the last 730ka - the 
~ 

Brunhes is the current interval of "normal" magnetic polarity). Imbrie et al. (1984)' 

used orbital tuning on individual cores prior to stacking their data as part of the 

SPECMAP project, and Prell et al. (1984) used a graphic correlation technique to 

produce their reference core. Pisias et al. (1984) used graphic correlation and non" 
linear mapping function techniques (based on inverse procedures) to produce two 

stacked records. 

r 
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r, 

Despite the differences in techniques, the chronologies are very similar. Although 

these reference cores were not constructed to study oceanic composition, the stacking 

process does reinforce global events and helps to eliminate "noise" (i.e. local 

variations) from the data, thereby producing a better estimate of global oceanic 

composition. Stacking processes of this kind are common in geophysics (eg. seismic 

and electromagnetic techniques both stack data to improve the signal to noise ratio). 

,'-..., 

STACKED ,BENTHIC ISOTOPE 'RECORDS" 
(0), -:. ,(bl, ' 

Graphh:ai Correlations /nveree Correlations 
("O~) .	 ( '·OL) 

;'j' ? . ',,',';. ~F'~':., .., 
.. '~ 

1.1,.1' 

,c " :i.I~,O 

,'.; . ,: ',.; _ 1.1 

". 
..
",

,,',.:1,'
00. , . /;00 ••11 

.[. ~i2l:u 

..0",'
E	 ,., 
.~ ...
..,~ 

1i I)'
 
'C• ut.1!
...
 

1,.1r.> 
,000	 .... 

I	 f,U 
'.42 

,~	 
.;... ... 
"',.,1.12. 

1000'

i~II!~~~'",.. '.' 
6 .'=',"""--'.~;;;;'",,=•.0,'.;=¥ " . "3	 . 

, I.' 
'1S00 >~ 

'.1,""1 . 
" 

Figure 9. The stacked isotopic records of Pisias et al. (1984) plotted against depth in their reference 
core. 

("'	 In 1986, Chappell and Shackleton produced a paper regarding oxygen isotopes and 

sea level. They revisited the assumption of Shackleton (1967) that the temperature of 

the oceanic bottom waters is largely invariant and concluded that "...the temperature 

of the abyssal ocean has been an actively varying component of the climate system" 
("") 

(pg. 137). This further degraded the use of the benthic oxygen isotope record as a 

proxy for sea level. 

" The following year, Shackleton (1987) wrote another paper regarding the link 

between ice volume, sea level and oxygen isotopes. 
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n 
In this paper, Shackleton acknowledged that the benthonic isotope record could be 

regarded as, at best, a first approximation for sea level. He then went on to attempt to. 

improve this to a second approximation by trying to eliminate the temperature effect 
(") from a high-resolution benthonic record. Shackleton did this by subtracting a 

planktonic record (from the West Pacific, where it has been postulated that SST is 

basically constant) from the benthonic record to get the difference between the two 

records, and then subtracted this difference (his proxy for the temperature effect) from n 
the benthonic record. 

The resulting scaled sea level curve produced a better match to the sea level curve 
n� independently derived from Papua New Guinea than the (scaled) raw planktonic or 

benthonic records, although it only covered the last 140ka. 
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Figure 10. Shackleton's revised sea level curve (corrected for temperature effects) from 1987. This 

curve provides generally good agreement with the New Guinea data, except for between 30-75ka. 

o Although no-one has attempted to extend Shackleton's 1987 work, a number of 

papers that compare the oxygen isotope record to independently derived sea level 

estimates have been published (Eg. Skene et al. 1998, Piper and Aksu 1992, Chappell 

et al. 1996). Also, the measurement of oxygen isotope data from cores continues,("') 

notably through JOIDES. An example of a recent high resolution record is that of hole 

893A, reported in Kennett (1995). 

(") 
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6.2b) Other Sources of Oxygen Isotope Data. 

Similar oxygen isotope studies can also be canied out on ice cores from stable ice 

sheets, since the oxygen isotope character of accumulating snow and ice records 

climatic variation in the same way as foraminifera do. Although these ice core records 

would appear to be a more "direct" climatic indicator than the deep sea sediment 

record, they are not treated with the same importance in the literature. For a 

discussion of this method, see Dansgaard et al. (1971). Another commonly cited 

indicator of paleoclimatic conditions is the oxygen isotope record of the Devil' s Hole 

calcite ''vein'' - a calcite lined cavern in Nevada. The lining of this cavern records 

changing groundwater chemistry over the past 560ky, and this has been used to 

indicate paleoclimatic conditions. It has not been used to directly estimate sea level, 

but has been compared to the deep sea sediment record, particularly in terms of the 

chronologies such as SPECMAP. See Szabo et al. (1994) or Winograd et al. (1992) 

for more detail. 

6.3) The Fossil Coral Reef Record 
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Figure 11. Coral terraces on Atauro Island near Timor, from Chappell and Veeh (1978). 

Alongside oxygen isotopes, the most important technique for estimating sea levels for 

the latter part of the Quaternary is by dating carbonate terraces, typically isostatically 

or tectonically uplifted. By accurately measuring the modern altitudes of these fossil 
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coral reefs and by making calculations regarding uplift rate, estimates'can be made of 

sea level highstand positions. Radioisotopic dating methods (typically uranium-' 

thorium disequilibrium techniques) are used to constrain the timing of the highstands. 
" When the pioneering studies were undertaken (Eg. Veeh and Chappell, 1970 and 

Broecker et aI., 1968), U-Th alpha spectrometric and radiocarbon techniques were 

used. In modem studies, (Eg. Eisenhauer et aI., 1993 and Bard et aI., 1996), more 

precise U-Th thermal ionisation mass spectrometric (TIMS) techniques are used. 
~. 

It is important to study coral species that grow in the near surface environment for 

maximum accuracy, and for this reason Acropora palmata, a massive species that 

grows within five metres of the water surface (Dodge et aI., 1983) and is not subject 

to post-depositional transport (Matthews, 1990) is typically preferred. It is also 

common (Eg. Veeh and Chappell, 1970, Chappell et al., 1974, Kigoshi (1965) in 

Konishi et al., 1974) to date specimens of Tridacna (giant clams) from these terraces. 

The method generally does not provide information regarding lowstands or' 

intermediate sea level conditions, although Steinen et al. (1973) presented borehole 

data from Barbados that they interpreted as representing lowstand conditions. Much 
(~ 

of the fossil reef data comes from the Huon Peninsula in Papua New Guinea (Eg. 

