
 

Rowena Schenck 

A Thesis submitted for the degree of 

Master of Science 

University of Otago 

Dunedin, NZ 

January 31st, 2020 

A Last Glacial Maximum to Present Paleoenvironmental Investigation of Port Pegasus, Stewart 

Island, New Zealand 





Abstract 

Almost all modern-day estuaries evolved during the Holocene and contain sedimentary 
sequences that preserve the evolution of these coastal environments. Incised-valley fill 
sequences in estuaries often contain facies that illustrate the transition from terrestrial to 
marine conditions during post-glacial sea-level rise. The timing of sea-level rise and 
inundation can be constrained by dating these transitions, and geochemical 
characterization of the facies exposed in sediment cores provides information about the 
ways in which sea-level incursion has altered the sediment deposition and carbon 
accumulation in these environments. Coastal margins are known to be hot spots of carbon 
accumulation and burial and important components of the global carbon cycle. However, 
more information is needed to fully understand carbon sequestration processes, rates, and 
variability, particularly as sea-level begins to rise again after the Holocene still stand 
(7.5-7.3 ka).  
 
The location of this study, Port Pegasus, is an incised valley estuary located on the 
southeast margin of Stewart Island, New Zealand, at 47°S. Multibeam bathymetric 
surveys in combination with tide and catchment data are used to characterize Port 
Pegasus as a drowned valley, mixed energy estuary with low fluvial input and sediment 
depocenters within its back basins, and seismic surveys are used to identify and interpret 
the stratigraphic fill as a transgressive sequence. Five sediment cores sample terrestrial to 
marine flooding surfaces and sedimentary depocenters and are analyzed for physical 
properties, paleomagnetic parameters, elemental data, and bulk carbon and nitrogen 
concentrations and stable isotopes. Radiocarbon ages date the terrestrial to marine 
transition, identified using geochemical data, and the flooding of Port Pegasus at -22 m to 
11.6-11.1 ka. Carbon accumulation rates show that zones of high carbon accumulation 
shifted from a terrestrial depocenter in the central basin of the inlet with an accumulation 
rate of 10 g C m-2 yr-1 to the present-day marine depocenters in the isolated back basins 
with an average rate of 19 g C m-2 yr-1, suggesting that sea-level incursion had a 
significant influence on carbon accumulation dynamics in the estuary. The source of the 
organic carbon has also changed; the underlying facies shows a clear abundance of 
terrestrial organic matter, whereas all Holocene and modern sediment is dominated by 
marine organic matter. Analysis of back basin sediment cores demonstrates that Port 
Pegasus may be a promising new location for paleoclimate reconstructions of Southern 
Hemisphere westerly wind variability and that cores extracted closer to the fluvial inputs 
in the estuary will likely contain terrestrial signals that vary with the magnitude of 
freshwater flux. This study gives insights into New Zealand Holocene sea-level rise and 
the potential role of meltwater pulses in coastal estuarine formation as well as the 
significant effect of sea-level transgression on coastal carbon storage dynamics and the 
important role that drowned valley systems such as Port Pegasus play in the global 
carbon cycle. 
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Chapter 1 

Introduction 

1.1 Overview 

The last glacial maximum (LGM) and the deglaciation that followed marks the 

most recent major period of natural climate change in Earth’s history that included 

significant warming of the planet. The transitions between glacial and interglacial 

conditions, called terminations, are characterized by rapid shifts in atmospheric modes, 

sea level, and atmospheric CO2 concentration. Thus, understanding the processes that 

triggered the last termination and the systems that emerged from this transition is a major 

goal in paleoclimate research, as these systems exist today and control the present 

climate. 

The last termination began approximately 20 thousand years ago (ka) in the 

Northern Hemisphere (NH) and 18 ka in the Southern Hemisphere (SH), and peak 

interglacial temperatures were reached by 7 ka and 10 ka, respectively (Clark et al. 2009; 

Denton et al. 2010). As the climate shifted from glacial to interglacial conditions, sea-

level also rose ~120 m to its present levels (Clark et al. 2009). This change in sea-level 

was primarily driven by the decay of continental ice sheets (Clark et al. 2009); however, 

this process was not linear (Cronin 2009; 2012), and a better understanding of the 

magnitude, timing, and regionality of sea-level rise events is key in deciphering the 

dynamics of global sea-level change.  

Furthermore, sea level rise has a dramatic effect on coastal environments and 

continental margins (Canuel et al. 2012). These environments play an important role in 
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the global carbon cycle, accounting for up to 90% of Earth’s organic carbon burial 

(Bianchi et al. 2018). Indeed, continental margin systems bury more than ten times the 

amount of carbon buried in the open ocean (Burdige 2005). Because coastal margins –  

watersheds, estuaries and the continental shelf (0-130 m depth) – are particularly 

vulnerable to environmental changes such as sea-level fluctuations (Canuel et al. 2012), it 

is critical to constrain how changing coastal conditions that drive erosion and 

redeposition affect carbon accumulation and burial.  

Estuaries are important coastal features due to both their spatial prevalence and 

capacity to store carbon (Mcleod et al. 2011; Bianchi et al. 2018). Most present-day 

estuaries evolved during the Pleistocene-Holocene transgression following the LGM 

(Morrison and Ellison 2017; Roy 1994), and studying the Holocene evolution of modern 

estuaries can give insights into patterns of erosion, sediment accumulation, and carbon 

burial in coastlines responding to sea level rise (Dalrymple et al. 1992; Morrison and 

Ellison 2017; Woodroffe 2002); however, stratigraphic sequences are not often fully 

preserved in estuaries due to their constant state of change and the likelihood of erosion 

caused by multiple transgressions (Dalrymple et al. 1992).  

Estuaries that occupy incised valley systems are more likely to preserve full 

transgressive sequences than other coastal environments such as beaches and tidal flats 

because of their locations within paleovalleys and their efficiency as sediment traps 

(Demarest and Kraft 1987). Therefore, incised valley estuaries represent valuable 

locations in which to study coastal transgression, estuarine evolution, and carbon 

accumulation along the continental margins (Dalrymple et al. 1992; Morrison and Ellison 

2017; Woodroffe 2002). Insights gained can be used to improve understanding of past 
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sea-level rise and coastal evolution as well as the potential impacts of future climate-

change driven sea level changes (Morrison and Ellison 2017). 

These well-preserved transgressive sequences also have the potential to preserve 

records of climate trends and shifts. Deep estuarine systems such as fjords are commonly 

used to extract paleoclimate records (Dallimore and Jmieff 2010; Hinojosa et al. 2017; 

Knudson, Hendy, and Neil 2011; Paetzel and Dale 2010; Ren et al. 2009; Lembo 2019), 

and though most studies have focused on shallow estuaries as records of sea-level 

change, a growing number have found that they also contain valuable climate records 

(Weckström, Saunders, et al. 2017). Paleoclimate research in estuaries is relatively new 

and still under development; thus, a further understanding of the application of 

paleoclimate techniques and the functioning of proxies in estuarine environments is 

essential (Taffs et al. 2017). Estuarine paleoclimate studies have been undertaken in 

South America (González 1989; Perez, García-Rodríguez, and Hanebuth 2017), eastern 

North America (Canuel et al. 2017; Cronin et al. 2005; Miller, Mudie, and Scott 1982), 

the Baltic Sea (Weckström, Lewis, et al. 2017), and Spain (García Antón et al. 2006), but 

more studies in a variety of locations are necessary to successfully utilize estuaries as 

sites for paleoclimate research, as different environmental factors contribute to estuarine 

variation depending on location, climate, and ocean setting.  

Port Pegasus, located on the southeast margin of Stewart Island, NZ, is a 

promising new location for studying estuarine paleoenvironment and paleoclimate. It is a 

sheltered location with multiple sediment depocenters that preserve both marine 

transgressive sequences and Holocene sediment deposits (McGlone and Wilson 1996). 

The transgressive sequences can be used to constrain the timing of sea level rise in NZ 
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and the accompanying environmental changes, and the more recent Holocene deposits 

can be used for the construction of paleoclimate records. At 47°S, Port Pegasus lies 

within the northern margin of the Southern Hemisphere Westerly Winds (Turney et al. 

2017). This location, between previously constructed records in Fiordland and the 

subantarctic Auckland Islands (e.g. Lembo 2019; Hinojosa et al. 2017; 2019; Knudson, 

Hendy, and Neil 2011; Browne et al. 2017; McGlone, Wilmshurst, and Wiser 2000; 

Anderson et al. 2018), is currently understudied. Therefore, records from Port Pegasus 

can potentially fill in current gaps in our understanding of the spatial variability of the 

westerlies in the southwest pacific. 

This thesis aims to: 

1. Constrain the evolution of Port Pegasus, an estuary in Stewart Island, NZ, 

from the last glacial maximum to present. 

2. Determine a timeline for sea level incursion in Port Pegasus. 

3. Determine if Port Pegasus is a valuable site for obtaining estuarine 

paleoclimate records. 

1.2 Estuaries 

Estuaries are located at the interface between land and sea and are thus defined by 

almost constant change due to a large variety of water and sediment inputs (Scanes, 

Ferguson, and Potts 2017); nevertheless, multiple attempts have been made to define 

estuaries and distinguish between different types of estuaries. These classification 

systems are currently used as a reference point to describe and characterize estuaries.  

The most common definition of an estuary was proposed by Pritchard (1967): “an 

estuary is a semi-enclosed coastal body of water, which has free connection with the 
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open sea, and within which sea water is measurably diluted with freshwater derived from 

land drainage”. However, his definition is limiting in scope, and subsequent studies have 

attempted to extend the definition of estuary to areas without continuous “free 

connection” such as coastal lagoons (McLusky 2004) and those with limited freshwater 

input (Potter et al. 2010). In an effort to view the definition of estuary in the most 

comprehensive and general way possible, this thesis will use the Dalrymple et al. (1992) 

definition: “an estuary is defined as the seaward limit of a drowned valley which receives 

sediment from both river and marine sources and contains geomorphic and sedimentary 

facies influenced by tide, wave, and river processes”. This definition has been chosen 

because it takes into account the energetic influences of tidal, wave, and riverine 

processes, specifies characteristic sedimentary facies, and emphasizes the formation of an 

estuary during changes in sea level.  

1.2.1 Estuarine Circulation 

All estuaries have complex circulation and mixing processes driven by the 

relative influxes of freshwater and saltwater. The rate of overturning circulation controls 

flow velocity and residence time, which influences the movement of sediment, pollen, 

nutrients, plankton and all other water column particulates and dissolved species 

(Wolanski and Elliott 2015). In an idealized, vertically well-mixed estuary, circulation 

and residence time can be estimated using the Land-Ocean Interactions in the Coastal 

Zone model (Swaney et al. 2011). This model considers three fluxes of water: the river 

inflow, the marine inflow, and the mixed, or brackish, outflow (Figure 1.1). In the 

simplest case, less saline, less dense freshwater usually lies over the saltier, denser 

seawater, and these two bodies of water undergo a mixing process at their boundary 
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(Prandle 2009). The vertical mixing across this interface occurs from the surface due to 

wind, from the bottom due to estuary boundaries and bathymetry, and internally due to 

currents driven by tides, wind, and fluvial action (Wolanski and Elliott 2015). In general, 

the mixing processes allow a classification scheme consisting of five different types 

(Wolanski and Elliott 2015): strongly stratified, partially stratified, salt wedge, and 

sill/fjord (Figure 1.1). Estuarine circulation plays an important role in understanding 

paleoclimate and environmental proxies. For example, in fjord systems records of anoxic 

periods in sediment records have been attributed to times of low precipitation that limit 

the rate of estuarine overturning circulation and seawater renewal (Hinojosa et al. 2017). 

Paleoenvironment and paleoclimate proxies found in sediments are transported there 

through the water column, so it is crucial to assess estuarine circulation in a given 

location and how it affects zones of deposition. 



 

21 

 

Figure 1.1 Types of Estuarine Circulation 

Adapted from Wolanski and Elliott (2015). A) Strongly stratified, B) Partially stratified, 
C) Salt Wedge, D) Sill/Fjord (gray arrows represent processes that only occur in winter).



 

 

1.2.2 Classification Systems 

Although their dynamic nature can vary from setting to setting, classification of 

estuaries is useful for distinguishing key morphological features and important processes 

(Skilbeck et al. 2017; Whitfield and Elliott 2011). Estuaries have been classified based on 

morphology, evolution, sediment facies, wave, tide, and river processes, sediment supply, 

and relative sea level. 

The first attempts to classify estuarine systems focused on their water balance and 

hydrology, such as those made by Rochford (1951) on Australian estuaries. A salinity 

and mixing based approach was also used by Biggs and Cronin (1981). Other early 

definitions were based on tidal range and grouped estuaries into three categories: 

microtidal, mesotidal, and macrotidal (Davies 1964; Hayes 1975). Wright and Coleman 

(1973) and later Galloway (1975) followed a different hydrographical approach and 

focused on the relative influence of wave, tidal, and river energy in an estuary. Pritchard 

(1952) proposed a classification based on salinity and marine versus freshwater input, 

which he later refined into a six part classification based on mixing dynamics (Pritchard, 

1967; 1960), but he went a step further than the rest and also included a geomorphic point 

of view that separated estuaries into drowned rivers, fjords, and bar built estuaries.  

Though early classification systems focused on hydrology, many in the field 

believed systems based on geomorphology would be more useful (Fairbridge 1980; Day 

et al., 1989). The first fully geomorphic estuarine classification was proposed by 

Fairbridge (1980) and devised categories based on origin: fjords, drowned river valleys, 

coastal plain estuaries, bar-built estuaries, blind estuaries, delta-front estuaries, and 

tectonic estuaries. Dyer (1997) also used a geomorphologic approach and defined four 
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estuarine systems: coastal plain, lagoon, fjord, and tectonic. Perillo (1995) modified the 

morphological approach of Fairbridge (1980) and proposed a two-tiered system. In this 

framework, estuaries were first split into two groups based on origin: primary, the result 

of terrestrial or tectonic processes, and secondary, the result of marine and river 

processes. The second grouping was based on morphology. Other recently proposed 

classification systems have used a morphological framework and combined it with 

system processes such as ecosystem function (McLusky 2004; Whitfield and Elliott 

2011). 

Following the morphological classifications, new systems were presented that 

combined hydrology, origin, and morphology. These methods focused on the relative 

importance of the wave, tidal, and riverine energy (Galloway 1975; Wright and Coleman 

1973) and its effect on the evolution and morphology of estuaries. This type of system 

was proposed by Dalrymple et al. (1992) and extended by Boyd et al. (1992), and is the 

primary classification system that will be used in this thesis due to its emphasis on 

estuarine evolution. The Dalrymple et al. (1992) classification is based on two estuarine 

populations that represent the extremes of a spectrum of marine processes: tide-

dominated systems and wave-dominated systems. All estuaries lie between these two 

end-points and thus have a range of potential geomorphic and depositional configurations 

(Figure 1.2). The depositional implications of tide- versus wave- dominated systems are 

discussed in Chapter 1.3.   
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Figure 1.2 Tide/Wave Classification System 

Wave, Tide, and River estuary classification scheme adapted from Dalrymple et al. 
(1992), Scanes et al. (2017), and Skilbeck et al. (2017).  

Though the evolutionary classification of Dalrymple et al. (1992) and Boyd et al. 

(1992) provides a useful framework, the location of an estuary must also be taken into 

account. Most classification systems have been based on Northern Hemisphere estuaries, 

and thus care must be taken when studying estuaries in the Southern Hemisphere using 

these systems (Potter et al. 2010). Attempts have been made to create new definitions and 

classification systems in South Africa and Australia (Day 1981; Eyre 1998; Potter et al. 

2010; Roy et al. 2001), and  Hume and Herdendorf (1988) and Hume et al. (2007) have 

proposed estuarine classifications specific to New Zealand systems. The first approach 

proposed for NZ was based on the primary processes that shaped the estuary: fluvial 

erosion, marine/fluvial erosion, tectonic, volcanic, and glacial (Hume and Herdendorf 
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1988). These classes were then subdivided based on morphology (Hume and Herdendorf 

1988). The more recent approach is a hierarchical system that considers global processes, 

hydrodynamic processes, and catchment processes (Hume et al. 2007). In Chapter 2, 

these New Zealand specific systems will be applied in combination with the Dalrymple et 

al. (1992) system in an attempt to fully characterize Port Pegasus, the estuary in this 

study.  

1.3 Incised Valley Fill Systems 

Given their ability to preserve transgressive sequences, incised valley fill systems 

have become important environments for geophysical study, and conceptual facies 

models have been created to help understand how these systems work (Dalrymple et al., 

1992; Zaitlin et al., 1994). A framework for the understanding of incised valley estuaries 

that applies to both wave and tide dominated systems was proposed by Dalrymple et al. 

(1992) and Zaitlin et al. (1994) and will be summarized in this chapter.  

In its simplest form, this conceptual framework consists of three estuarine zones 

defined by the relative influence of marine versus fluvial processes. The outer zone is 

dominated by marine processes and usually consists of a bathymetric high point of sand 

accumulation. The middle zone is a low energy central area where marine and fluvial 

energy are balanced and is usually a basin with mud deposits or a tidal flat with mixed 

sand deposits. Finally, the inner zone is river-dominated and contains a deltaic flood plain 

and fluvial sand deposits (Dalrymple et al. 1992; Zaitlin et al. 1994).  

These environments can also be incorporated into a general stratigraphic 

succession produced by sea level rise in all estuary types. The base of incised valley 

sequences is a paleo valley with an erosional unconformity created by fluvial action. This 
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base is overlain by fluvial deposits, which in turn are overlain by estuarine sediments. 

The contact between these two facies is a flooding, or ravinement, surface, and the upper 

portion of this sequence is usually removed by wave or tide action as sea level continues 

to rise; the amount removed depends on whether the estuary is wave or tide dominated, 

the rate of sea level rise, the rate of sediment input, and the depth of the valley. The basal 

fluvial and fluvial-estuarine sequences have the highest likelihood of being preserved. 

Finally, as sea level stabilizes, highstand estuarine progradational deposits will fill the 

estuary, transitioning to delta, beach, or tidal flats towards the seaward end of the estuary.   

This evolution differs between wave- and tide- dominated estuaries (Figure 1.3). 

In wave-dominated estuaries the central basin contains fine-grained deposits from both 

marine and terrestrial sources, often containing shells and shell fragments. The sediments 

are rarely laminated due to bioturbation and current mixing. In the marine zone of wave-

dominated estuaries coarse-grained beds form parallel to the coast, and when the entrance 

is restricted these beds form as emerged or submerged barriers. Coarse-grained sediment 

from these beds is often delivered into the central basin as a wedge due to wave and wind 

action. In tide-dominated estuaries, the distinction between the three zones is not as clear, 

and river supplied sediment is often reworked into the sand formations in the marine 

zone. Tide-dominated inlets are usually funnel-shaped, and the deeper areas contain sand 

and gravels with fine-grained sediments accumulating in the periphery intertidal zones 

(Dashtgard et al. 2012). Tide-dominate estuaries also contain tidal channels whose size 

and shape is determined by tidal patterns (Carter and Woodroffe 1994; Dalrymple et al. 

1992). 
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Figure 1.3 Tide/Wave Facies Model 

Geomorphic facies model demonstrating evolution of idealized tide-dominated and wave-
dominated estuaries, adapted from Harris (1988), Dalrymple et al. (1992), and Skilbeck et 
al. (2017). 

This depositional framework has been used in seismic studies of estuaries around 

the world. The three zones described have been documented in macrotidal estuaries in 

France and Canada as well as estuaries on the east coast of the United States (Allen and 

Posamentier 1993; Dalrymple and Zaitlin 1994; Foyle and Oertel 1997; Nordfjord et al. 

2006; Schuur Duncan et al. 2000). This concept has also been used in studies of estuaries 
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in New Zealand and Australia (Heap and Nichol 1997; Nichol et al. 2009; Sloss et al. 

2007; Sloss et al. 2005; Sloss et al. 2006). Indeed, Sloss et al. (2010, 2007, 2006) built 

upon the framework in the Southern Hemisphere and have shown that Holocene 

transgressive facies are more extensive than anticipated. This basic structure of an incised 

valley fill is useful in a wide variety of estuarine settings to characterize the conditions 

during marine transgression and can be adapted to nontraditional estuaries to help 

understand why and how they diverge from the norm (Dalrymple et al., 1992). 

1.4 Quaternary Sea Level 

Global sea level rise throughout the Quaternary was primarily driven by the 

growth and decay of continental ice sheets (Denton et al. 2010; Lambeck and Chappell 

2001; Lambeck et al. 2014; Peltier, Argus, and Drummond 2015). Ice sheet volume, in 

turn, is driven by Milankovitch cycles (Denton et al., 2010; Hays et al., 1976; 

Milankovitch, 1941), of variation in the Earth’s eccentricity, obliquity, and procession. 

The main control that ice sheets have on sea level is through changes in water volume, 

but on a regional scale, tectonics, gravitational effects, and glacial isostatic adjustment 

also affect sea level (Williams 1998). During the LGM (24 – 18 ka), when glaciers and 

ice sheets reached their last maximum, the climate was cooler and dryer and sea level was 

approximately 120 m below its current level (Cronin 2009; 2012). After the LGM, 

climate warmed and sea level rose to its present-day level. This rise in sea level was not a 

linear process, but was punctuated by millennial-scale events of rapid sea-level rise, some 

of which are contemporaneous with climate anomalies such as the Bølling/Allerød (B/A) 

warm period (14.65-12.9 ka) and the Younger Dryas (YD) cold period (12.9-11.5 ka) 
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(Cronin 2009; 2012; Harrison, et al. 2019) that are observed in Greenland ice core 

records (Figure 1.4). The mechanisms driving these events are not well understood. 

Indeed, the four post-glacial sea level rise meltwater pulses (MWP), MWP1ao, MWP1a, 

MWP1b, MWP1c (Figure 1.4) generally occurring between 19 and 7 ka are still heavily 

debated, and more information is needed to constrain their extent, timing, and 

mechanisms. MWP1a and MWP1b are the two larger of these four events and were first 

reported in sea level reconstructions from Barbados (Fairbanks 1989).  

 

Figure 1.4 Holocene Sea Level Curve 

An idealized sea level curve with major MWP and climate events, adapted from Harrison 
et al. (2019). 

MWP1ao occurred at ~19 ka, and evidence of this event has primarily been found 

in Northern Hemisphere sites (Harrison, Smith, and Glasser 2019). Sea-level rose by ~10 
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m and the event has been concluded to have had a global reach (Harrison, Smith, and 

Glasser 2019). The first evidence of MWP1ao was found in the Bonaparte Gulf in 

Northwest Australia (Yokoyama et al. 2000): Yokoyama et al. (2000) reported a rapid sea 

level rise event at 19 ka. Further evidence for this event was found in the Irish Sea basin 

(Clark et al. 2004), and the source of the meltwater was hypothesized to be Northern 

Hemisphere ice sheets. MWP1ao has also been reported in other studies from the 

Caribbean and Northern Ireland (Fairbanks et al. 2005; Hanebuth, Stattegger, and 

Bojanowski 2009; McCabe, Clark, and Clark 2005; Peltier and Fairbanks 2006).  

The following meltwater pulse, MWP1a, is most frequently dated at 14.6 and 13.5 

ka with a sea level rise of 20 m, but the source of the meltwater driving the event is still 

not agreed upon (Blanchon 2011). This pulse marks the most rapid period of sea level 

rise known, with rates of ~30-60 mm/yr (Harrison et al. 2019). Fairbanks (1989) 

characterized MWP1a as a rapid sea level rise of 24 m in less than 1,000 years at 13 ka. 

This finding was confirmed by studies in Tahiti (Bard et al. 1996) and Southeast Asia 

(Hanebuth et al. 2000) that reported evidence of MWP1a consistent with that of 

Fairbanks (1989). Many studies since have further supported the existence of this event 

(e.g. Arz et al. 2003; Deschamps et al. 2012; Kilian et al. 2007; Sanborn et al. 2017).   

Though the existence of MWP1a is no longer under question, and an accepted age 

range has been determined, the source of this meltwater pulse is still a subject of much 

debate. Those who first reported and confirmed MWP1a attributed the rapid sea level rise 

to melting of the Laurentide ice sheet (Bard et al. 1996; Fairbanks 1989; Hanebuth et al. 

2000); however, subsequent studies suggested that Antarctica may be a source of a large 

amount of the meltwater (e.g. Bassett et al. 2007; Carlson and Clark 2012; Clark et al. 
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2002; Kopp 2012). Still other recent studies support the original interpretation of a 

Northern Hemisphere source (e.g. Anderson et al. 2014; Gregoire et al. 2016; Ivanovic et 

al. 2017; Tarasov and Peltier 2005). Moreover, modeling work suggests that though the 

predicted timing of Antarctic ice mass loss is consistent with MWP1a, the Southern 

Hemisphere contributed just 2 m of sea level rise during MWP1a (Golledge et al. 2014). 

Studies have also suggested that meltwater pulses from the Southern Hemisphere are 

short and weak relative to Northern Hemisphere pulses (Bassett et al. 2007; Ivanovic et 

al. 2018; Licht 2004), supporting the hypothesis that the Laurentide ice sheet was the 

primary meltwater source. However, other studies report a mixed contribution of 

meltwater from both hemispheres (e.g. Gomez 2015; Liu et al. 2016). In sum, further 

work is required to determine the sources of MWP1a and the implications for present day 

melting.  

MWP1b was a sea level rise pulse of ~20 m dated at approximately 11.5 – 11 ka 

(Blanchon 2011; Dlabola et al. 2015). This pulse was first reported by Fairbanks (1989), 

and subsequent studies from the Western Pacific as well as Barbados, Tahiti, and 

elsewhere in the Caribbean reported findings consistent with the timing of MWP1b 

(Abdul et al. 2016; Bard et al. 1996; Blanchon and Shaw 1995; Liu et al. 2004). 

However, further research has challenged the magnitude of the sea level rise (Bard et al. 

2010) and questioned whether MWP1b was global in extent (Harrison et al. 2019). 

Nevertheless, new studies have found evidence of rapid sea level rise events in 

Argentina, British Columbia, Hawaii, Vanuatu, and New Zealand that may suggest that 

MWP1b was in fact a global event (e.g. Cabioch et al. 2003; Dallimore et al. 2005; 

Dlabola et al. 2015; Guilderson et al. 2000; Hearty et al. 2010; Isla 2013). Fairbanks 
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(1989) attributed MWP1b to the disintegration of Northern Hemisphere Ice Sheets, and 

the studies following agreed with this assessment (Abdul et al. 2016; Bard et al. 1996; 

Blanchon and Shaw 1995). Models have shown that ice loss from Antarctic ice sheets 

does coincide with both MWP1a and MWP1b, but suggest that these were only minor 

meltwater contributions relative to those from the Northern Hemisphere (Bentley et al. 

2014; Golledge et al. 2014). Though there is consensus about the Northern Hemisphere 

source, more research is required to determine if MWP1b was a global event and not one 

of many regional events during the early Holocene sea-level rise.  

MWP1c is currently defined as a sea-level rise pulse of 9-18 m dated between 9 

and 7.6 ka (Blanchon 2011). This event was first identified in the North Yellow Sea and 

dated between 9.5 and 9.2 ka (Liu et al. 2004). This Liu et al. (2004) study found that sea 

level rose 20 m in ~800 years at a rate of ~45 mm/yr. Further evidence for this event was 

found by Blanchon et al. (2002) in the Caymen Islands. At this site, evidence was found 

for a rapid 6-m sea level jump ~ 7.5 ka ago. Further evidence of abrupt cessation of reef 

growth and a rapid sea level rise event has been found in Southeast Florida (Banks et al. 

2007) and Northern Australia (Harris et al. 2008). Evolution of the Chesapeake Bay is 

hypothesized to have occurred after MWP1b during what is potentially a fourth late pulse 

event between MWP1b and 6 ka (Bratton et al. 2002). Furthermore, flooding of Baltic 

Sea basins (Yu et al. 2007), estuarine development in Asia (Hori and Saito 2007), and 

incursion at sites in Singapore (Bird et al. 2007) have been attributed to the final decay of 

the Labrador section of the Laurentide ice sheet and meltwater pulses at ~7.6 ka, ~9-8.5 

ka, and ~9.508 ka, respectively. Though multiple studies suggest a sea level pulse 

occurring after MWP1b, the existence and cause of MWP1c is still under debate. 
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Harrison et al. (2019) suggests that meltwater pulses between 11.7 and 7 ka BP are 

difficult to distinguish and interpret due to the rapid sea level rise that occurred at the end 

of the Younger Dryas Period (12.8-11.5 ka).  

Overall, though the widespread existence of these four significant meltwater pulse 

events is generally accepted, more data is needed to confirm global sea level rise patterns 

and determine the source of each pulse. Large inputs of freshwater into the ocean can 

alter ocean circulation and global climate (Carlson and Clark 2012; Clark and Mix 2002; 

Dutton et al. 2015). Thus, understanding these processes is essential in a currently 

warming world. The meridional overturning circulation is partly driven by density 

differences caused by differences in salinity and temperature (Rahmstorf 2002; Lozier 

2010); large influxes of freshwater into regions of deepwater formation in the North 

Atlantic and along the Antarctic Margin can slow or even shut down the meridional 

overturning circulation (Broecker et al. 1989; Clark and Mix 2002). This type of 

meltwater influence is hypothesized to be the driver of the YD cold period (Broecker et 

al. 1989; Clark and Mix 2002; Flower et al. 2004; Moore 2005; Rooth 1982). Studies also 

suggest MWP1a had an impact on global climate, but there is debate about whether this 

pulse was sourced from the Northern Hemisphere and triggered the YD cold period or 

was sourced from the Southern Hemisphere and brought on the B-A warm interval (e.g. 