Chappell, 1983), but similar studies have also been undertaken at other locations 

including Haiti (Dodge et al., 1983), Barbados (Broecker et aI., 1968, Gallup et aI., 

1994), Sumba (Bard et al., 1986), the Atauro Islands (Chappell and Veeh, 1978), the 

Ryukyu Islands (Konishi et al., 1974) and the Houtrnan Abrolhos Islands (Zhu et aI., 

1993). 

r; The method typically assumes a constant uplift rate for the terrace in question, (eg. 

Chappell et al. 1996) although uplift has been demonstrated to be variable temporally 

(Bard et al. 1996). The uplift rate for a particular site can be calculated based on a 

maximum height for the last interglacial ofbetween 2 and 8m above present sea level' 

(Eg. Dodge et aI., 1983) and the elevation of a reef dated at around 125ka from that 

site (since terraces of this age are common). Simple calculations can then be made to 

determine elevations for all observed terrace ages (assuming constant linear uplift). 

,~ 

.r; 

r 
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Figure 12. The northern coast of the Huon Peninsula. The labeled terraces have age equivalents in 
Barbados. 

Newer work, such as that currently underway at the Australian National University by 
John Chappell (see http://wwwrses.anu.edu.au/enproc/EP/Paleof/Sealevel.html). uses 
computer simulations of reef growth to match the observed data, taking into account 
factors such as post-depositional erosion and non-linear uplift. 

In 1992, Peter Smart and David Richards carried out statistical analyses on a database 

of more than 300 published alpha counted dates for coral reefs from various locations. 

They filtered out estimates they considered unreliable - coral recrystallisation is the 

major problem with the technique - and came up with age estimates (in ky) for eight 

discrete high stands: 33.0 ± 2.5, 40.5 ± 5.0, 50.0 ± 1.0, 61.5 ± 6.0,81.5 ± 5.0, 102.5 ± 

2.0, 123.0 ± 13.0, and 129.0 ± 33.0. UnfOltunately they did not perfonn any analysis 

on the reported sea levels deduced for these highstands. 
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Figure 13. A map of coral reeflocations (black dots) used in the Smart and Richards study (1992). 
(' 

Probably the best coral reef record comes from the Huon Peninsula - it is usually this 

record that independently derived sea levels (eg. Chappell and Shackleton, 1986) are 

compared to - partly because it is a much more complete record than others, and 
r· partly because it has been more thoroughly studied (eg. Veeh and Chappell 1970, 

Chappell 1983, Chappell et al. 1996). 

(') 6.4) Other Methods 

As mentioned, the raised coral reef record does not provide information regarding 

lowstands. A novel approach based on salinity changes in the Red Sea and a hydraulic o 
model for flow of water through the Strait of Bab-el-Mandab has been proposed by 

Rohling et al. (1998) to provide information regarding lowstand conditions for the· 

past ·SOOky. The technique relies on increases in salinity due to regression causing 
(") 

adverse living conditions for marine organisms, and the recording of these conditions 

in the sediments of the Red Sea. 

For more recent sea level determinations (eg. the Holocene), fossil coastlines can be 
~ 

studied. 

o 
Appendix I XXII Literature Review 



A Geophysical Investigation of the Derwent Estuary 

However, these tend to be poorly exposed, and little useful global sea level 

infonnation has been gleaned from the fossil coastline record (Pirazzoli, 1993). Over 

the very short tenn (i.e. the last few centuries), tide gauge measurements have been 

made, and today altimeter satellites monitor sea level. However, records for the very 

short tenn are of little use for considering Quaternary sea level variation and therefore 

the implications of these studies (fossil coastlines, tide gauges and altimeter satellites) 

are not considered here. For a more detailed treatment of these methods, see Pirazzoli 

(1993). 

Figure 14. A modem nickpoint in a limestone cliff from Venezuela. Fossil examples of 

geomorphological features such as this can be used to study sea level, but may be difficult to date. 

7) Sea Level for the last 250ky 

Given that there are a number of techniques used to estimate sea level, which is the 

most appropriate for the time period I am considering? The best estimate of sea level 

variation for the past 250ky is obtained from a combination of the oxygen isotope 

record and the coral reef record. As mentioned earlier, the oxygen isotope record can 

(with certain caveats) provide a continuously varying record of ocean composition 

over the entire Quaternary, but one that is only moderately constrained in tenns of sea 

level (since we need to convert a chemical composition record to a sea level record), 

and reasonably well constrained in time using any of the published chronologies 

(since all are very similar). 
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r· 

(1 

The coral reef record is discontinuous (Eg. Smart and Richards, 1992), but very good 

in tenus of dates and quite good in tenus of highstand sea levels. Therefore, by 

calibrating the oxygen isotope record with the coral reef record, a reasonable overall 

estimate of sea level for the late Pleistocene can be made. 

() 

() 

() 

(") 

In my opinion, no one has provided a better isotopic sea level curve than that of 

Shackleton (1987). As recently as 1996, Chappell et al. took the latest (and most 

comprehensive) data from the Huon Peninsula, compared it to Shackleton's isotopic 

curve, and found excellent agreement. The closeness of agreement between the 

datasets suggests that the local factors (i.e. uplift) affecting the Huon Peninsula data 

have been adequately quantified, so the resultant curve is truly eustatic. Unfortunately 

Shackleton's curve only extends back to 140ka, and the coral reef record is sparse. 

beyond about 125ka. To produce a best estimate for the last 250ka, I have combined 

the Shackleto.n (1987)/Chappell et al. (1996) curves with the scaled SPECMAP record 

for the period 140-250ka to produce a composite sea level curve. This approach 

yielded the curve shown below. 
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c~ 

Some of the important features to note are the generally rapid rises ~d slow falls in 

sea level, and the high frequency nature of some of the variations. It is also obvious 

" that the present conditions of high sea level are certainly not representative of the last 

250ky as a whole. 