Bard et al. 1996; Blanchon & Shaw 1995; Deschamps et al., 2012; Hanebuth et al. 2000; 

Kienast et al. 2003). This continued uncertainty about the timing and impact of meltwater 

and climate events demonstrates the need for more sea level records from a wide range of 

locations. Comparisons of modelled melt scenarios to sea level records in different 

locations can help to pinpoint the source of the freshwater, and these techniques become 
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more robust the more records there are from more locations (Clark et al. 2002; Kendall et 

al. 2008; Milne et al. 2009). 

1.5 Geological Records of post-LGM Sea Level 

A wide variety of indicators in different environments have been employed to 

construct changes in past sea level. These indicators of sea level change can be erosional, 

depositional, abiotic, or biotic, but must have formed while under the influence of a tidal 

process and must be dateable (Morrison and Ellison 2017). Common sea level proxies 

include reefs, fossils within marine and lake sediment cores, geomorphic features, and 

depositional sequences.  

Reef records are constructed using both drowned reefs and uplifted reef terraces 

(e.g. Cabioch et al. 2003; Chappell & Polach 1991; Fairbanks 1989; Lambeck and 

Chappell 2001); knowledge of the survival depth limit of a coral allows sea level curves 

to be created using previously drowned reefs or terraces after correcting for uplift 

(Morrison and Ellison 2017). Organisms that have specific depth zones are also useful 

sea level indicators (Gehrels 2007); these include foraminifera, diatoms, and ostracods. 

These microfossil methods have been used in a variety of studies from around the world 

(e.g. Devoy and West 1979; Dlabola et al. 2015; Tanigawa et al. 2013). Larger shell 

deposits are also used to create sea level curves (e.g. Frenzel and Boomer 2005; 

Guilderson et al. 2000; Lowe et al. 2014; Xue 2013).  

Geomorphic features are another proxy used to construct sea level records. These 

indicators include erosional features such as notches, honeycombs, and sea caves as well 

as depositional features such as microatolls, reef flats, and beachrocks (Pirazzoli 2007). 

For example, atolls in French Polynesia were used to construct a sea level curve for the 
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Pacific (Pirazzoli and Montaggioni 1988; Pirazzoli 1987), bioerosion notches have been 

used to pinpoint the timing of Holocene sea level stillstands (Laborel et al. 1999), and 

cave speleothems in Italy show multiple episodes of sea level rise and fall throughout the 

Quaternary (Antonioli et al. 2004).  

Lastly, and most relevant to the current study, sequence stratigraphy is a common 

interpretive framework for geophysical data used in estuarine environments to create sea 

level curves. Dalrymple et al. (1992), Boyd et al. (1992), and later Heap & Nichol (1997), 

Wilson et al. (2007), and Dawson et al. (2012) have described the processes of estuarine 

infilling and evolution (Chapter 1.3) and have thus made it possible to identify changes in 

sea level through examination of stratigraphic records (Morrison and Ellison 2017). 

These stratigraphic techniques have been utilized to reconstruct sea level changes using 

depositional changes on the Sunda Shelf (Hanebuth et al. 2000), changes in terrigenous 

organic matter content in South China Sea sediments (Kienast et al. 2003), and 

transgressive stratigraphic sequences in estuaries around the world (e.g. Dabrio et al. 

2000; Leorri et al. 2013; Long et al. 1998; Morrison & Ellison 2017). Ideally cores are 

collected in low energy environments, where depositional changes occur due to sea level 

change and not changes in catchment depositional processes such as erosion (Morrison 

and Ellison 2017). The transition within sequences from terrestrial to marine conditions is 

often easily distinguished in the stratigraphic sequences, and the underlying organic-rich 

terrestrial deposits can be dated to identify a maximum age of flooding. Complementary 

microfossil analysis can also be used to characterize subenvironments, including water 

depth, and contribute to a more detailed picture of changing sea level (Edwards 2007).   
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1.6 NZ Holocene Sea Level Studies 

There are multiple studies of late Pleistocene and early Holocene sea level in NZ. 

Gibb (1986), a compilation of sea level points from around NZ, has long been considered 

the ‘de facto’ NZ sea level curve. It indicates transgression of the NZ coast occurred at 30 

m below present sea-level between 10 and 6 ka with stillstands at 9.2-8.4 ka and 7.5-7.3 

ka, with the second stillstand occurring at 9 m below present sea level. Many studies 

broadly agree with Gibb (1986) and date the attainment of present day sea level in NZ at 

6.5 ka (e.g. Abrahim et al. 2008; Davis and Healy 1993; Gehrels et al. 2008; Nichol et al. 

2009; Pickrill et al. 1992); however, recent work by Clement et al. (2016) has pointed out 

multiple problems with the Gibb (1986) curve including its assumption of sea level 

stability over the last 6.5 ka, lack of consideration of regional variability, disregard of 

large uncertainties, and use of uncalibrated radiocarbon ages with relatively large 

analytical error.  

More work is required to understand the regional differences in NZ sea level 

history and their drivers. Marine transgression appears to have culminated earlier in the 

North Island than in the South Island, which could be driven by either the gravitational 

influence of the Antarctic Ice Sheet or by differences in tectonic regimes (Clement, 

Whitehouse, and Sloss 2016). Various studies from locations around NZ using both 

microfossils and coastal sediment sequences report coastal marine incursion beginning 

between at 7.5 and 8.5 ka and accelerated sea level rise at 8.5 ka and 9.7 ka (Abrahim et 

al. 2008; Clement et al. 2010; Dlabola et al. 2015; Hayward et al. 2010; Pickrill et al. 

1992). Moreover, a recent curve constructed by Dlabola (2015) using stratigraphic data 

from Fiordland shows evidence of MWP1b inundating the fjords. Some studies based on 
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beachfaces in the Firth of Thames also report a highstand at 4 ka and ~2 m above present 

sea level (Dougherty and Dickson 2012; Schofield 1960; 1973) as well as a recent 

acceleration in sea level rise (Gehrels et al. 2008; Schofield 1960). Given this wide 

variety of findings, more data points are needed to better constrain the NZ sea level curve 

and pinpoint the timing of mid-Holocene highstands in order to determine the potential 

drivers and better predict future sea level rise and coastal response (Alloway et al. 2007; 

Kennedy 2008). 

1.7 Carbon Accumulation in Continental Margins 

Carbon accumulation and storage in coastal settings is an important part of the 

global carbon cycle. Though traditionally carbon cycle research has focused on either 

terrestrial or ocean settings as carbon sinks, recent research has shown that most marine 

organic carbon (OC) burial occurs along continental margins (Bianchi et al. 2018; 

Mcleod et al. 2011). Estuaries, often termed “hots spots” of organic carbon burial 

(McClain et al. 2003), are characterized by large and rapid inputs of OC (Bianchi et al. 

2018). These inputs are composed of a mixture of plant matter, algal debris, resuspended 

sedimentary OC, and petrogenic carbon derived from weathering of sedimentary rocks 

(Bianchi et al. 2018). Almost all of this OC is originally sourced from primary production 

in the ocean and on land (Bianchi et al. 2018). 

The main controls on the burial of this OC are the relative rates of input and 

remineralization (Bianchi et al. 2018). The main mechanisms governing these rates are 

sedimentation rate, bottom water oxygen content, and sediment dynamics (Bianchi et al. 

2018). For example, estuaries with low oxygen levels in bottom waters, such as areas of 

high eutrophication or fjord environments with isolated basins containing anoxic bottom 
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water, contain large amounts of OC that is preserved due to low remineralization rates 

(Smith et al. 2015; Zimmerman and Canuel 2001). High OC burial can also occur in 

oxygenated waters when sediment supply is higher than the rate of decomposition (e.g. 

Calvert, 1987; Canfield, 1994; Cui et al., 2016); however, the mobility of sediments also 

plays an important role in burial efficiency. Sediments that are frequently resuspended 

and reoxygenated have high OC decay rates regardless of the rate of sedimentation (Aller 

and Blair 2006; Blair and Aller 2012; Keil et al. 1997; Yao et al. 2014). Seasonal changes 

can also trigger “hot moments” in remineralization that change carbon burial dynamics 

(Bianchi et al. 2018). These moments can occur during high flow periods or intervals of 

priming, when the addition of more reactive OC increases the remineralization rate of 

less reactive organic matter (Sampere et al. 2008; Steen, Quigley, and Buchan 2016; Yao 

et al. 2014). The preferential utilization of more reactive OC is a trend seen in many 

coastal systems (Bianchi et al. 2018). Typically modern marine reactive OC is quickly 

cycled, and older terrestrial OC is remineralized at a slower rate (Blair and Aller 2012). 

The type of lithogenic material derived from erosion of the catchment can also affect OC 

burial, where adsorption of OC by inorganic particles can protect the OC from 

remineralization and promote burial (Burdige 2007; Mayer 1994). 

Coastal environments have a unique ability to sequester OC, most often due to a 

combination of large sediment supply and anoxic conditions that promote storage and 

hinder remineralization (Bianchi et al. 2018). Indeed, studies agree that continental 

shelves are the largest carbon sink in the ocean (Hedges 1992; Hedges and Keil 1995); 

river deltas and non-deltaic shelfs bury ~114 Tg C/yr and 70 Tg C/year, respectively, 

whereas open ocean depositional settings only store ~6 Tg C/yr (Burdige 2005). 



 

39 

Moreover, the majority of terrestrially derived organic matter buried in the ocean is 

buried in continental margins (Burdige 2005). Given this disproportionately large 

contribution of coastal environments to global carbon sequestration, it is important to 

understand these systems, their drivers, and how they might be affected by the changing 

climate (Canuel et al. 2012). Coastal environments are particularly vulnerable to rising 

sea levels and are currently being lost at a startling rate due to both anthropogenic coastal 

development and sea level rise (Canuel et al. 2012). These losses are expected to alter the 

ability of the ocean to bury carbon and impact organic matter remineralization rates 

(IPCC 2014; Bauer et al., 2013; Neubauer & Craft, 2009). Sea-level rise is predicted to 

decrease total carbon burial in estuaries, but increased river inputs may increase OC 

delivery to estuarine systems. Due to the dynamic and heterogenous nature of coastal 

systems, we currently lack an understanding of the consequences of these changes for the 

global carbon cycle (Bauer et al. 2013). Thus, further study is needed to assess carbon 

burial in estuaries and extrapolate from a local to global scale about how these 

environments will respond to warming temperatures and rising sea level. 

1.8 Paleoclimate Studies in Estuarine Systems 

Coastal and estuarine settings accumulate and preserve sediment sequences, 

making them attractive targets for extracting paleoclimate records; however, until 

recently fjords were the primary estuarine system used for paleoclimate studies, and 

studies of other shallow estuaries were not as prevalent. Recent studies have 

demonstrated the potential for the use of a wide range of paleoclimate techniques in 

shallow estuaries (Bratton et al. 2003; Yu et al. 2010; Zong et al. 2006; Arz et al. 2003; 

Harff et al. 2011; Dessai et al. 2009; Simkins et al. 2012).  
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1.8.1 The Estuarine Environment 

Estuaries are variable environments where accumulating sediments are influenced 

by tides, catchment erosion, and migration of sedimentary environments, so an 

understanding of what controls the preservation of selected paleoindicators is essential 

for conducting a paleoclimate study in an estuarine setting (Weckström et al. 2017). A 

combination of environmental drivers, estuarine stressors, and biogeochemical and 

ecological processes controls the preservation of paleoclimate proxies in most estuaries 

(Scanes et al. 2017). These processes vary on a wide range of temporal and spatial scales, 

from tidal to millennial and meters squared to latitudes, so the context of any samples 

collected is an important consideration (Scanes et al. 2017). The main factors to consider 

when assessing environmental change in an estuarine environment are salinity, turbidity, 

nutrients, sediment supply, and organic matter (Scanes et al. 2017). 

Salinity is an important factor that shapes the ecology and environment of 

estuaries (Kennish 1986). The salinity gradient, as discussed in 1.2.1 is a defining feature 

of estuaries and is controlled by tidal flow and river input (Biggs and Cronin 1981). 

There are three different gradients that can emerge in estuaries (Pritchard 1952): a 

positive estuary is one in which freshwater input dilutes seawater and creates a 

decreasing salinity gradient from the mouth to the head, a negative estuary is one with an 

increasing salinity gradient from its mouth to its headwaters, and some estuaries have no 

salinity gradient often due to constrained connections with the sea. The salinity system is 

highly dynamic and gives rise to different ecological areas throughout the estuary which 

must be considered (Scanes et al. 2017).  
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Turbidity in estuaries is another important factor to consider in assessing an 

estuarine environment. Turbidity is controlled by input and resuspension of sediment and 

phytoplankton growth and affects light attenuation in the water column, which in turn 

affects primary productivity (Ferguson and Eyre 2010). The tidal range, wave power, and 

wind-driven mixing in individual estuaries determines the turbidity conditions (Scanes et 

al. 2017).  

Nutrients control autotrophic productivity, which is the foundation of estuarine 

ecology (Nixon 1997; Scanes, Ferguson, and Potts 2017). Most nutrients are sourced 

from the surrounding lands of an estuary and enter following periods of rainfall (Scanes, 

Ferguson, and Potts 2017). These nutrients play an important role in determining the 

biogeochemistry of estuarine sediments and thus the preservation of paleo-markers 

(Scanes, Ferguson, and Potts 2017); thus, the cycling of nutrients must be considered in 

choosing proxy methods.  

Finally, estuarine organic matter is a mixture of marine- and terrestrially-sourced 

material. Preservation of organic matter in sediments is controlled by the balance of 

production and consumption as well as physical transport processes (Kemp and Boynton 

1984). In general, catchment-derived organic matter is most important to estuarine 

ecology in turbid systems where primary production is limited (Middelburg and Herman 

2007). Marine organic matter is primarily autochthonous in origin (produced within the 

water column) and can come from phytoplankton, benthic microalgae, macroalgae, and 

seagrasses (Scanes, Ferguson, and Potts 2017). In examining organic matter composition 

and isotopes in a paleoclimate context, an understanding of the estuarine dynamics and 

inputs of organic matter is necessary.  
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The unique functioning of estuarine systems can influence paleoclimate 

investigations in a number of ways. Scanes et al. (2017) summarizes the factors to 

consider in both tide and wave dominated estuaries as follows. In tide-dominated 

estuaries strong currents and flooding can cause scouring, mixing, and resuspension of 

sediment layers as well as spatially and temporally variable zones that behave distinctly 

and prohibit interpretation of cores from different locations. Wave-dominated estuaries 

also have variable zones that must be considered separately as well as potentially scoured 

bottom sediments due to flooding and wave action. The water column conditions, 

nutrients, and organic matter in these individual microenvironments must be considered 

when interpreting data from different areas of an estuary (Scanes et al. 2017). 

1.8.2 Techniques and Previous Studies 

A wide variety of techniques and proxies have been used to study paleoclimate 

and environment in estuaries. These include lipid biomarkers, carbon and nitrogen 

concentrations and isotopes, diatoms, foraminifera, elemental data, paleomagnetism, and 

pollen (Weckström et al. 2017). In this study we will focus on carbon and nitrogen, 

elemental data, and paleomagnetism as techniques to study paleoenvironments in Port 

Pegasus, NZ.  