8) Causes oflce Volume Fluctuations " 

As mentioned earlier, glacio-eustatic variation has been the dominant factor 

controlling Pleistocene sea levels. Therefore, the cause of global ice volume 
I' 

" 

fluctuations is closely linked to Pleistocene sea level studies. The.driving force for ice 

volume change over approximately the last 780ky (Imbrie et aL, 1984) appears to 

have been orbital forcing (Eg. Veeh and Chappell 1970, Martinson et aL, 1987), as 

explained by the Milankovitch Theory (Pillans et aL, 1998). This theory states that 

changes in the parameters (eccentricity, precession and obliquity) of Earth's orbit 

around the sun cause variations in insolation (incoming solar radiation) and thereby 

changes in global ice volume. Eccentricity refers to the "roundness" of Earth's orbit, 
0, 

obliquity refers to the orientation of the axis on which Earth spins, and precession 

refers to the gradual change in the timing of the closest approach that Earth makes to 

the sun on its annual orbit. Each of these parameters has principal frequencies of 

(") variation (eccentricity 100ky, precession 19ky and 23ky, and obliquity 41ky), and the 

parameters are typically combined into a calculated curve for summer insolation at 

65"N (Eg. Pillans et aL, 1998). If this curve is then compared to the deep sea oxygen 

isotope record, it can be clearly seen (and demonstrated statistically, eg Imbrie et aL, 
(") 

1984) that the timing of variations in both curves are strongly correlated (although 

there is obviously a phase difference between the two). However, the relationship 

between orbital forcing and climate variation is not a simple one, and therefore the 

(") amplitudes of ice volume change cannot be simply predicted from the insolation 

curve. Nevertheless, reasonable models of climate variation based on orbital forcing 

have been developed for the latest Quaternary (Berger, 1992). Other factors likely to 

have climatic influence and thereby modify the orbital forcing response include the 
(") 

concentration of greenhouse gases and volcanic dust in the atmosphere and so on. 

(") 
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Variations in albedo due to changing ice volume, cloud cover and so on are also likely 

to have had some influence. 

o 9) South East Tasmania in the Late Pleistocene 

In order to give the sea level variation inferred for the last 250,000 years some local. 

\) context, I have prepared images of south eastern Tasmania at varying sea levels, 

corresponding to various times in the Pleistocene. To do this, I have digitised 

bathymetric charts and combined these with an existing digital elevation model for the 

south eastern portion of the state. For the purposes of this modelling, sedimentation 
(") 

rates, erosion rates and uplift have not been considered, although uplift is suggested to 

have been on the order of >20m in 120,000 years for Mary Ann Bay on South Arm 

(Murray-Wallace and Goede, 1991). However, some allowances have been made for 

(") recent features in the existing landscape. Firstly, Seven Mile Beach has been removed 

from the model, since it is a barrier beach system inferred to have formed in recent 

geological times. Secondly, the bar at the mouth of the Derwent River (see 

bathymetric charts) has been removed, since this feature is interpreted to be a 
(") 

drowned barrier beach (similar to Seven Mile Beach), possibly formed during the last 

sea level rise beginning at l8ka. Since these features probably did not exist in the 

Mid-Pleistocene, they have been removed from the model. 

o 
After digitising the bathymetry, the Topogrid algorithm in ArcInfo was used to create 

a contoured composite of the existing DEM, the digitised bathymetry and also using 

accurately known spot heights from the database of gravity stations for the same area 
n 

as extra control. The data was then imported to ERMapper and water levels applied. 

Note that the model is not quite hydrologically correct since the method used to add· 

the water levels is based on absolute elevation and therefore does generate lakes at 

n� some paleosealevels. While lakes of this nature may have existed briefly during 

regression it is unlikely they were present during transgressive stages. Furthermore, 

lack of published data means that the bathymetry below 300m below present sea level 

(BPSL) is not well constrained. This was not considered to be a major issue since sea 
() 

level is not believed to have fallen below about BOrn BPSL in the last 250ky. 

\) 
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Figure 15. South-Eastern Tasmania as it appears now. The modern coastline is 
shown in red. 
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Figure 16. South-Eastern Tasmania as it may have appeared at the peak of the 
last glacial (18ka - sea level at 125m below present). 

/-~" 

(~ 

r, 
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Figure 17. South-Eastern Tasmania at the peak of the last interglacial at 12Ska. 
Here sea level is Srn above present, and .the Tasman Peninsula is cut off from the 
rest of the state. Bruny Island is also partly submerged, as is much of South Arm. 
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Figure 18. Here sea level is 55m below present, a condition intermediate between 
the extremes of1he last 250ky. While there was no "typical" level for the late 
Quaternary, thiS'ihdepth of exposure occurred around 12 times over the past-
250ky. 
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10) Summary 

Global sea level has varied rapidly and with significant magnitude (greater than 
r 

lOOm) over the last quarter of a million years. Variations have been characterised by 

relatively slow fall of sea level, followed by rapid rises. Sea level has only been 

higher than present levels by a small amount (2 to Srn) in this time, and then only 

once (at around l25ka). Inspection of the sea level curve for the last 250ky indicates '" 
that the present conditions of high sea level are actually relatively "anomalous", and 

for the vast majority of the time sea level has been lower than at present. We have 

found that deep sea sedimentation and coral reef growth can faithfully record 
r 

paleoceanographic conditions for the Quaternary and we have been able to construct 

reasonable models for Late Pleistocene climate based on the Milankovitch Theory. 

Given our good understanding of recent sea levels, is the past the key to the future? 

" Can we predict future sea levels based on the orbital forcing theories and plan 

appropriately? Or more radically, can we make predictions about change and act to 

counter that change? While an understanding of paleoclimatic and paleoceanographic 

conditions is vital in understanding the development of our planet, we may find that 
r 

anthropogenic factors begin to dominate these natural phenomena and influence sea 

level. Some would argue that this is already occurring, and perhaps we can use 

predicted changes due to natural factors to quantify human impact. Whether future sea 

r� level varies due mainly to human or natural influences, the variable nature of 

Quaternary sea levels suggests that the present conditions will not persist indefinitely, 

and therefore sea level will continue to be an important influence on humankind. 

r. 
I: . • 

n!l'" 

0. 