1.8.2.1 Carbon & Nitrogen 

Carbon to nitrogen ratios, δ13C values, and δ15N values of bulk organic sediment 

can give information about organic matter type and source. Defined ranges exist for C/N 

and δ13C values for C4 and C3 terrestrial plants, marine and freshwater algae, and marine 

and freshwater particulate organic carbon because of the different sources and pathways 
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through which C is incorporated into these materials (Lamb, Wilson, and Leng 2006). 

Nitrogen isotopes can be used to distinguish sources of terrestrial versus marine organic 

matter. In particular, values will differ between algal organic matter and matter sourced 

from land plants due to the difference in nitrogen reservoirs available in the water column 

and on land (Meyers and Teranes 2001). Information on organic matter source can help 

decipher past sea and land level changes and changes in freshwater flux (Leng and Lewis 

2017). Furthermore, intervals of marine incursion are characterized by a shift from 

terrestrial- to marine-dominated organic matter. After post-glacial flooding of the estuary, 

higher terrestrial organic matter within marine systems has been attributed to higher rates 

of precipitation that drive erosion in the catchment (Hinojosa et al. 2017; Lembo 2019). 

Though the use of carbon and nitrogen data is more common in studies in lakes 

and marine environments, this proxy has proven useful in many estuarine environments 

(Leng and Lewis 2017). Studies have found distinct C/N and δ13C gradients in surface 

sediments from the riverine section to the marine reaches in estuaries and coastal settings 

around the world, such as the Eastern United States, the Caribbean, Southern China, 

Scotland, the Gulf of Mexico, the Canadian Arctic, and the Amazon shelf (Corbett et al. 

2007; Goñi et al. 2003; Ruttenberg and Goñi 1997; Yu et al. 2010). Changes in C/N and 

δ13C have also been used as indicators of past sea level change and freshwater input in 

estuaries in the Pearl River Estuary (Southern China) and the Chesapeake Bay (MD & 

VA, USA) (Bratton, Colman, and Seal 2003; F. Yu et al. 2010; Zong et al. 2006). 
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1.8.2.2 Geochemistry 

Major element concentrations measured by x-ray fluorescence (XRF) techniques 

have frequently been used to evaluate past climate and environmental change. The advent 

of high resolution core scanners over the last 10 years has made it possible to rapidly scan 

sediment cores at mm to cm scale to measure elemental ratios and concentrations that can 

be used to evaluate changes in sediment provenance, organic matter source, and primary 

production (Rothwell and Croudace 2015b). Though most studies using geochemical 

proxies have been located in lakes, marine environments, or rivers (Rothwell and 

Croudace 2015b) recent studies have shown that the application of these techniques in 

estuarine environments is effective (Arz et al. 2003; Harff et al. 2011; Hebbeln and 

Cortés 2001; Hinojosa et al. 2017; Lembo 2019; Ren et al. 2009; Møller et al. 2006). 

Studies in the Red and Baltic Seas, both large estuarine systems, have used XRF-

measured iron, titanium, aluminum, silicon, and potassium as indicators of terrigenous 

input (Arz et al. 2003; Harff et al. 2011). Furthermore, multiple studies in estuarine fjord 

systems have used elemental data to indicate changes in detrital input, redox conditions, 

productivity, and sediment composition and source (Hebbeln and Cortés 2001; Hinojosa 

et al. 2017; Lembo 2019; Møller et al. 2006; Ren et al. 2009). Decreases in terrigenous 

matter proxies and increases in marine input proxies can mark times of marine incursion, 

and variations in detrital input can show changes in precipitation patterns (Hinojosa et al. 

2017; Lembo 2019).  

1.8.2.3 Paleomagnetism 

Magnetic parameters can be used to understand transportation and deposition of 

magnetic minerals, which are influenced by many environmental processes (Liu et al. 
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2012). Environmental magnetism techniques are widely used in continental, lacustrine, 

and marine environments (Evans et al. 2003), but are less prevalent in estuarine settings. 

One of the most common magnetic parameters used is magnetic susceptibility, which can 

indicate terrestrial sediment input (Hinojosa et al. 2017). Studies in estuarine 

environments have found a consistent correlation of magnetic susceptibility with 

magnetic grain size and stratigraphic variation (Dessai et al. 2009; B. Liu et al. 2001; 

Sorrel et al. 2009). Magnetic susceptibility is often used as a proxy for freshwater input 

and thus variability of precipitation (Hinojosa et al. 2017; Simkins et al. 2012; Lembo 

2019).  

1.9 Climate Influences in Stewart Island 

1.9.1 Southern Hemisphere Westerly Winds 

The Southern Hemisphere Westerly Winds (SWW) play an important role in 

Southern Hemisphere climate. They are centered between 30° and 60° S, an area with 

very few to no land masses (Hinojosa et al. 2017). The SWW are an important factor in 

controlling Southern Ocean circulation and CO2 upwelling (Anderson et al. 2009; 

Toggweiler, Russell, and Carson 2006), and a positive feedback loop between the 

westerlies and Southern Ocean upwelling has been proposed (Anderson et al. 2009; 

Fletcher and Moreno 2011; Lovenduski et al. 2008; Toggweiler et al. 2006): when the 

westerlies are shifted southward, Southern Ocean upwelling increases and more CO2 is 

released to the atmosphere, which increases temperature and displaces the belt of 

strongest winds further southwards. The southernmost part of NZ is one of the few land 

masses that extends into the northern margin of the SWW belt and is thus an ideal 
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location in which to study past variation in the SWW (Hinojosa et al. 2017; Lembo 2019; 

Trenberth 1991).  

Studies have demonstrated that the SWW vary on seasonal to glacial/interglacial 

timescales (Denton et al. 2010; Lovenduski, Gruber, and Doney 2008; Toggweiler et al. 

2006). Recent observations indicate that along interannual timescales during the last 30 

years, weakening or south-shifted SWW reduce NZ rainfall while strengthening or north-

shifted SWW increase NZ rainfall (Ummenhofer et al. 2009). However, SWW variability 

on centennial to millennial timescales during the Holocene and latest Pleistocene is not 

well understood (Shulmeister et al. 2004). There is also evidence that precipitation trends 

are anti-phased across SH landmasses, with stronger SWW driving high precipitation 

events on western coasts with low precipitation events on eastern coasts (Fletcher and 

Moreno 2012; Fletcher and Moreno 2011; McGlone, Wilmshurst, and Wiser 2000; 

Newnham et al. 2007; Prebble and Shulmeister 2002). Recent studies in South America, 

Southern Africa, and NZ have begun to shed light on SWW trends on these time scales 

(Hahn et al. 2016; Hinojosa et al. 2017; Knudson et al. 2011; Lembo 2019; Moreno and 

Videla 2016; Moy et al. 2008), but more records from understudied regions and regions 

at the northern margin of the westerlies are needed, as the westerlies are predicted to be 

an important feature of 21st century climate (Hinojosa et al. 2017; Lim et al. 2016; Rojas 

2013). 

1.9.2 Southern Annular Mode 

The primary driver of SWW variability along monthly to interannual timescales is 

the Southern Annular Mode (SAM), which is the atmospheric index that generally 

corresponds to the pressure difference between the mid-latitudes and the South Pole 
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(Abram et al. 2014; Marshall 2003). The positive phase of the SAM (+SAM) is 

characterized by low pressure anomalies over the pole, high pressure anomalies over the 

mid-latitudes, a resulting southward shift of the SHWW, and weaker westerlies at the 

mid-latitudes (Thompson et al. 2000). In contrast, the negative SAM phase (-SAM) is 

characterized by the opposite pattern: high pressure anomalies over the pole, low pressure 

anomalies over the mid-latitudes, a northward SWW shift, and stronger westerlies at the 

mid-latitudes (Thompson et al. 2000). +SAM (-SAM) shifts have been shown to cause 

higher (lower) precipitation in southwest NZ (Hinojosa et al. 2017; Ummenhofer et al. 

2009), but strong correlation has only been shown during the 20th century, and this trend 

has not been confirmed on longer timescales (Hinojosa et al. 2017). Recent studies have 

also shown centennial-scale SAM-like variations over the past 11 ka (Fletcher et al. 2018; 

Moreno et al. 2018), as well as a shift to +SAM since the 1970s (Marshall 2003; Moreno 

et al. 2018). This recent shift has been attributed to both the greater size of the Antarctic 

ozone hole as well as rising greenhouse gas emissions and rising temperatures (e.g. 

Abram et al., 2014; Polvani and Kushner, 2002). This anthropogenic influence on the 

SAM suggests the atmospheric mode will be an important player in future climate shifts; 

thus, an understanding of past SAM variation is essential in constraining future change. 

1.9.3 El Niño Southern Oscillation 

A second influence on the strength and latitudinal position of the SWW is the El-

Niño Southern Oscillation (ENSO), which is a coupled ocean-atmospheric climate 

phenomenon that consists of the alteration between warm El Niño and cold La Niña 

events in the eastern equatorial Pacific (Timmermann et al. 2018; Trenberth 1997). El 

Niño events begin with a warmer sea surface temperature in the eastern equatorial 
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Pacific, which affects both heat transport and storm tracks in the northern and southern 

hemispheres and through complex mechanisms can trigger worldwide climate anomalies 

that span weeks to decades (Cobb et al. 2013; Timmermann et al. 2018). Though SAM 

and ENSO are different phenomena, they have been shown to be linked in the south 

Pacific (Ding, Keenlyside, and Latif 2012; Hinojosa et al. 2017; Moreno et al. 2018). In 

Fiordland, El Niño (La Niña) events and -SAM (+SAM) phases have the same effect: 

northward (southward) -shifted SWW and higher (lower) precipitation (Ummenhofer and 

England 2007). Furthermore, ENSO can account for ~20% of hydrological trends in the 

South Island of NZ between 1979 and 2006 (Ummenhofer et al. 2009). However, El Niño 

appears to influence the SWW differently on seasonal and annual timescales across the 

Pacific (Garreaud et al. 2013; Moy et al. 2009), which suggests that during millennial-

scale El Niño changes the SWW could behave asymmetrically as a result of ENSO 

climate patterns (Cobb et al. 2013; Moy et al. 2002). Though studies in the eastern Pacific 

have constructed records of ENSO variation and show a high variation frequency 

between 1.2 and 2.2 ka (Conroy et al. 2008; Moy et al. 2002), more work needs to be 

done to determine how these frequency variations affect different systems and locations 

and assess the relative impact of ENSO and SAM on the SWW (Lembo 2019). 

1.10 NZ Paleoclimate Studies 

Most studies on strength and variability of the SWW have focused on sites in 

Southern South America because it is located within the core of the westerly wind belt 

and regional precipitation is well correlated with the SWW (Rolf et al. 2012). Though the 

South Island and subantarctic islands of New Zealand are located within the northern 

margin of the SHWW and are thus ideal locations for reconstructing wind variability in 
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the southwest Pacific, few SWW studies exist from the region (Figure 1.5). Wilmshurst et 

al. (2002) constructed pollen records from an ombrotrophic bog and suggested a shift 

from warm and wet early Holocene conditions to cool and dry conditions after 3400 yr 

BP and a generally less stable climate regime; Shulmeister et al. (2004) used dust records 

to reconstruct changes in wind speed and found evidence for an early Holocene 

maximum in the SWW; and Lorrey et al. (2008) used speleothem stable isotope records 

to reconstruct South Island temperature shifts. Recent studies have also used sediment 

cores from South Island fjords and lakes to construct centennial to millennial scale SWW 

records, as changes of organic matter source and anoxia in fiord sediments can indicate 

stronger or weaker westerly winds (Hinojosa et al. 2014; 2017; Knudson et al. 2011; 

Lembo 2019; Anderson et al. 2018; Hinojosa et al. 2019). Studies in the subantarctic 

Auckland Islands have also use pollen records and sediment cores to reconstruct 

Holocene SWW (Browne et al. 2017; McGlone, Wilmshurst et al. 2000). Many of these 

studies provide contradicting evidence for SWW behavior (Fletcher and Moreno 2012; 

Fletcher and Moreno 2011; Hinojosa et al. 2017; Knudson, Hendy, and Neil 2011), thus 

more records across a variety of latitudes are necessary to fully understand SWW 

variability and symmetry. 
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Figure 1.5 SWW Map 

Map of the SWW, with previous NZ study sites marked by gray stars and the site of the 
current study marked by a blue star, adapted from Bracebirdle (2019). 

1.11 Summary and Research Questions 

This chapter has described the current state of post-LGM estuarine sea level and 

paleoclimate research and knowledge, the importance of sea level fluctuations to coastal 

systems, and the role of coastal environments in the global carbon cycle. This thesis will 

address the need for further sea-level data in NZ, the gaps in understanding of coastal 

evolution and carbon storage, and the lack of paleoclimate data at 47° S in NZ through 

answering the following questions:  
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1) How has Port Pegasus evolved as an estuary since the last glacial and how has 
this evolution affected patterns of sedimentation and carbon accumulation and 
burial?  
 

2) What is the timing of marine incursion in Port Pegasus? 
 

3) Is Port Pegasus a viable site for collecting sediment records that can be used to 
constrain centennial to millennial scale Holocene climate variability? 

 

These questions will be addressed using multibeam data, seismic data, and 

sediment cores collected in Port Pegasus, Stewart Island, NZ. In Chapter 2, the study site, 

Port Pegasus, is described and characterized as an estuary. In Chapter 3, the methods 

used in the field and lab are detailed. In Chapter 4, the results from the acoustic methods 

are described; this chapter includes both multibeam and seismic results, which are used to 

interpret the incised-valley fill facies of Port Pegasus and the preserved transgressive 

sequence. In Chapter 5, the sediment core results are presented. These results include the 

physical properties of the cores and the radiocarbon dates and models as well as the 

paleomagnetic and geochemical data. In Chapter 6, these data are used to reconstruct a 

time series of marine incursion, as well as changes in the environment of the inlet and 

Holocene precipitation-driven erosion records: dating the transitions between the seismic 

facies of the transgressive sequence allows for the timing of sea level incursion to be 

reconstructed; carbon and nitrogen concentrations and stable isotopes will be used to 

determine the zones of carbon storage in the inlet and the ways these have changed from 

the LGM to present; and environmental proxies are used to construct records of 

precipitation-driven erosion in Port Pegasus and assess the suitability of the site for 

extraction of paleoclimate records. Finally, in Chapter 7, the conclusions of this multi-

pronged study are summarized. This study will add important constraints by the addition 
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of new radiocarbon dates to the New Zealand sea-level curve, increase understanding of 

estuarine evolution and carbon storage in continental margin settings, and investigate the 

suitability of Port Pegasus as a site for the development of paleoclimate records.  



 

 

Chapter 2 

Study Area: Port Pegasus, Stewart Island, NZ 

Estuaries located along southeastern Stewart Island represent promising new 

locations in which to conduct paleoclimate and paleoenvironmental research. The island 

is centered at 47° S and represents an unstudied latitude in the southwest Pacific between 

records that have been produced in Fiordland (45°S) and the subantarctic Auckland 

Islands (51°S). Stewart Island also contains many protected inlets and estuaries that could 

hold fully preserved stratigraphic sequences for sea level rise and paleoclimate 

investigations. However, due to the lack of geophysical data, survey work is required to 

map the geometry of sedimentary packages and bounding unconformities, identify 

sediment depocenters, and locate sites for sediment core collection. This information can 

then be integrated to address the past climate and environmental change in the sediment 

stratigraphy and address the questions posed in this thesis. In this chapter, the study site, 

Port Pegasus, will be described, and the potential climate forcings and thus relevant 

proxies will be explored. 