<' 

-
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Appendix 2. Source code for the Fortran 77 program "Heading". 

program heading 

("\ 

('l 

* applies heading test correction to magnetic data 
* look-up table is azimuth (from magnetic north) 
* and correction (corresponding intensity) 
* zero degrees is magnetic north, 180 is magnetic south 
* in the look up table - a declination correction is 
* applied later 

* written by david gibbons in early october 2001 as part 
* ofmy honours work. the spline subroutinues are publicly 
* available code, and were kindly provided by james reid 

\l 
implicit none 

(";, 

("1 

* 

integer nspl,k,l,ij,t 
parameter(nspl=274) 
real azimuth(nspl),correction(nspl),Q(3,nspl),W(3,nspl) 
real RSPLE,fix,angle,radians,pi,rotate 
integer date I ,date2,dayl ,day2,fidl ,fid2,linel ,line2 
real east! ,east2,northl ,north2,depthl ,rrnagl ,cmagl ,cmag2 
real hmag,time2,timel,depth2,rrnag2 
real ett,ntt,btt 

debugging print statement 
print*, "(1) parameters okay" 

("1 

* defines the look up table (LUT) data values, here is angle 
* relative to magnetic north 

data azimuth/O.O,1.32,2.63,3.95,5.26,6.58,7.9,9.21,10.53, 

t:"'J 

C'J� 

\l 

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+� 

11.84,13.16,14.48,15.79,17.11,18.42,19.74, 
21.05,22.3 7,23.69,25.00,26.32,27.63,28.95, 
30.27,31.58,32.9,34.21,35.53,36.85,38.16,39.48, 
40.79,42.11;43.43,44.74,46.06,47.37,48.69,50.01, 
51.32,52.64,53.95,55.27,56.58,57.90,59.22,60.53, 
61.85,63.16,64.48,65.8,67.11,68.43,69.74,71.06, 
72.3 8,73.69,75.01,76.32,77.64,78.96,80.27,81.59, 
82.9,84.22,85.54,86.85,88.17,89.48,90.80,92.12, 
93.43,94.75,96.06,97.3 8,98.69, I00.0 I, 
101.33, I02.64, I03 .96, I05.27, I06.59, I07.91, I09.22, 
110.54,111.85,113.17,114.49,115.80,117.12,118.43, 
119.75,121.07,122.38,123.70,125.01,126.33,127.65, 
128.96,130.28,131.59,132.91,134.22,135.54,136.86, 
138.17,139.49,140.80,142.12,143.44,144.75,146.07, 
147.38,148.70,150.02,151.33,152.65,153.96,155.28, 
156.60,157.91,159.23,160.54,161.86,163.18,164.49, 
165.81,167.12,168.44,169.75,171.07,172.39,173.70, 

('l 
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"

" 

"� 

r, 

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+� 

*�

175.02,176.33,177.65,178.97,179.72,181.03,182.35, 
183.67,184.98,186.30,187.61,188.93,190.25,191.56, 
192.88,194.19,195.51,196.82,198.14,199.46,200.77, 
202.09,203.40,204.72,206.04,207.35,208.67,209.98, 
211.30,212.62,213.93,215.25,216.56,217.88,219.20, 
220.51,221.83,223.14,224.46,225.78,227.09,228.41, 
229.72,231.04,232.35,233.67,234.99,236.30,237.62, 
238.93,240.25,241.57,242.88,244.20,245.51,246.83, 
248.15,249.46,250.78,252.09,253.41,254.73,256.04, 
257.36,258.67,259.99,261.31,262.62,263.94,265.25, 
266.57,267.88,269.20,270.52,271.83,273.15,274.46, 
275.78,277.10,278.41,279.73,281.04,282.36,283.68, 
284.99,286.31,287.62,288.94,290.26,291.57,292.89, 
294.20,295.52,296.84,298.15,299.47,300.78,302.10, 
303.42,304.73,306.05,307.36,308.68,309.99,311.31, 
312.63,313.94,315.26,316.57,317.89,319.21,320.52, 
321.84,323.15,324.47,325.79,327.10,328.42,329.73, 
331.05,332.37,333.68,335.00,336.31,337.63,338.95, 
340.26,341.58,342.89,344.21,345.52,346.84,348.16, 
349.47,350.79,352.10,353.42,354.74,356.05,357.37, 
358.68/� 

debugging print statement� 
print*, "(2) defined azimuths okay" 

(', * the following array is the corrections corresponding to the 
* azimuths in the first array (above) 

data correction/9.18,9.18,9.17,9.16,9.14,9.11,9.08,9.05,9.01, 

(') 

Cl 

(') 

<"') 

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+� 

8.96,8.91,8.85,8.79,8.72,8.65,8.57,8.49,8.40,8.31, 
8.21,8.11,8.01,7.89,7.78,7.65,7.53,7.40,7.26, 
7.12,6.98,6.83,6.68,6.52,6.36,6.2,6.03,5.86,5.68, 
5.5,5.32,5.14,4.95,4.75,4.56,4.36,4.15,3.95,3.75, 
3.54,3.33,3.11,2.9,2.68,2.46,2.23,2.01,1.78,1.56, 
1.33,1.10,0.87,0.64,0.4,0.17,-0.07,-0.30,-0.54, 
-0.77,-1.01,-1.24,-1.48,-1.78,-1.95,-2.19,-2.42, 
-2.65,-2.89,-3.12,-3.35,-3.58,-3.81,-4.03,-4.26, 
-4.48,-4.7,-4.92,-5.14,-5.36,-5.57,-5.78,-5.99, 
-6.20,-6.40,-6.60,-6.80,-6.99,-7.19,-7.37, 
-7.56,-7.74,-7.92,-8.09,-8.26,-8.43,-8.59, 
-8.75,-8.91,-9.06,-9.21,-9.35,-9.49,-9.62, 
-9.75,-9.87,-10.00,-10.11,-10.22,-10.33, 
-10.43,-10.52,-10.61,-10.70,-10.78,-10.86, 
-10.93,-10.99,-11.05,-11.11,-11.16,-11.20, 
-11.24,-11.28,-11.30,-11.33,-11.35,-11.36, 
-11.36,-11.36,-11.36,-11.35,-11.34,-11.32, 
-11.30,-11.27,-11.24,-11.20,-11.15,-11.1 0, 
-11.05,-10.99,-10.92,-10.85,-10.77,-10.69, 
-10.61,-10.52,-10.42,-10.32,-10.21,-10.10, 
-9.98,-9.86,-9.74,-9.61,-9.48,-9.34,-9.19, 

(') 
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-9.05,-8.90,-8.74,-8.58,-8.42,-8.25,-8.08, 
-7.90,-7.73,-7.54,-7.36,-7.17,-6.98,-6.78, 
-6.59,-6.38,-6.18,-5.98,-5.77,-5.55,-5.34, 
-5.13,-4.91,-4.69,-4.47,-4.24,-4.02,-3.79, 

Cl 

("'\ 

(/ 

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+ 

*

-3.56,-3.33,-3.10,-2.87,-2.64,-2.40,-2.17,� 
-1.93,-1.70,-1.46,-1.23,-0.99,-0.75,-0.52, 
-0.28,-0.05,0.19,0.42,0.65,0.88,1.12,1.35, 
1.57,1.80,2.03,2.25,2.47,2.69,2.91,3.13, 
3.34,3.55,3.76,3.97,4.17,4.37,4.57,4.77, 
4.96,5.15,5.34,5.52,5.70,5.87,6.04,6.21, 
6.38,6.54,6.69,6.84,6.99,7.13,7.27,7.41, 
7.54,7.66,7.79,7.90,8.01,8.12,8.22,8.32, 
8.41,8.50,8.58,8.66,8.73,8.80,8.86,8.91, 
8.96,9.01,9.05,9.08,9.11,9.14,9.16,9.17, 
9.18/ 

debugging print statements 
print*, "(3) defined corrections okay" 

* initialise the arrays Q and W to zero 
(") 

do 10 i~1,3
 

Q(i,nsp1)~0.0
 

10 continue 
do 30 k~1,nsp1 

(") Q(i,nsp1)~0.0 

30 continue 

do 20 j~1,3 

WG,nsp1)~0.0 

20 continue� 
do 40 1~1,nsp1
 

WG,l)~O.O
 

40 continue 

i~O 

() 
FO 

*� debugging print statement 
print*, "(4) arrays Q and W zeroed okay" 

(j * open the files. drvrall.loc is the file containing my located 
* magnetic data. drvrall.hed is a new file that the corrected 
* data will be written to 

open(1,fi1e~'mag2k.loc' ,status~'old') 

() open(2,fi1e~'mag2k.hed',status~'unknown') 

* pi is required for radians to degrees conversion 
pi~4.*atan(1.) 

(j 
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~ 

* just so I know the program has made it this far 
print*, "working.... " 

\, * read the data from the files. we need to read two lines, so 
* we can calculate the angle of the line between the two 
* measurement locations 

90 read(l,*,end=999) date I ,dayl ,timeI ,fidl,linel ,eastl,northl, 
+ depthl,rmagl,cmagl(' 

read(l,*,end=999) date2,day2,time2,fid2,line2,east2,north2, 
+ depth2,rmag2,cmag2 

* a variety of IF statements are required. ntt, ett and btt and 
* used to simplify these if statements 

(': 

ntt=north2-northl� 
ett=east2-eastI� 
btt=abs(ett)+abs(ntt)� 

("": * this if statement simply says that if the coordinates ofthe 
* two points are the same, then the fix is zero (because I can't 
* calculate the heading, because the boat hadn't moved) 

if(btt.eq.O.) then 
(' fix=O. 

goto 80 
elseif(btt.ne.O.) then 
continue 
endif 

() 
* these if statements say what to do when successive points have 
* the same easting and different northing, or vica versa. this 
* simply says that we were moving either due east, north, west or 
* south, and is to avoid having a zero numerator or denominator 
* in the angle calculation 

(': 

i~ntt.eq.O.) then 
if(ett.gt.O) then� 
angle=90.� 
goto 77� 

C'i� elseif(ett.lt.O.) then 
angle=270. 
goto 77 

endif 
elseif(ntt.ne.O.) then 

('; continue 
endif 

if(ett.eq.O) then 

("\ 
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if(ntt.gt.O.) then� 
angle=O.� 
goto 77� 
elseiftntt.lt.O.) then� 
angle=180.� 
goto 77� 

endif� 
elseif(ett.ne.O.) then� 
continue� 

endif� 

* this if statement just says to only calculate angles between 
* points on the same line, and contains the angle calculation. 
* the radians to degrees conversion is here too. 

if(line2.ne.linel) then 
goto 80 

elseif(line2.eq.line1) then� 
radians=atan(abs((ntt!ett»)� 
angle=radians*(l80.lpi)� 

endif 

* this if statement turns the output from the last step (which 
* only gives angles ofless than 90 degrees) into "full" angles, 
* i.e. 0 to 360 degrees 

iftntt.gt.O.) then� 
if(ett.gt.O.) then� 
angle=90.-angle� 
elseif(ett.lt.O.) then� 
angle=270.+angle� 
endif� 

elseiftntt.lt.O.) then� 
iftett.gt.O.) then� 
angle=90.+angle� 
elseif(ett.lt.O.) then� 
angle=270.-angle� 
endif� 

endif 

* this step subtracts the difference between grid and magnetic 
* north, and ensures the calculated angle falls between 0 and 
* 360 degrees (note that the variation is cyclic over 360 degrees, 
* but the look up table only contains one 360 degree set of data). 

77 rotate=angle-14. 
if(rotate.le.O) then 
rotate=rotate+360. 
elseif(rotate.gt.360) then 
rotate=rotate-360. 

("; 
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(: 

endif 

* the following lines of code call on the subroutinues RSPLN and 
* RSPLE. these allow for interpolation of any angle between known 

(') * points (from the LUT) using cubic spline interpolation 
* extrapolation is linear beyond the bounds of the LUT 

CALL RSPLN(I,nspl,azimuth,correction,Q,W) 

fix=RSPLE(I,nspl,azimuth,correction,Q,rotate) 

* the next line applies the calculated heading correction 

80 hmag=fix-cmagl 

~ 

* the corrected data is written out, along with the raw data 

write(2,79) date I ,dayI ,timeI,fid I ,lineI ,east I ,northI ,depthl, 
+ rrnagl ,cmagl ,angle,rotate,fix,hmag 

.~ backspace(l ) 

* this is a counter so it is obvious the program is working, it 
* takes a minute or two to run for -60,000 odd points 

r� l=t+1 

print*, "calc number:",t," ...done." 

goto 90 

r 
79 forrnat(i6, Ix,i I, Ix,f7.1,lx,i6,lx,i6, Ix,f9.1 ,1x,fl 0.1, 

+ Ix,f5.1, Ix,f8.2,lx,f8.2, Ix,f5.1,lx,f5.1, Ix, 
+ f5.l,lx,f8.2)� 

999 continue� 
(') 

print*, "done" 

c1ose(l)� 
c1ose(2)� 

Cl 
end 

********************************************************************* 
** 

(') * 
SUBROUTINE RSPLN(Il ,I2,X,Y,Q,F) 

* ... DETERMINES CUBIC? SPLINE COEFFICIENTS 

(') 
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* 
*� ... PUBLIC DOMAIN, ORlGINAL SOURCE UNKNOWN 