2.1 Location and History 

Stewart Island/Rakiura is New Zealand’s third largest island. It is located 39 km 

south of the South Island, separated from the mainland by the Foveaux Strait (Figure 

2.1). The roughly triangular shaped island has an area of 1,680 km2, and is bisected by 

latitude 47°S. Most of the island remains covered in natural forest, 157,000 hectares of 

which is protected as a part of Rakiura National Park. There is a single settlement, Oban, 



 

54 

situated at Half Moon Bay, on the northeast margin of the island. There are two 

mountainous areas on Stewart Island, one in the north which contains Mt Anglem, little 

Mt. Anglem, Thompson Ridge and the Ruggedy Mountains, and one in the south which 

contains the Tin Range, the Fraser Peaks, and the Deceit Peaks. The northern ranges 

reach slightly higher elevations than those in the south (980 m vs 750 m), and the two 

mountainous areas are separated by a flat, low elevation area where the major Median 

Tectonic Line or the Freshwater Fault system (FWFS) runs (Figure 2.3). 

Port Pegasus/Pikihatiti, the site of this study, is one of the two major inlets in 

Stewart Island; it is located along the southeast margin of Stewart Island, has an area of 

approximately 40 km2, and consists of two separate inlets, the North Arm and the South 

Arm (Figure 2.1). This study will focus on the South Arm, which has an area of 12 km2 

(Figure 2.2). There is very little recorded history of Port Pegasus before 1850, but at 

various times there were Māori fishing settlements (Mcglone and Wilson 1996). From 

1800 to 1820 sealers worked on the shores of Stewart Island and between 1820 and 1840 

whalers used the island (Buckley 2006). Both groups used Port Pegasus as a shelter and 

location for gathering supplies before voyages to the subantarctic islands (Wilson 1987). 

There was also an unsuccessful colonization effort at Port Pegasus in the 1820s as well as 

a short-lived tin rush in the Tin Range in the 1880s, and the tailings and tramway remain 

(Henley and Higgins 1977). The relatively low anthropogenic impact in this area means 

the natural ecosystem has remained intact, making it an ideal location to extract 

paleoclimate records (Wilson 1987). 

Based on the bathymetric chart, three distinct environments can be distinguished 

within the South Arm of Port Pegasus (Figure 2.2): the entrance channels, the central 
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basin, and the back basins. The entrance channels are characterized by their high length 

to width ratio and their location between the inner area of Port Pegasus and the coastal 

ocean. The deepest central area of the inlet has been designated as the central basin. This 

area has depths that range from 17 m to 28 m and is likely highly wave and tide 

influenced. The back basins are the isolated arms of the inlet which have much shallower 

depths, usually less than 20 m. These back basins likely represent modern tidal deltas.  

 

Figure 2.1 Study Site 

New Zealand map with shading indicating the location of Stewart Island and Stewart 
Island map with shading indicating the location of the South Arm of Port Pegasus, 
adapted from Karl and Best (1982). 
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Figure 2.2 Port Pegasus Chart 

Port Pegasus bathymetric chart with shading indicating distinct bathymetric environments 
within the estuary.  

2.2 Geology 

The geology of Stewart Island is similar to the geology of Fiordland (Mcglone 

and Wilson 1996), which makes a paleoclimate and paleoenvironment study in Stewart 

Island particularly relevant, as it can be compared to previous studies conducted in New 

Zealand fjords, and similar proxies can be used. Approximately 90% of the Stewart 

Island basement rocks are comprised of plutonic rocks (Allibone and Tulloch 2004).  

These plutonic rocks as well as those prevalent throughout Fiordland are part of the 
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Median Batholith, which is composed of gabbroic to granitic rocks that intrude through 

the metamorphic rocks on Stewart Island (Turnbull and Allibone 2003; Allibone and 

Tulloch 2004). Port Pegasus is primarily surrounded by the Rakeahua granitic terrane 

(Henley and Higgins 1977) (Figure 2.3). The immediate coastline primarily consists of 

megacrystic granodiorite and granite (Henley and Higgins 1977). The interior catchment 

area also contains the quartz-rich granitic uplifted plutonic domes of Bald Cone, Gog, 

and, Magog (Turnbull and Allibone 2003). Thus, quartz-rich granite is the expected 

source of most detrital material in Port Pegasus, and elemental proxies for this detrital 

source are potassium (K) and silicon (Si).  

 

Figure 2.3 Geologic Map of Port Pegasus 

Map from Henley & Higgins (1977) detailing the primary geologic components of the 
Port Pegasus catchment.  
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2.3 Modern Climate 

The modern climate of Stewart Island is cool temperate with rainfall evenly 

spread throughout the year, varying from 1000 mm on some coasts to 3000 mm on higher 

ground per annum and is highly oceanic, meaning it lacks extremes in temperature or 

seasonal change (D’Arrigo et al. 1996; Wilson 1987). There is occasionally snowfall on 

the tops of the highest elevation peaks, but rarely at sea level, and there is a significant 

erosional and vegetative contrast between the west and south facing slopes, which are 

very wind-exposed, and the north and east facing slopes, which are more sheltered 

(McGlone and Wilson 1996). As Stewart Island lies directly in the path of the Roaring 

Forties part of the SWW, it is an ideal location for paleoclimate study (Figure 1.5), but 

there are few past climate studies of Stewart Island: McGlone & Wilson (1996) created a 

Holocene climate record using pollen, D’Arrigo et al. (1996) used tree-rings to 

reconstruct temperature from 1690 to 1991 A.D., and Turney et al. (2017) reconstructed 

NZ wind patterns of the last 8.5 ka using stratigraphic sequences from tarns in northwest 

Stewart Island. These records suggest that present-day westerly airflow in the southwest 

Pacific was established at 5.5 ka, and Stewart Island lies at the northern limit of this 

westerly flow (Turney et al. 2017). However, the influence of changing SWW on Port 

Pegasus is unknown. Stewart Island may experience higher precipitation during periods 

of strengthened westerlies, but given Port Pegasus’ sheltered east-coast location, it may 

exhibit an anti-phased response (Fletcher and Moreno 2012; Fletcher and Moreno 2011; 

McGlone, Wilmshurst, and Wiser 2000; Newnham et al. 2007; Prebble and Shulmeister 

2002) and behave similarly to the east coast of the South Island, experiencing lower 
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precipitation during periods of strengthened westerlies. Comparisons of climate records 

from Stewart Island to other NZ records is necessary to parse out these dynamics.  

2.4 Port Pegasus as an Estuary 

Data from nearby tide stations reported by Land Information New Zealand 

suggest that Port Pegasus has a diurnal tidal range that varies between 1.4 m and 2.4 m 

(Tide predictions, LINZ). An average tide value of 2.1 m places Port Pegasus on the low 

end of mesotidal (Davies 1964) and within the range of values found for mixed energy 

estuaries (Scanes et al. 2017). The surrounding catchment is ~ 60 km2 and contains 

multiple small streams, but no large river discharges into the estuary (Figure 2.2). The 

largest single input to the inlet is Cook Arm, which has a catchment of ~ 24 km2 (Figure 

2.2). Based on this catchment assessment, the freshwater input into Port Pegasus is likely 

primarily controlled by precipitation. Assuming an average rainfall of 1000 mm/year 

(McGlone and Wilson 1996) no water lost to groundwater, and the catchment area of 60 

km2, the freshwater input to Port Pegasus was calculated to be 1.9 m3 s-1 using the 

equation, 

Qf= A × r
T

, 

where Qf is the freshwater flux in m3 s-1, A is the area in m2, r is the rainfall in m and T is 

the time period in seconds. This flux relative to the total area and volume of water in the 

estuary places Port Pegasus on the low end of the riverine influence spectrum (Dalrymple 

et al. 1992; Scanes, Ferguson, and Potts 2017). This first order assessment of marine and 

freshwater influences suggests that Port Pegasus is a mixed energy to wave-dominated 

estuary with low riverine influence and can be compared to systems around the world 
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with similar conditions (e.g. Allen & Posamentier 1993 (France); Roy et al. 2001 

(Southeast Australia); Scanes et al. 2017 (Australia & South Africa)). 

A very basic model of estuarine circulation in Port Pegasus can be created using 

the following equations (Knudsen 1900; Wolanski and Elliott 2015):  

Qout = Qin + Qf 

and since salt is a conservative substance, 

QoutS1 = QinSo + QfSf, 

where Qin is flux of saltwater into the estuary, Qout is flux of mixed, brackish water out of 

the estuary, Qf. is freshwater flux into the estuary, S1 is salinity of the brackish flux, So is 

salinity of the seawater, and Sf is salinity of the freshwater. Based on the assumptions that 

the seawater has a salinity of 35 PSU (Chiswell et al. 2015), the freshwater has a salinity 

of 0 PSU, our only freshwater flux is the precipitation calculated above, and the only 

saltwater influx is the tidal action, the equation can be rearranged to determine the 

salinity of the outgoing water and thus the level of mixing: 

S1 = QinSo/(Qf + Qin). 

This calculation gives an outgoing salinity value of ~35 PSU. This suggests a 

much greater ocean influence than fluvial influence and a well-mixed system with little to 

no overlying freshwater layer. This characterization likely applies to the main basin of the 

estuary but may not be accurate for the back, branching basins closer to fluvial inputs, 

which could be more stratified.  

Given their NZ specific approach, the systems detailed in Hume and Herdendorf 

(1988) and Hume et al. (2007) will also be used to describe Port Pegasus. From a purely 

geomorphic perspective Port Pegasus is a mix of a Type 2 and Type 6 estuary (Hume and 
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Herdendorf 1988). It is a headland enclosed system with islands at its mouth. The tidal 

entrance channels are maintained and remain deep and the fluvial input is low, both 

features that are characteristic of headland enclosed estuaries (Hume and Herdendorf 

1988). The headland enclosed estuaries in NZ such as Hokianga and Waitemata harbours 

are often representative of classical drowned-valley systems  and thus have well 

preserved stratigraphic sequences ideal for paleoenvironmental and climate studies 

(Hume and Herdendorf 1988).  

Port Pegasus can also be described in a more holistic manner using the multiple 

factor approach of Hume et al. (2007). In this classification system, Level 1 considers 

global scale variation, Level 2 takes into account hydrodynamic processes, Level 3 

discriminates by catchment processes, and Level 4 deals with local hydrodynamic 

processes within the estuary itself. Port Pegasus is located in the marine division of a 

humid temperate ecosystem; these environments occur in the higher mid-latitudes (40-

60°), experience abundant rainfall from cool maritime air masses, have narrow 

temperature ranges because they border the ocean, and have prevailing westerly winds 

(Bailey 2014). Earlier in this section we determined that Port Pegasus’ hydrodynamic 

processes are primarily ocean driven; thus, the embayment can be described as a mix of 

Hume et al. (2007) category D, coastal embayments with primarily sandy bottoms and 

largely ocean influence, and Hume et al. (2007) category F, drowned valleys that are 

ocean influenced and well-mixed except in their upper arms, with sandy substrate in the 

main body and muddy sediment in secluded upper arms. Moving to Level 3, we have 

found that Port Pegasus’ catchment is made up of plutonic rock with natural land 

surroundings (Figure 2.3). Finally, Level 4 concerns the processes within different 
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regions of the estuary. In Port Pegasus, the entrances, central basin, and back basins are 

likely distinct environments (Figure 2.2). The entrances and main basin are likely well 

mixed with sandy bottoms and the back basins more stratified with muddy bottoms; 

however, investigation of sediment grab and core samples is necessary to fully 

understand these dynamics. 

2.5 Implications for Paleoclimate and Paleoenvironmental Research 

An examination of the geomorphology and hydrology of Port Pegasus reveals that 

it is probably a mixed to wave-dominated estuary with low fluvial influence. It is a 

headland enclosed embayment that likely contains a drowned-valley stratigraphic 

sequence. The large ocean influence and general shape of the embayment suggest the 

main basin is well mixed and has a sandy bottom, but that the back basins may be muddy 

and slightly more stratified (Hume et al. 2007). Since the estuary is primarily marine, 

large changes in freshwater influx should be easily discernable in sediment records.  

Multiple cores throughout the estuary sampled the incised valley fill sequence. 

The secluded back basins may contain finer grained mud with a higher freshwater 

influence and are likely where Holocene paleoclimate records can be extracted. The 

central basin is likely sandier, and there could be significant sediment erosion and 

reworking due to tide and wave action. If this erosion has not reworked the sediment, the 

central basin of the estuary should contain a sequence which can give environmental 

history as well as a transition from terrestrial to marine that marks marine incursion.  

There are multiple proxies that might prove useful in investigating the 

paleoclimate and paleoenvironment of Port Pegasus. Given the current strong marine 
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influence, large changes in precipitation should be evident in the variation of proxies that 

show terrestrial input. Large precipitation events would cause the establishment of an 

outgoing low salinity layer that would carry terrestrial organic material sourced from the 

surrounding catchment to the basins. Proxies such as δ13C and δ15N that show changes in 

organic matter source (terrestrial vs. marine) should be useful in discerning when the 

transition from terrestrial to marine occurred. These organic proxies will also help with 

tracking increases in precipitation and thus terrestrial organic matter delivery to the 

estuary in the marine-influenced Holocene sediments. Furthermore, the downcore 

changes in K and Si may also show changes in delivery of detrital material given the 

makeup of the surrounding catchment, and magnetic susceptibility changes could indicate 

similar detrital input changes. Elements such as calcium (Ca) and bromine (Br) have been 

used to indicate marine conditions (Rothwell and Croudace 2015b) and may also be 

useful in finding the point of marine incursion. Though geochemical indicators of anoxia 

are used in fiords to track circulation changes (Hinojosa et al. 2017; Lembo 2019), they 

are likely less useful in this context because Port Pegasus is shallower and does not have 

defined sills, so the wind, wave, and tidal action likely prohibit anoxic conditions from 

occurring. Ultimately, these conditions together make it unlikely that the water column is 

deeply stratified with low rates of seawater renewal. 



 

 

Chapter 3 

Methods 

3.1 Field Sampling 

In February 2019, geophysical and bathymetric surveys were carried out on the 

University of Otago research vessel, the R/V Polaris II (cruise 19PL185). Surveys were 

used to map the geometry of Port Pegasus, determine sediment thickness, and choose 

coring targets within Port Pegasus. A multibeam survey was conducted using an R2Sonic 

Multibeam Echo Sounder (MBES) (Morrison 2019), and a tide gauge was deployed 

between Evening and Islet Cove (Figure 3.1) and took continuous measurements 

throughout the period of data collection (4 days). A Ferranti boomer and multi-channel 

seismic streamer were used to image the deep bedrock, and a Teledyne Odom chirp 

system was used to image the upper 10 m of sediment at decimetre resolution (Figure 

3.1).  