* 
DIMENSION X(I2),Y(I2),Q(3,I2),F(3,I2),YY(3)� 
EQUIVALENCE (YY(l),YO)� 
DATA YY/3*0./� 
J1 =11+1� 
YO=O.� 

* BAIL OUT IF THERE ARE LESS THAN TWO POINTS TOTAL. 
IF(l2-11 )13,17,8� 

8 AO=X(JI-l)� 
* SEARCH FOR DISCONTINUITIES. 

DO 3 I=JI,I2 
BO=AO 
AO=X(I) 
IF(AO-BO)3,4,3 

3� CONTINUE 
17 J1=JI-l� 

12=12-2� 
GOT05� 

4� JI=JI-l� 
J2=1-3 .� 

* SEE IF THERE ARE ENOUGH POINTS TO INTERPOLATE (AT LEAST 
THREE). 
5 IF(J2+1-JI)9,10,11 
* ONLY TWO POINTS. USE LINEAR INTERPOLATION. 
10 12=12+2� 

YO=(Y(J2)-Y(JI»/(X(12)-X(J 1»� 
DO 15 J=I,3� 
Q(J,JI)=YY(J)� 

15� Q(J,12)=YY(J)� 
GO TO 12� 

* MORE THAN TWO POINTS. DO SPLINE INTERPOLATION. 
11� AO=O.� 

H=X(JI+ 1)-X(Jl)� 
H2=X(JI +2)-X(JI)� 
YO=H*H2*(H2-H)� 
H=H*H� 
H2=H2*H2� 

* CALCULATE DERIVITIVE AT NEAR END. 
BO=(Y(JI)*(H-H2)+Y(JI+1)*H2-Y(JI+2)*H)NO 
Bl=BO 

* EXPLICITLY REDUCE BANDED MATRIX TO AN UPPER BANDED 
MATRIX. 

DO 1 I=JI,12 
H=X(I+1)-X(I) 
YO=Y(I+l)-Y(I) 
H2=H*H 
HA=H-AO 
H2A=H-2.*AO 
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H3A=2.*H-3.*AO� 
H2B=H2*BO� 
Q(l,I)=H2/HA� 
Q(2,I)=-HA/(H2A*H2)� 
Q(3,I)=-H*H2A1H3A� 
F(I,l)=(YO-H*BO)/(H*HA)� 
F(2,I)=(H2B-YO*(2.*H-AO))/(H*H2*H2A)� 
F(3,l)=-(H2B-3.*YO*HA)/(H*H3A)� 
AO=Q(3,l)� 

I� BO=F(3,l) 
* TAKE CARE OF LAST TWO ROWS. 

I=J2+I 
H=X(I+ I)-X(l) 
YO=Y(l+1)-Y(l) 
H2=H*H 
HA=H-AO 
H2A=H*HA 
H2B=H2*BO-YO*(2.*H-AO) 
Q(l,l)=H2/HA 
F(l,I)=(YO-H*BO)/H2A 
HA=X(J2)-X(l+I) 
YO=-H*HA*(HA+H) 
HA=HA*HA 

* CALCULATE DERIVITIVE AT FAR END. 
YO=(Y(I+I)*(H2-HA)+Y(l)*HA-Y(J2)*H2)/YO 
Q(3,I)=(YO*H2A+H2B)/(H*H2*(H-2.*AO)) 
Q(2,l)=F(l ,l)-Q(I ,l)*Q(3,l) 

* SOLVE UPPER BANDED MATRIX BY REVERSE ITERATION. 
DO 2 J=JI,J2 
K=I-1 
Q(1,I)=F(3,K)-Q(3,K)*Q(2,I) 
Q(3,K)=F(2,K)-Q(2,K)*Q(1,l) 
Q(2,K)=F(1,K)"Q(1,K)*Q(3,K) 

2� I=K� 
Q(l,l)=B1� 

* FILL IN THE LAST POINT WITH A LINEAR EXTRAPOLATION. 
9 J2=J2+2 

DO 14J=1,3� 
14 Q(J,J2)=YY(J)� 

* SEE IF THIS DISCONTINUITY IS THE LAST. 
12 IF(J2-I2)6,13,13 

* NO. GO BACK FOR MORE. 
6� JI=J2+2� 

IF(JI -12)8,8,7� 
* THERE IS ONLY ONE POINT LEFT AFTER THE LATEST DISCONTINUITY. 
7 DO 16 J=1,3 
16 Q(J,I2)=YY(J) 

* FIN!. 
13� RETURN� 

END� 
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n 

* 
* 
********************************************************************* 

* 
!"', , FUNCTION RSPLE(II,I2,X,Y,Q,S) 

* 
* ... SPLINEEVALUATION 

* 
* ... PUBLIC DOMAIN, ORIGINAL SOURCE UNKNOWN 

() * 
DIMENSION X(I2),Y(I2),Q(3,I2)� 
1=0� 
II=I2-1� 

* GUARANTEE I WITIIIN BOUNDS.� 
I=MAXO(I,Il)�

() 
I=MINO(I,II) 

* SEE IF X IS INCREASING OR DECREASING.� 
IF(X(I2)-X(II))1,2,2� 

* X IS DECREASING. CHANGE I AS NECESSARY. 
I IF(S-X(I))3,3,4 

() 4 1=1-1 
IF(I-Il) I 1,6,1� 

3 IF(S-X(I+1))5,6,6� 
5 1=1+1� 

IF(I-II)3,6,7 
n * X IS INCREASING. CHANGE I AS NECESSARY. 

2 IF(S-X(I+I))8,8,9 
9 1=1+1 

IF(I-II)2,6,7� 
8 IF(S-X(I))10,6,6� 
la 1=1-1�r. 

IF(I-Il) I 1,6,8� 
7 I=II� 

GOT06� 
11 I=Il� 

* CALCULATE USING SPLINE COEFFICIENTS IN Y AND Q.r. 6 H=S-X(I)� 
RSPLE=Y(I)+H*(Q(I,I)+H*(Q(2,I)+H*Q(3,I)))� 
RETURN� 
END� 

* o * --------------------------------------------------------------------------------------------

("') 

r.� 
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Cl 

Appendix 3. Source code for the Fortran 77 program "geo2utm". 