 

Figure 3.1 Tide Gauge Locations 

Locations of tidal data used in this study: 1) Port Pegasus, 2) Dog Island, and 3) Flour 
Cask Bay 
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Figure 3.2 Seismic Survey Locations 

All seismic surveys taken throughout the cruise. Black lines represent the location of 
chirp data, and boomer lines represent the location of boomer data.  

Grab sampling and piston coring targets were selected based on chirp data 

processed on board. Grab samples were collected in the back basins and central basin of 

the South Arm as well as the entrance passages and the main channel of the North Arm. 

This variety of locations was chosen to allow for any longitudinal or latitudinal gradients 

in the sedimentary environment to be assessed. Differences in seafloor reflector patterns 

in the chirp data were used to identify areas of interest for coring. Piston coring targets 

were chosen using two methods (Figure 3.2). The first group of locations were protected 

back basins where middle and late Holocene sediment was preserved due to low tidal 

influence and a freshwater source. These areas were identified by layered, draping 

seismic reflectors that suggested a low energy depositional environment (Figure 3.2b). 
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The second group of locations were chosen in areas where greater tidal influence and 

currents had prevented sediment deposition and late glacial or late Holocene sequences 

appeared to be closer to the sediment surface. These areas were identified by seismic 

reflectors that approached the surface and indicated a transition between terrestrial and 

marine sediments (Figure 3.2c). 

 

Figure 3.3 Coring Targets 

Schematic of coring targets in Port Pegasus. A) Overview of the seismic picture of the 
estuary and its distinct environments. B) Coring target 1: Holocene draping sediments. C) 
Coring target 2: transgressive sequences close to the surface, with channel fill displayed 
in dark grey and transitional surface displayed as the thick black line. 

A series of 15 sediment samples was collected using a Ponar grab sampler and 

seven 3 m cores each with an internal diameter of 63 mm were extracted using a modified 

Kullenberg piston corer (Figure 3.3). 
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Figure 3.4 Sampling Locations 

Locations of all piston core and grab samples extracted from Port Pegasus. Bolded and 
underlined numbers represent sediment cores. Pink symbols represent sediment cores, 
and blue symbols represent grab samples. 

3.2 Multibeam Bathymetry Acquisition Processing 

Multibeam data was analyzed using the QPS Qimera software following the 

methods outlined in Morrison (2019). A dynamic surface was created using raw 

measurements after reducing noise artefacts and undertaking a patch test (Morrison 

2019). Tidal data from the deployed gauge as well as the NIWA Dog Island gauge 

located 50 km away and data from Flour Cask Bay located 10 km away was integrated 

into the analysis (Figure 3.1). Bathymetry of Port Pegasus was determined to an accuracy 

range of ±0 .15 m to ± 0.5 m. A backscatter mosaic was also created to assist in the 

identification of changes in the seafloor composition (e.g. sand vs clay). 
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3.3 Seismic Data Processing 

Chirp and Boomer data were processed using GLOBE Claritas software. The 

undulations and noise caused by waves and boat movement were smoothed using the 

Claritas software program. For each boomer survey line, direct arrivals through the water 

were manually identified in order to mitigate the influence of swell on the data (Figure 

3.4b). Then a filter constraining the visible frequencies between 150 and 1500 Hz was 

applied as well as a trace balance to remove initial noise (Figure 3.4c). Finally, the 

fdexcon noise removal function was applied to the data (Figure 3.4d). 
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Figure 3.5 Boomer Processing 

Steps of boomer processing. A) Raw boomer data. B) Data after manually identifying 
direct arrivals. C) Data after filtering for frequencies between 150 and 1500 Hz. D) Data 
after the fdexcon filter was applied.  

Of the 26 Chirp lines collected, 11 were deemed usable and were processed 

because they had the least noise due to swell and multiples and contained the relevant 
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coring locations. The seafloor was manually identified, and these reference points were 

used to smooth the data and reduce the visible swell and chop (Figure 3.5). 

 

Figure 3.6 Chirp Processing 

Steps of chirp processing. A) Raw chirp data. B) Data after identifying the seafloor and 
smoothing. 
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After processing, seismic data was uploaded onto Kingdom software for 

designation of distinct seismic facies and determination of the depth and thickness of 

identified seismic facies. Depth and thickness estimates were calculated using the 

equation, 

𝑑𝑑 = 𝑣𝑣𝑣𝑣
2

, 

where d is depth (m), v is the P-wave velocity in (m s-1), and t (s) is the two-way travel 

time of the P-wave in seconds. The P-wave velocity used to calculate the depth of the 

seafloor was 1,480 m s-1, the velocity of a P-wave through water, and P-wave velocity 

used to calculate sediment thicknesses was 1,500 m s-1, the typical P-wave velocity 

through unconsolidated sediments.  

Finally, multiples in each seismic line were identified. A multiple appears in a 

seismic data set when a P-wave is reflected more than once off the same surface. They 

are common in marine seismic surveys and appear in both the Chirp and Boomer data 

from Port Pegasus. 

Chirp and Boomer data differ in their frequencies. Chirp data contains frequencies 

of 7000-2000 Hz, whereas Boomer data contains frequencies of 800-50 Hz. The 

resolution of both data sets can be calculated using the equation,  

𝑑𝑑 = 1
𝑓𝑓

𝑣𝑣, 

where d is the resolution depth (m), f is the frequency (Hz), and v is the P-wave velocity 

(m s-1). Remaining consistent with the depth and thickness calculations, the P-wave 
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velocity used in this calculation was 1500 m s-1. This gives a resolution of 2-30 m for the 

Boomer data and 20-75 cm for the Chirp data. 

Port Pegasus has a maximum depth of approximately 30 m and a minimum of <1 

m. Due to its substantially higher resolution relative to the depth of the study site, the 

Chirp data provides more interpretable detail than the Boomer data and is thus the focus 

of the analysis in this study.  

3.4 Core Descriptions 

An approximately 50 mL volume of each grab sample was removed and rinsed in 

500 mL of distilled water. Sediment was then allowed to settle for 15 minutes and the 

supernatant was poured off. The remaining sediment was transferred to an 80° C drying 

oven where it was left overnight. Dried sediment samples were examined using a 

binocular microscope and the primary mineral constituents and grain size were described. 

All seven cores were scanned using a Geotek Limited Multi-Sensor Core Logger 

(MSCL). The MSCL measures core thickness, P-wave velocity, gamma density, 

magnetic susceptibility, and temperature at 1 cm resolution.  

Core diameter was measured with laser scan micrometers to a resolution of 0.02 

mm. P-wave velocity – the speed of a compression wave through the core – is used for 

sediment characterization (Edgar, Saunders, and et al. 1973). It was measured with 

acoustic rolling contact (ARC) transducers. These piezo-electric ceramic transducers 

operate between 250 and 500 kHz and are accurate to approximately 0.2%. A section of 

core liner filled with water was used for calibration.  
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Bulk density of the sediment is given as a ratio of mass-to-volume and describes 

how tightly packed together the matter of a material is and is often used to calculate mass 

accumulation rates in sediment cores. Bulk density of the whole round core was 

measured using gamma-ray attenuation densiometry by measuring the number of gamma 

photons transmitted from a 137-Caesium source that pass through the core unattenuated. 

A narrow beam of gamma rays was emitted and a detector on the other side of the core 

counted photons that had the same energy, 0.662 MeV, as the original source. All cores 

were scanned whole and contained water saturated sediments, so for calibration a core 

section containing cylindrical pieces of aluminum with varying thicknesses surrounded 

by water was used for calibration.  

The magnetic susceptibility (κ), the ratio of the magnetization of a material in 

response to an applied magnetic field to that applied magnetic field, was measured with a 

Bartington loop sensor. The measured κ signal is sensitive to a combination of magnetic 

minerology, magnetic grain size, concentration of magnetic minerals, and dilution by 

non-magnetic minerals (Hinojosa et al. 2017). High κ suggests high detrital input and 

therefore high precipitation. The loop sensor contained an oscillator circuit that produced 

an 80 ampere per meter root mean squared non-saturating, alternating magnetic field at 

0.565 kHz. Material near the sensor that has a magnetic susceptibility changed the 

oscillator frequency, and this frequency information was converted into SI values. A 

stable iron check piece was used for calibration.  

During the period of data collection, the P-wave and gamma density standards 

were run at the beginning and end of each week. The P-wave and magnetic susceptibility 

standards were also run before and after each core.  
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Five of the seven cores were then selected and split using a Geotek core splitter. 

These five cores were selected based on site variety and presence of seismic facies. One 

half of each core was designated as an archive and the other was designated as the 

working half. The surface of the archive half was smoothed and used for Geotek MSCL 

split core analysis and the working half was used for subsampling. Archive halves were 

imaged using a linescan camera, and point magnetic susceptibility and color reflectance 

were measured at 1 cm resolution. Reflectance was measured with a Konica Minolta 

color spectrophotometer at wavelengths in the visible spectrum between 360 and 740 nm. 

Lightness (L*) was also measured. L* has a range of 0, the darkest black, to 100, the 

brightest white. Color data was used to distinguish between stratigraphic units in the 

cores.  

3.5 Itrax XRF Elemental Analysis 

The Itrax XRF scanner is a non-destructive, high resolution instrument that uses 

x-ray fluorescence spectroscopy to measure down-core elemental variations (Rothwell 

and Croudace 2015a). X-rays are emitted from a high-power x-ray tube, exciting and 

ejecting electrons from the core whose wavelengths are characterized by the atomic 

number of the source element (Rothwell and Croudace 2015b). The down-core elemental 

profiles produced can be used to evaluate catchment erosion and weathering, redox 

changes, organic productivity, and water mass changes (Rothwell and Croudace 2015b). 

Often Fe, Ti, Si, K, and Al represent detrital input, as they are found in silicates and 

oxides (Rothwell and Croudace 2015b; Haldar and Tišljar 2014). Increases in detrital 

input signify increased erosion of continental rocks likely caused by precipitation (Lembo 

2019; Hinojosa et al. 2017). Si/Ti and Ca/Ti can also have marine biogenic origin and 
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show a marine water mass signature; these elements need to be normalized to a lithogenic 

element to get out the biogenic signature, often this is Ti or Fe. Fe/Ti and Mn/Ti also 

frequently demonstrate redox changes and diagenetic alteration (Rothwell and Croudace 

2015b). 

Cores 17 and 18 were chosen for Itrax XRF elemental analysis because after 

splitting these cores displayed at least two stratigraphic units and contained multiple 

sedimentary facies, which may point towards changing sedimentary environments driven 

by sea level change. After imaging in the Itrax, the archive halves of cores 17 and 18 

were covered with a thin polypropylene foil to prevent desiccation while in the scanner. 

For the XRF profiling, cores were analyzed with a Mo X-ray tube at 2-mm resolution, 6-s 

integration time, 30 kV, and 55 mA; x-ray images of the cores were collected using 

settings of 60 kV, current of 50 mA, and 800 ms exposure time.  

Principle component analysis (PCA) was performed on the data from each core in 

R using the ‘FactoMineR’ and ‘factoextra’ packages. PCA was first performed on all 

elements in the data set scaled to unit variance. The importance and contribution of each 

element to the principle components was evaluated using their respective squared cosine 

and squared factor values (Abdi and Williams 2010). Elements that had both a high 

importance and large contribution to the first five principle components were chosen for 

further analysis. PCA was performed again using just the chosen elements to produce the 

final PCA result. Individual elements were normalized to the intensity of the incoherent 

scatter peak to correct for matrix effects and downcore changes in water content 

(Rothwell and Croudace 2015b).  
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Cluster analysis was also performed on the data after scaling to unit variance. The 

‘cluster’ and ‘factoextra’ packages in R were used to conduct k-means cluster analysis. 

Clusters were used as stratigraphic section indicators and used to group PCA results and 

identify trends in chemical composition within and between identified stratigraphic units. 

The number of clusters to use in each core was determined using the k-means 

“silhouette” method (Abdi and Williams 2010). 

3.6 14C Radiocarbon 

Twelve organic samples collected from all five cores were sent to the Rafter 

Radiocarbon Laboratory at GNS in Wellington for radiocarbon dating. Samples were 

obtained from wet sieved bulk sediment using nested 500 and 250 µm sieves. All samples 

and a 14C dead wood blank (Queets A) were pretreated using the GNS standard Acid 

Alkaline Acid (AAA) treatment with 0.1M hydrochloric acid and 0.1M sodium 

hydroxide before being sent to Rafter for combustion, graphitization, and measurement. 

Conventional radiocarbon ages were converted to calendar years before present (cal yr 

BP) using Calib 7.1 (Stuiver and Reimer 1993) and a specific Southern Hemisphere 

calibration curve (Hogg et al. 2013). Age models were produced for cores 17 and 19 

using the ‘Bacon 2.2’ package in R to develop a radiocarbon chronology as well as 

determine linear sedimentation rates. No age model was constructed for Cores 1 and 22 

because too little datable material was obtained, and no model was constructed for Core 

18 due to radiocarbon ages that were beyond the calibration curve.  
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3.7 Bulk Carbon and Nitrogen Concentration and Isotopic Analysis 

Carbon accumulation rates (CAR) are influenced by catchment erosion and 

carbon delivery and preservation of carbon in the sediment (Canfield 1994). Thus, 

changes in CAR can indicate both changes in organic matter input and changes in 

sediment remineralization rates (Hinojosa et al. 2014). 

Furthermore, δ15N, δ13C, and C/N of bulk sediment samples obtained from cores 

are used to characterize changes in organic matter source over time (Meyers and Teranes 

2001). They can also be used to trace changes in aquatic productivity (Meyers and 

Teranes 2001). High C/N values and low δ15N and δ13C values suggest a terrestrial 

organic matter source and thus higher precipitation (Meyers 1994).  

Bulk sediment samples of 2 cc in volume were collected from all five cores 

(Table 3.1a) and eleven grab samples (Table 3.1b) for bulk density, and carbon (C) and 

nitrogen (N) elemental and isotopic analysis. This subset of grab samples was selected for 

analysis to ensure data from throughout the entire estuary was obtained. Samples were 

collected from cores 17 and 18 at 10 cm intervals and from cores 1, 19, and 22 at 20 cm 

intervals. All samples were placed into pre-weighed plastic bags, which were 

subsequently sealed and re-weighed containing the wet sediment samples. These samples 

were then freeze dried, re-sealed, and re-weighed with the resulting dry sediment. 

Volume and sediment weights were used to calculate dry bulk density using the equation,  

𝜌𝜌 = 𝑚𝑚
𝑣𝑣

, 

where 𝜌𝜌 is dry bulk density, m is mass of dry sediment, and v is volume of wet sediment.  
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Table 3.1 C & N Sample Preparation 
Sample preparation for A) sediment core samples and B) grab samples. 