* TIlls program calculates Redfearns Formulae, to convert 
* Latitude/Longitude to EastingINorthing ofAMG zone 55 (AGD66) 

(") * WrittenAug 2001, by David Gibbons ;-) 

program ge02utm 

* declare the variables 

c 
implicit none 

double precision a,f,z,cm,zw,c,fe,fu,lat,long 
double precision east,north,pi,e2,e4,e6,m,sI2 
double precision sl,s21,s41,s61,cl,cl2,cl3,finv 

(") 
double precision cl4,cl5,cl6,cl7,aO,a2,a4,a6 
double precision t,0,e,terml,term2,rho,p,nu 
double precision term3,term4,t2,t3,t4,t5,t6 
double precision 02,03,04,05,06,07,08,p2,p3,p4 
double precision term5,term6,term7,term6a,term6b 

(") double precision eastcalc,northcalc,e,clat,clong 
integer iii,flagl ,flag2,flag3 

pi=3.l41592653589790 

(")� * okay, lets get some data! ! 
* open the files 

print*, "This program converts from lat/long to UTM." 
print*, "Ifyou wish to continue, you will need a file" 
print*, "with longitude in column I and latitude in" c 
print*, "column 2. This file must be named 'input'"� 
print*, "(without the quote marks, and no extension)."� 
print*, "This program is only set up for zone 55."� 
print*, "Do you wish to continue?"� 
print*, "Enter I for yes, 2 for no."� 

(") 
read*, flagl 

if (flagl.eq.2) then� 
goto 110� 
elseif (flagl.eq.l) then� 

(") continue� 
endif� 

open( I,file='input',status='old')� 
open(2,file='output',status='unknown')� 

c 
print*, "Does your input file have a header line?"� 
print*, "Enter I for yes, 2 for no."� 
print*, "Note: if it has more than I header line,"� 

(") 
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" 
print*, "please quit (3) and edit it." 
read*, flag2 

if (flag2.eq. 1) then 
("')� read(l,*) 

elseif (flag2.eq.2) then 
continue 
elseif (flag2.eq.3) then 
goto 110 
endif("') 

print*, "Time to choose a datum! Would you" 
print*, "prefer your output as AGD66 using" 
print*, "the ANS ellipsoid, or as GDA94 using" 
print*, "the GRS80 ellipsoid? Note that the" 

("') print*, "GRS80 and WGS84 ellipsoids are" 
print*, "identical for all practical purposes." 
print*, "Enter 1 for AGD66, 2 for GDA94." 
read*, flag3 

("') if(flag3.eq.l) then 
a=6378160. 
elseif (flag3.eq.2) then 
a=6378137. 
endif 

("') 

if (flag3.eq.l) then 
finv=298.25 
elseif(flag3.eq.2) then 
finv=298.2572221 01 
endif("') 

. t* "W k' " pnn, or mg..... 

* read the coordinates from the input file 
iii=O 

("') 

20 read(l,*,end=100) 10ng,lat 

if (lat.ge.O) then 
clat=lat*-1. 

("') elseif (laUt.O) then 
c1at=lat 
endif 

c1at=(c1at/I80.)*pi 
("')� c1ong=long-147. 

c1ong=(c1onglI80.)*pi 

iii=iii+1 

("') 
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pi=3.l4l592653589790� 
sl=sin(clat)� 
sI2=sl**2.� 
s2l=sin«2.*clat))� 
s41=sin« 4.*clat))� 
s61=sin«6.*clat))� 
cl=cos(clat)� 
cl2=cl**2.� 
cl3=cl**3.� 
cl4=cl**4.� 
cl5=cl**5.� 
cl6=cl**6.� 
cl7=cl**7.� 

* some parameters 
* zone number, z 

z=55. 
* longitude of central meridian, I 

cm=147. 
* zone width (degrees), zw 

zw=6. 
* central scale factor, c 

c=O.9996 
* false easting, fe 

fe=500000. 
* false northing, fn 

fn=lOOOOOOO. 

* e-squared is eccentricity 

f=l./finv� 
e2=(2.*±)-(f*±)� 
e=sqrt(e2)� 
e4=e**4.� 
e6=e**6.� 

* To calculate Redfearns Formula, we calculate the length of an arc on a meridian (m) . 
* To do this, we use a series expansion. The following four terms are part of the 
* series expansion (aO, a2, a4 and a6) 

aO=1.-(e2/4.)-«3. *e4)/64.)-«5.*e6)1256.)� 
a2=(3.18.)*(e2+(e4/4.)+«15. *e6)/l28.))� 
a4=(15.1256.)*(e4+«3.*e6)/4.))� 
a6=(35.*e6)/3072.� 

m=(a*aO*clat)-(a*a2*s21)+(a*a4*s41)-(a*a6*s61) 

* We also need the radius of curvature for a given latitude 
* so here we have introducing rho, nu and p (short for psi) 

Appendix 3 III 



A Geophysical Investigation of the Derwent Estuary 

r, 

l) 

rho=a*(I.-e2)/((1.-(e2*sI2»**(3 ./2.» 
nu=aI((I.-(e2*sI2»**0.5) 
p=nuirho 

* time for some more parameters, t and 0 (short for omega) 

l) 

l) 

l) 

t=tan(clat) 
o=clong 
t2=t**2. 
t3=t**3. 
t4=t**4. 
t5=t**5. 
t6=t**6. 
02=0**2. 
03=0**3. 
04=0**4. 
05=0**5. 
06=0**6. 
07=0**7. 
08=0**8. 
p2=p**2. 
p3=p**3. 
p4=p**4. 

l) * some more terms used to calculate the easting 

term1=(02/6)*cl2*(P-t2) 
term2=(04/120)*cl4*((4*p3)-(24*t2*p3)+p2+(8*p2*t2)+t4-(P*2*t2» 
term3=(06/5040)*cl6*(61-(479*t2)+(179*t4)-t6) 

l) 
eastcalc=(c*nu*o*cl)*(1+terml +term2+term3) 

east=eastcalc+fe 

l) 
* now for the northing, which is even more complicated 

l) 

terrn4=(02/2.)*nu*sl*cl 
terrn5=(04/24.)*nu*sl*cl3*((4.*p2)+p-t2) 
term6a=(06/720.)*nu*sl*cl5 
term6b=(((8.*p4)*(II.-(24.*t2»)-((28.*p3)* 

+ (1.-6.*t2»+(p2*(1.-(32.*t2»)-p*(2.*t2)+t4) 
term6=term6a*term6b 
term7=(08/40320.)*nu*sl*cl7*((1385.-(3111.*t2)+(543.*t3)-t6» 

l) 

northcalc=c*(m+term4+term5+term6+term7) 

north=northcalc+fn 

* The following lines are debugging code. 

n 
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(1 

* if (iii.eq.l) then 

* print*, clat,sl,cl,o 
('") * endif 

* write the new coordinates to file 2, along with the original coords 

write(2,SOO) east,north
('") 

500 format(f9.l ,lx,f8.1,1 x,fl 0.1) 

goto 20 

r") 100 continue 

print*, "Completed. Your output has been" 
print*, "written to a delimited ASCII file" 
print*, "called 'output'." 