A 

Core Location Resolution (cm) Depth (cm) Acidified? 
1 Sylvan Cove 20 0-270 Yes 
17 Main Basin 10 0-50 Yes 
17 Main Basin 10 60-200 No 
18 Main Basin 10 0-60 Yes 
18 Main Basin 10 70-120 No 
19 Islet Cove 20 0-273 Yes 
22 Disappointment Cove 20 0-278 Yes 

 

B 

Grab Location Acidified? 
1 Sylvan Cove Yes 
3 Sylvan Cove Yes 
4 Sylvan Cove Yes 
6 Sylvan Entrance Yes 
8 Sylvan Entrance Yes 
9 Main Basin Yes 
10 Micrometer Yes 
12 Pegasus Passage Yes 
14 Fright Cove Yes 
15 Disappointment Cove Yes 
20 Big Ship Passage Yes 

 

 Dry sediment was then homogenized using a mortar and pestle and weighed into 

silver capsules. Runs for C and N composition and isotopes were organized with a 

duplicate every six samples as well as USGS40, USGS41, EDTA, and acetanilide 

standards to test for precision and accuracy (Table 3.2) To isolate the organic fraction, 

samples containing biogenic carbonate (marine samples) were acidified using a sequence 

of increasing amounts of 5-6% sulfurous acid from 30 to 120 µl, drying at 40°C for 

approximately 12 hours between each acidification step, until no effervescence was 

observed under a binocular microscope. Samples then underwent a final drying step at 
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40°C for at least 24 hours. Samples were analyzed at the Isotrace Research Laboratory at 

the University of Otago on a Europe Hydra coupled to a Carlo Erba NC 2500 elemental 

analyzer to obtain C and N concentrations and δ15N and δ13C values. 

Table 3.2 C & N Standards 
Standards measure and accuracy of measurements for each core and selected grab 
samples. 

Sample Location δ15N 2σ δ13C 2σ Duplicates Analyzed 
Core 1 Sylvan Cove 0.24 0.12 3 Pairs 
Core 18 Main Basin 0.21 0.25 5 Pairs 
Core 22 Disappointment Cove 0.11 0.10 3 Pairs 
 Grab 10 Micrometer  0.09 0.25 1 Pair 
Grab 12 Pegasus Passage 0.47 0.11 1 Pair 
Grab 4 Sylvan Cove 0.08 0.04 1 Pair 

Acetanilide N/A 0.13 0.05 10 Samples 
 

CAR (g C cm-2 yr-1) was calculated using the equation,  

CAR=l × ρ × C, 

where CAR is carbon accumulation rate, l is linear sedimentation rate (cm yr-1), ρ is dry 

bulk density (g cm-3) and C is weight percent carbon. C to N ratios were determined by 

normalizing the weight percent of both C and N by atomic mass and calculating the ratio 

between them.  

3.8 Magnetic Methods 

Paleomagnetic techniques can be used to corroborate core chronology as well as 

measure differences in magnetic grain size and magnetic concentration, and magnetic 

minerology. Magnetic parameters can be used to assess changes in sediment source, 

transport, deposition, and diagenesis (Liu et al. 2012).  
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All magnetic analysis was carried out using u channels at the University of Otago 

Paleomagnetic facility.  

U channels from all five cores were ‘relaxed’ for 24 hours in a field free room 

prior to measurements. Natural remanant magnetization (NRM) was measured at 1 cm 

intervals with a 2G Enterprises Superconducting Rock Magnetometer (Cryomag) which 

uses superconducting quantum interference devices (SQUIDs) to measure the magnetic 

moment of the three components (x, y, z). The inclination, declination, and total intensity 

were also calculated using these magnetic moments. After measuring NRM, an 

alternating field (AF) increased stepwise from 0 mT to 100 mT was used to demagnetize 

or “clean” the remanant magnetization.  

NRM, inclination, and relative declination can be used to construct core 

chronologies. Relative paleointensity can be calculated by normalizing NRM to 

environmental magnetism parameters. Inclination, relative declination, and relative 

paleointensity can be compared to other regional curves to constrain core chronology.  

Anhysteretic remnant magnetization (ARM) was then applied. This is a laboratory 

applied field of 0.05 mT applied in the presence of a decaying AF demagnetizing field of 

100 mT. ARMs were then demagnetized using a stepwise AF increasing from 0 mT to 

100 mT.  

All magnetic data acquired with the Cryomag were analyzed using PuffinPlot 

(Lurcock and Wilson 2012). Principle component analysis was conducted using the data 

from the stepwise AF demagnetization to obtain inclination and relative declination 

information. PuffinPlot was also used to output Median Destructive Field (MDF), a 

coercivity proxy used to characterize magnetic behavior. 



 

81 

Volume normalized magnetic susceptibility (κ), the degree of magnetization of a 

material in response to an applied magnetic field, was measured at 1 cm intervals using 

the Geotek MSCL and a 30 mm Bartington loop sensor.  

The ratio of anhysteretic susceptibility (κARM) – ARM normalized to the applied 

field to κ can be used as a proxy for magnetic grain size because finer magnetic grains 

acquire κARM more efficiently while κ is higher when magnetic grains are coarser (King 

et al. 1982).  

Both κARM and κ can be also used as normalizing values for relative 

paleointensity calculations (Tauxe 1993). Normalization is necessary because although 

magnetization in sediments is linearly related to the magnetic field, it is also related to the 

amount and type of magnetic material within the sediment. Thus, variation of these 

environmental factors must be accounted for when calculating relative paelointensity 

A Kappabridge MFK1 at the Otago Paleomagnetic facility was used to measure 

temperature-dependent magnetic susceptibility (TDMS) on discrete powdered 

subsamples. TDMS can give insight into magnetic mineralogy through identification of 

the Curie Temperature of a sample (Butler 1992). These subsamples were chosen from 

the cores to represent the four main magnetic behaviors observed after PuffinPlot 

analysis. Nine samples were heated at a rate of 14 °C/min to a maximum temperature of 

700 °C and cooled back down to 40 °C at a rate of 14 °C/min. Magnetic susceptibility 

was measured approximately every 20 seconds.  

In addition, a Vibrating-Sample Magnetometer (VSM) was used to measure 

hysteresis and isothermal remanant magnetization (IRM), proxies for magnetic 

concentration, grain size, and minerology, in thirteen subsamples. Samples were exposed 
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to peak fields of 500 mT and measurement were made at 4 mT increments. Data for each 

sample were corrected for paramagnetic slope and normalized to mass. Hysteresis and 

IRM measure the saturation magnetization (Ms), saturation remanent magnetization (Mrs), 

coercive force (Hc), and the coercivity of remanence (Hcr), variables which can be used to 

gain information about magnetic grain size (Evans et al. 2003). Ms is grain size 

independent and can also be used as a proxy for magnetic concentration (Q. Liu et al. 

2012).



 

 

 Chapter 4 

Acoustic Surveys 

4.1 Multibeam 

Multibeam bathymetric surveys were conducted by the University of Otago 

School of Surveying. A detailed account of this project was compiled by Jean-Louis 

Morrison (Morrison 2019). A full bathymetric map of Port Pegasus was created (Figure 

4.1) as well as a tidal data series (Figure 4.2). Port Pegasus has a maximum depth of 35 

m, a minimum depth of <1 m, and a tidal range of approximately 2.5 m. 

 

Figure 4.1 Multibeam Survey 

Full Port Pegasus bathymetric map created with multibeam survey data overlaid on NZ 
Chart 6912.  
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Figure 4.2 Port Pegasus Tide Data 

Combined tide data from Port Pegasus, Flour Cask Bay, and Dog Island. 

Depth profiles were also created through the two main entrances to the cove to 

determine if there were any sill or barriers present. The profile of Pegasus Passage 

(Figure 4.3) indicates that there is a barrier present at a depth of 15.5 m, and the profile of 

South Passage shows a barrier at a depth of 22 m (Figure 4.4). 
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Figure 4.3 Pegasus Passage Bathymetric Profile  

A) Location of profile, numbers refer to length of line B) Bathymetric Profile running 
from Pegasus Passage, through the central basin, to Sylvan Cove. 
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Figure 4.4 South Passage Bathymetric Profile 

A) Location of profile, numbers refer to length of line B) Bathymetric Profile running 
from South Passage to the central basin. 

Finally, backscatter mosaics were created for each entrance to confirm if the 

barriers visible in the depth profiles comprise protruding bedrock. The mosaics for 

Pegasus Passage and the South Passage show a distinct change in seafloor makeup 

through each of the entryways (Figures 4.5 & 4.6). 
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Figure 4.5 Pegasus Passage Backscatter Mosaic 

Backscatter mosaic of Pegasus Passage running from North Arm to the central basin. 
Shading represents reflectivity. With dark brown indicating lower reflectivity and a softer 
seafloor and lighter shading indicating higher reflectivity and a harder seafloor. 

 

Figure 4.6 South Passage Backscatter Mosaic 

Backscatter mosaic of South Passage running from the coastal ocean to the central basin. 
Shading represents reflectivity. With dark brown indicating lower reflectivity and a softer 
seafloor and lighter shading indicating higher reflectivity and a harder seafloor. 
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The multibeam results reveal the complex bathymetric environment in Port 

Pegasus (Figure 4.1). The entrance channels are distinct from one another in bathymetry 

as is each back basin. South Passage appears to be a much higher energy environment 

than Pegasus Passage; the south passage has a depth of ~30 m throughout, whereas 

Pegasus Passage is much shallower, with a depth of ~15 m. Moreover, the South Passage 

backscatter mosaic indicates that most of seafloor through the channel comprises bedrock 

(Figure 4.6). The Pegasus Passage backscatter mosaic also shows areas of bedrock, but 

these are only apparent in the outer half of the channel, and the inner half of the channel 

appears to comprise sediments (Figure 4.7). Rough seabed topography in both passages 

also suggest bedrock, as supported by the coastal geology. In sum, the South Passage 

appears to be the more active channel, where tidal and wave currents maintain a deep 

scoured passage, and Pegasus Passage appears to be a lower energy environment, where 

currents are slightly less dominant, and some sediment deposition is allowed to occur. 

Stewart Island is surrounded by ocean with powerful tidal regimes, strong storms, and 

large energetic waves, which would cause Port Pegasus to be marine dominated and the 

South Passage to be particularly turbulent (Gorman et al. 2003; Cranfield et al. 2003). 

This conclusion aligns with the locations of both channels; South Passage connects to the 

coastal ocean, as evidenced by the dramatic increase in depth outside of the passage, 

whereas Pegasus Passage connects to North Arm; therefore, South Passage is less 

protected from marine action than Pegasus Passage. 

The central basin has a mostly uniform depth of ~30 m. In the north of the central 

basin, in the areas outside of Islet, Evening, and Shipbuilders Coves, the depth becomes 

shallower and some channel features are visible. This bathymetry also occurs outside of 
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Sylvan Cove. These areas are likely shallower due to higher sediment deposition. 

Freshwater enters the inlet through the back basins, and the terrestrial sediment 

transported with the freshwater is likely deposited in the back basins and in the areas of 

the central basin that border the back basins. The freshwater input in combination with 

tidal action could also be responsible for shaping the channel features visible exiting the 

back basins. 

Finally, the back basins are the shallowest areas of Port Pegasus. They reach 

depths of less than 10 m, and most of them contain channels at depths of ~ 20 m. Each 

basin is different in its freshwater input. Islet Cove, located in the northeast section of the 

inlet, is connected to the wetland system of Cook Arm, and thus likely experiences the 

highest magnitude of freshwater input. Shipbuilders Cove, located in the northwest 

section of the inlet, has a small stream as a freshwater input. Disappointment Cove, 

located in the south of the inlet, has no constant source of freshwater, and also has the 

smallest catchment, likely making it the least influenced of the back basins by freshwater. 

Sylvan Cove, located in the southwest section of the inlet, has some small streams 

inputting freshwater from a large catchment. Sylvan Cove has the most pronounced 

channel system followed by Islet Cove. These channel systems represent modern deltas. 

Shipbuilders and Evening Coves also have channel features visible, suggesting smaller 

delta formations. Disappointment Cove does not have a visible channel. This absence of 

channel may suggest that these delta systems are created by fluvial action; 

Disappointment Cove has the lowest freshwater input which may be the reason its lacks a 

delta. However, Disappointment Cove is also far more protected from marine energy than 
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the other back basins, so the deltas are likely created due to a combination of wave, tide, 

and fluvial energy. 

Overall, the multibeam surveys give a comprehensive overview of the 

depositional dynamics of Port Pegasus. South Passage is assumed to be the channel 

where the majority of water flows in and out of the inlet given its size and orientation that 

exposes it to storms, waves, currents, and tides. The central basin is a low deposition 

zone likely due to the influence of marine energy. Finally, the back basins are lower 

energy deltas where sediment deposition occurs. The back basins accumulate sediment 

due to their higher combined marine and terrestrially sourced sediment load as well as the 

balancing effect of fluvial energy and tidal energy entering from opposite directions and 

creating a low energy environment (Dalrymple et al. 1992). These back basins also 

contain channel systems carved by these two energy sources.  

4.2 Seismic Surveys 

High-resolution boomer and chirp seismic data provide key information in 

constraining the morphology and thickness of sedimentary packages within Port Pegasus. 

Seismic surveys provide evidence for A) determining the evolution of Port Pegasus, B) 

selection of coring sites that can penetrate older late Pleistocene, potential LGM, and 

Holocene marine sediments, and C) validating the depth of the central basin and the 

surrounding back basins as measured by the multibeam survey. 

In this section, seismic facies will be identified and described and descriptions of 

full seismic lines are provided. Five chirp lines (19, 26, 24, 18, and 22) and three boomer 
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lines (5, 3, 14) were chosen to represent the overall stratigraphy of Port Pegasus (Figures 

4.7 and 4.8) and are described in the following section. 

Figure 4.7 Chirp Lines Map 

Map of the locations of Chirp lines 18, 19, 22, 24 and 26 in Port Pegasus. Dashes 
correspond to dotted lines in Figures 4.9 - 4.14.  
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Figure 4.8 Boomer Lines Map 

Map of the locations of Boomer lines 5, 3, and 14 in Port Pegasus.  

4.2.1 Facies Descriptions 

Three primary boundary surfaces (S1, S2, and S3) and four main facies (F1, F2, 

F3, and F4) were identified in the seismic lines. 

The four facies are summarized in Table 4.1. In the chirp data, F1 consists of 

short, chaotic, discontinuous reflectors. They are of low- to medium-amplitude and are at 

times visibly stratified in the larger more visible sections of the seismic stratigraphy. In 

the boomer data, F1 appears as medium amplitude chaotic reflections that are horizontal 

to sub horizontal and often truncated. In the chirp lines, F2 is characterized by high-

amplitude continuous reflectors that vary in thickness from single reflector to layered 

reflectors. These reflectors are often truncated by a lower surface and at times onlap the 

sea floor. F2 is not readily visible in the boomer data. F3 in the chirp data is distinguished 

by widely spaced low- to medium-amplitude reflectors that are continuous and parallel to 
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the seafloor. At times these reflectors show climbing behavior; they converge at the base 

of an incline and converge towards the top of an incline. In other cases, reflectors show 

convex up geometry and are truncated by the seafloor. In the boomer lines, F3 is 

distinguished by high-amplitude continuous reflectors that run parallel to the sea floor. At 

times these reflectors become more opaque and exhibit climbing patterns similar to the 

patterns visible in the chirp data. Finally, in the chirp lines, F4 comprises stratified, 

medium amplitude reflectors that run parallel to each other and often drape over 

underlying facies. In the boomer lines, F4 is often not distinguishable, but when F4 is 

visible in the boomer lines, it is also characterized by high-amplitude reflectors that drape 

over the underlying surface.  