\) 

goto 120� 

110 print*, "Aborted."� 

t:"; 120 close(l) 
close(2) 

end 

\) 

(j 

\) 

,\) 

(j 
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Appendix 4. Source code for the QuickBasic program "Locate". 

The following is the code for a QuickBasic (QB) program written by Michael Roach 
to interrogate the GPS log files and provide eastings and northings for any inputted 
time. This was used to assist in locating the seismic data. The program is called 
'Iocate.bas'. The addition of 17 seconds to msec in line 33 is a modification I added to 
correct for the time difference between the clock used for the seismic timestamping 
and the GPS clock. The GPS logs for different days can be interrogated by changing 
the input filename in line 2. 

DIM day(lOOOO), tim(IOOOO), east(lOOOO), north(lOOOO) 
OPEN "30th.txt" FOR INPUT AS #1 
CLS 
PRINT "Reading GPS data..... " 
n=O 
DO WHILE NOT EOF(l) 

LINE INPUT #1, a$ 
n=n+1 
day(n) = VAL(MID$(a$, 1,2» 
hour = VAL(MID$(a$, 10,2» 
minute = VAL(MID$(a$, 13,2» 
second =: VAL(MID$(a$, 16,2» 
IF hour + 10> 23 then 

day(n) = day(n) + I 
tim(n) = hour - 14 + minute 160 + second 13600 

ELSE 
tim(n) = hour + 10 + minute 160 + second 13600 

END IF 
east(n) = VAL(MID$(a$, 19,8» 
north(n) = VAL(MID$(a$, 28 , 9» 
'IF day(n) = 27 then b$ = INPUT$(l) 
'PRINTa$ 
'PRINT n, day(n), tim(n), east(n), north(n) 

LOOP 
CLOSE 
m=O 
DOWHILEm=O 
mday= 30 
INPUT "Hour (se 24hr clock): "; mhour 
INPUT "Minute: "; mmin 
INPUT "Second: "; msec 
PRINT mhour, mmin, msec 
msec = msec + 17 
IF msec > 59 THEN 

mmin = mmin + I 
msec = 60 - msec 
END IF 

IF msec < 0 THEN� 
mmin = mmin - I� 
msec = 60 - msec� 
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("\ 

END IF 
IF mmin > 59 THEN� 

mhour = mhour + 1� 
mmin = mmin - 60� 

(")� END IF 
PRINT mhour, mmin, msec 
mtim = mhour + mmin I 60 + msec I 3600 

FORi=2 TOn 
IF day(i) = mday THEN 

IF tim(i - 1) < mtim AND tim(i) >= mtim THEN (") 
meast = east(i - 1) + (mtim - tim(i - 1» I (tim(i) - tim(i - 1» * (east(i)

east(i - 1) 
mnorth = north(i - 1) + (mtim - tim(i - 1» I (tim(i) - tim(i - 1» * (north(i) 

- north(i - 1» 
PRINT STR$(meast) + "," + STR$(mnorth)

(") 
PRINT� 
GOTO NextMag� 

END IF� 
END IF� 

NEXTi� 
r NextMag:� 

LOOP� 
END� 

r 

,~ 

(', 

("\ 

r 
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Appendix 5. The Seismic Unix shell script used for acoustic finite 
differencing. 

#! /bin/sh 
# Author: John Stockwell modified by Michael Roach 
# many, many more mods by David Gibbons 
WIDTH=500 
HEIGHT=500 
WIDTHOFF1=550 
WIDTHOFF2=20 
HEIGHTOFF1=50 
HEIGHTOFF2=O 

xsmin=O 
xsmax=766 
n1=lOOO d1=1 fl=O. 0 labell= "Depth (m)" 
n2=766 d2=1 f2=O.O labe12="Distance (m)" 
zs=l hsz=l vsx=380 verbose=2 
tmax=2.5 mt~lO fpeak=4000 fmax=8000 

unif2 <� t~sman_new.mod nx=766 nz=200 ninf=6 \ 
dx=l dz=5 fx=O fz=O \ 
v=1500,1050,1600,1700,2000,4000,8000 

method=linear > vel.out 

unif2 <� tasman_new.mod nx=766 nz=200 ninf=6 \ 
dx=l dz=5 fx=O fz=O \ 
v=1,1.5,2,2,2.2,2.8,2.9 method=linear > den.out 

xs=$xsmin� 
while [ $xs -le $xsmax ]� 
do� 

sufdmod2 <vel.out nz=200 dz=5 nx=766 dx=l verbose=2 \ 
fpeak=4000 fmax=8000 dfile=den.out nt=30001 \ 
xs=$xs ssfile=$xs zs=$zs \ 
tmax=2.5 abs=O,l,l,l mt=20 > model.out 

xs='bc -1 «END 
$xs + 4� 

END'� 
done� 

exit 0 
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The following is the input for the shell script shown above. 

, 

'-~,	 0 0 1 -99999 0 42 
1 -99999 0 21 42 61j¥ 

I 0 12 42 22 83 90
/1 42 14 83 27 125 85 

83 16 125 30 167 90 
125 17 167 36 209 70~ 167 20 209 41� 251 55i\,i,~ 

f1-' 209 19 251 44 294 47 
251 18 294 45 338 48 
294 20 338 42 379 46 
338 22 379 42 422 47 

, 379 25 422 44 481 51 
...l.;/' 422 25 481 48 575 52'A 481 27 575 49� 636 50i~ 

I I� 575 29 636 45 679 49 
636 31 679 46 721 49'\1 

....,~	 679 35 721 42 766 37 
\ 

t 
~';l 721 38 766 35 1 -99999 

766 28 1 -99999 0 46 
1 -99999 0 40 42 65 
0 16 42 52 83 100 
42 19 83 83 125 100 
83 21 125 79 167 100 

~~ 

/1� 125 24 167 78 209 100� 
167 26 209 61 251 100�

i 209 30 251 45� 294 100 
\ I
\\ . 251 31 294 46 338 100\,\ 294 36 338 45 379 100 
--:J'~t 338 41 379 44� 100

I"~ 

422 
379 41 422 46 481 100 

i' i 422 42 481 50 575 100 
481 47 575 51 636 100'l 575 47 636 47 679 100I 

'>'t� 636 44 679 48 721 58 
l/of 679 45 721 44� 766 38 
o I� 721 40 766 36 1 -99999
I ' 766 34� 1 -99999 
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