Table 4.1 Seismic Facies 
Identified seismic units with their descriptions, representative images, and interpretations. 
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The three surfaces identified in the seismic lines are summarized in Table 4.2. In 

the chirp data, S1 consists of high-amplitude, discordant, chaotic reflectors. It often 

truncates surrounding units and intersects the seafloor. In the boomer lines, S1 is a 

continuous discordant reflector that often intersects overlying layers. S2 is a continuous 

surface that often truncates at S1 or toplaps the sea floor in the chirp lines and is not 

visible in the boomer lines. At times it is parallel or sub parallel to S1. It most often has 

convex down geometry. S3 is a high-amplitude reflector and often toplaps the sea floor 

surface or truncates at S1 in the chirp data. It is most often a continuous reflector. In the 

boomer data, S3 is a continuous, medium-amplitude, horizontal reflector that often 

truncates at S1 or at times the sea floor surface. 

Table 4.2 Seismic Surfaces 
Identified seismic surfaces with their descriptions, representative images, and 
interpretations. 
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4.2.2 Chirp Line Descriptions 

4.2.2.1 Line 19: Sylvan Cove to Pegasus Passage 

Line 19 is the longest line (Figure 4.7) that begins in Sylvan Cove and runs 

longitudinally to Pegasus Passage, the northern entrance to the harbor (Figures 4.9a,c,e). 

In Sylvan Cove, F4 visibly overlies S1. Moving NE out of the cove, F1 is visible in areas 

as the most underlying facies, above which lies F2, which is overlain by a thin F3 layer 

(Figure 4.9a). At times F1 is not visible and F2 is the most underlying facies, and when 

S1 intersects F1 and F2, F3 becomes the only facies overlying S1 (Figure 4.9c). In 

Pegasus Passage F1 and F2 are no longer visible and F3 lies directly over S1, displaying 

climbing or stratified behavior (Figure 4.9e). In Pegasus Passage the seafloor becomes 

shallower and S1 intersects the seafloor surface, suggesting a potential sediment free sill 

or barrier to the cove. 

 4.2.2.2 Line 26: Central Basin to Disappointment Cove 

Line 26 runs N-S from the central depositional basin of the Port Pegasus, south of 

Micrometer Rock and Reef, into Disappointment Cove (Figures 4.7 and 4.11a). In 

Evening Cove, F1 overlies S1 in most areas, and the uppermost facies is a thick (~ 7 m) 

F4 layer overlying F1. In the central basin, there are some areas where F1 is visible 

overlying S1, but a thick layer of F2 is the predominant underlying facies and is in turn 

overlain by F3. 

4.2.2.3 Line 24: Evening Cove to Islet Cove 

Line 24 is horseshoe shaped and runs from Evening Cove out to the central basin 

and into Islet Cove (Figures 4.7 and 4.12a). In Evening Cove, F4 overlies F1 and S1. 

Beneath S1 the stratigraphy is well stratified. Between Evening and Islet Coves, F1 is the 
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underlying layer and fills in incised areas of S1. F2 overlies F1 and is in turn consistently 

overlain by F3. The sequence stratigraphy in Evening Cove is dominated by F4. 

4.2.2.4 Line 18: Sylvan Cove to Pegasus Passage 

Similar to Line 19, Line 18 runs NE from Sylvan Cove through the central basin 

of Port Pegasus and out through Pegasus Passage (Figure 4.7), but only the initial Sylvan 

Cove and entrance is discussed here (Figure 4.13a). In Sylvan Cove, F4 is the primary 

visible facies and overlies S1, but in one section F1 is visible as the lowermost layer and 

is overlain by F2 and then F4. Outside of Sylvan Cove, F2 is the primary underlying 

facies above S1, and F3 is the uppermost facies. 

4.2.2.5 Line 22: Shipbuilders Cove to Central Basin 

Line 22 runs from Shipbuilders Cove eastwards out into the central basin of Port 

Pegasus, south of Micrometer Rock and Reef (Figure 4.14a). In Shipbuilder’s Cove, F1 is 

the underlying layer and is overlain by a thin F4 facies. In the central basin, F1 remains 

the lowermost layer and is overlain by F2 followed by F3.
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Figure 4.9 Chirp Line 19 

Chirp Line 19: Sylvan Cove to Sylvan Entrance A) Chirp and B) Interpretations. Sylvan Entrance to Central Basin C) Chirp and D) 
Interpretations. Central Basin to Pegasus Passage E) Chirp and F) Interpretations. Dotted lines correspond to dashes in Figure 4.7. 
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Figure 4.10 Chirp Line 26 

Chirp Line 26: Central Basin to Disappointment Cove A) Chirp and B) Interpretations. Dotted lines correspond to dashes in Figure 
4.7. 
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Figure 4.11 Chirp Line 24 

Chirp Line 24: Evening Cove to Islet Cove A) Chirp and B) Interpretations. Dotted lines correspond to dashes in Figure 4.7. 
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Figure 4.12 Chirp Line 18 

Chirp Line 18: Sylvan Cove to Sylvan Entrance A) Chirp and B) Interpretations. Dotted lines correspond to dashes in Figure 4.7. 
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Figure 4.13 Chirp Line 22 

Chirp Line 22: Shipbuilders Cove to the Central Basin A) Chirp and B) Interpretations. Dotted lines correspond to dashes in Figure 
4.7.



 

 

4.2.3 Boomer Line Descriptions 

4.2.3.1 Line 5: Sylvan Cove to Pegasus Passage 

Line 5 runs parallel to Chirp 19 from Sylvan Cove to Pegasus Passage (Figures 

4.7 and 4.15a,c). In Sylvan Cove, only S1 is visible, and outside of the cove in the central 

basin, the main visible facies is F3 which at times overlies F1. In Pegasus Passage, F3 

displays climbing behavior and overlies S1 through the passage.  

4.2.3.2 Line 3: Shipbuilders Cove to South Passage 

Line 3 runs from Shipbuilders Cove to South Passage (Figures 4.7 and 4.16a). In 

Shipbuilders Cove, F4 is visible in a small area as the lowest most layer overlying S1. In 

the central basin, F3 is the primary visible facies and often overlies F1. In the South 

Passage, F4 is visible and displays climbing behavior. 

4.2.3.3 Line 14: Evening Cove to Islet Cove 

Line 14 runs from Evening Cove through the central basin to Islet Cove (Figures 

4.7 and 4.16a). In Evening Cove, F4 is visible overlying S1. In the central basin, F1 is the 

lowermost layer and it is overlain by F3. In Islet Cove, F4 is the sole visible unit 

overlying



 

 

Figure 4.14 Boomer Line 5 

Boomer Line 5: Sylvan Cove to Central Basin A) Boomer and B) Interpretations. Central Basin to Pegasus Passage A) Boomer and B) 
Interpretations.  
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Figure 4.15 Boomer Line 3 

Boomer Line 3: Shipbuilders Cove to South Passage A) Boomer and B) Interpretations. 
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Figure 4.16 Boomer Line 14 

Boomer Line 14: Evening Cove to Islet Cove A) Boomer and B) Interpretations. 

 



 

 

4.3 Sequence Stratigraphic Interpretations 

In this section, a full interpretation of the seismic stratigraphy is presented. 

Seismic facies and boundaries are interpreted based on the framework of a drowned 

valley system as outlined in Chapter 1.3, and current conditions are detailed using both 

seismic and multibeam data. These interpretations were formed through examination of 

the seismic and multibeam data as well as correlation with the facies identified in 

sediment cores. 

4.3.1 Interpretations 

Seismic data indicates Port Pegasus is a drowned river valley that has undergone 

at least two marine transgression events. Visible facies represent depositional stages of 

the most recent transgression. The seismic facies are interpreted within the framework of 

incised-valley system stratigraphy (Dalrymple et al. 1992; Zaitlin et al. 1994). In these 

systems there are typically three zones each with different stratigraphic sequences (Figure 

4.17): an outer seaward portion that consists of Pleistocene fluvial and estuarine deposits 

overlain by marine sands; a low energy central zone containing an underlying Pleistocene 

layer followed by a relatively thick mud deposits; and an inner, river dominated but 

marine influenced section consisting of fluvial sand deposits overlying a Pleistocene 

layer (Dalrymple et al. 1992; Roy et al. 2001). Not all of these sections are always 

equally developed (Dalrymple et al. 1992). Two of these zones are visible in Port 

Pegasus. The back basins represent the central zones, where stratified low energy 

deposits (F4) overlie the boundary surface (S1) and the central basin of Port Pegasus 
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comprises the outer seaward section where a marine layer (F3) overlies older deposits (S1 

and F1). 

 

Figure 4.17 Incised Valley Stratigraphy 

The three zones of an incised valley system overlaid on A) a diagram of an incised 
valley, B) an idealized cross section with accompanying sequence stratigraphy and C) a 
map of Port Pegasus. 

S1 has been interpreted as the sequence boundary. S1 underlies all visible facies 

and surfaces, and few clear reflectors are below S1. Stratified reflectors are visible in Islet 

cove below S1 and are interpreted as an older transgressive sequence (Figure 4.12). 

Multiple incised channels in S1 are visible. This suggests that S1 comprises Pleistocene 

deposits, eroded by both weather and running water while sub-aerially exposed during a 

past glacial interval. Multibeam data also suggest that S1 is Pleistocene bedrock, as 

backscatter mosaics show distinct differences in areas where S1 intersects the seafloor 

surface in seismic lines (Figure 4.5 & 4.6). Similar sequences have been reported in 



 

109 

systems throughout the world (Allen and Posamentier 1993; Dalrymple and Zaitlin 1994; 

Foyle and Oertel 1997; Kluiving et al. 2003; Nichol, Boyd, and Penland 1994; Roy 

1994).  

The central basin of Port Pegasus corresponds with the marine reaches of a typical 

incised valley system. Facies F1, F2, and F3 are visible in the central basin of Port 

Pegasus overlying the sequence boundary, S1, and have been observed as organic-rich 

mud, gravel transgressive lag deposits, and tidally scoured sand, respectively. F1 is 

primarily found in incised channels, and in cores 17 and 18, the lowermost organic-rich 

facies correlates well with F1 in the seismic lines. Radiocarbon ages from the top of this 

organic layer provide a range of c. >50,000 – 11,300 calendar years before present (cal yr 

bp). This layer was likely deposited when the valley was not connected to the ocean and 

contained a freshwater system, and the lack of stratigraphic breaks visible in F1 suggests 

continuous and undisturbed deposition throughout the last glacial period. 

Surface S2 is an unconformity in the seismic data that marks the transition 

between F1 and F2. It corresponds to an erosional contact in cores 17 and 18 between an 

organic-rich layer and the overlying facies. This surface was likely produced by wave and 

tidal action during initial marine incursion into the inlet and is termed a ravinement 

surface (Allen and Posamentier 1993). S2 appears to have scoured underlying lowstand 

deposits, a process that has been described in other systems (Allen and Posamentier 

1993). This erosional contact indicates that an unknown amount of the organic-rich 

lowstand deposit was likely removed due to erosion during marine transgression. 

Facies F2, which overlies F1 in most areas has been interpreted as a transgressive 

lag layer, deposited as sea-level rose and the shoreline moved landward. Core 17 
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penetrates a portion of F2 and is characterized by a prominent bed of coarse sand and 

gravel. Core 18 does not contain F2, which suggests the lag deposit does not have a 

uniform thickness throughout the inlet. Gravel lags are common features of both wave 

and tidal ravinement surfaces and can range from centimeter scale to multiple meters in 

thickness (Allen and Posamentier 1993; Cattaneo and Steel 2003). The interpreted gravel 

lag deposit (F2) is likely composed of granite from the surrounding catchment, eroded by 

the sea as the shoreline migrated landward. This composition, however, cannot be 

confirmed as samples of the surrounding shoreline were not obtained.   

Surface S3 marks the top of the lag surface and the transition from the lag 

deposition to modern marine deposition. It is only visible in areas where F2 is present and 

does not appear to be an erosional contact. 

Overlying F2, facies F3 has been interpreted as a modern marine layer comprising 

silt and sand, deposited after sea-level reached its present level. Facies F3 is relatively 

thin and runs parallel to the seafloor. This lack of significant deposition suggests that the 

central basin of Port Pegasus is currently a high energy area of low deposition due to 

significant tidal and wave influence as well as low sediment supply. Sedimentation in the 

central basin is likely either out paced by or just keeping pace with the current sea-level 

rise. Finally, the areas of climbing, stratified behavior observed in F3 in the Port Pegasus 

entrances have been interpreted as climbing dunes formed by tidal currents. 

The back basins of Port Pegasus, Sylvan, Disappointment, Islet, Evening, and 

Shipbuilders Coves, correspond to the central reaches of a typical incised-valley system. 

Sediment in this area of the system was deposited when sea-level had reached its present 

level. These middle reaches are typically characterized by low-energy depositional 
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environments and the finest grained sediment in the estuary. The stratified F4 facies that 

often visibly drapes over underlying surfaces suggests such a low energy environment 

with fine-grained sediment deposition exists in the back basins of Port Pegasus. Thus, F4 

has been interpreted as marine or estuarine mud. 

Though both the marine reaches and the central reaches of a typical incised valley 

exist in Port Pegasus, the system does not appear to contain an inner fluvially influenced 

section. Port Pegasus likely lacks this fluvially-influenced area due to the low volume of 

freshwater input into Port Pegasus relative to the marine influence of tidal and wave 

action and low sediment supply (Zaitlin et al. 1994). Indeed, the stratigraphic thickness of 

similar back basins in other seismic lines also suggest low sediment supply and limited 

freshwater influence, which is in contrast to the thick sequences observed in similar 

fluvial-dominated basins in Fiordland where thick accumulations (> 25 m) of sediment 

are observed (Hinojosa et al. 2017; Dlabola et al. 2015). The marine layer (F3) rarely has 

a thickness greater than 5 m, and the mud layer (F4) never exceeds a thickness of 10 m. 

In similar estuaries in Australia, Holocene sediments reach thicknesses of 50 m (Roy 

1994). This difference is likely due to low sediment delivery from the hinterlands caused 

by low fluvial input (Zaitlin et al. 1994).  

4.3.2 Summary 

In summary, Port Pegasus has experienced Holocene sea-level transgressions 

which have changed the depositional environment of the inlet. The incised channels of 

S1, the sequence boundary, and the existence of F1, the channel fill, indicate the presence 

of an ancient incised valley system. The clear ravinement surface, S2, visible throughout 
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the central basin represents a delineation point between a terrestrial environment and a 

post sea-level rise marine environment. The contemporary facies in Port Pegasus indicate 

a current low deposition environment. Furthermore, climbing dunes at both entrances 

suggest a strong tidal influence that limits deposition. Tide gauge data places Port 

Pegasus within the mesotidal range (Davies 1964). The central basin of Port Pegasus has 

transformed from a freshwater, terrestrial zone of high deposition to one shaped by tidal 

currents where deposition is low. The low accumulation rate since marine incursion has 

allowed the ravinement surface and older facies below to remain close to the surface, 

making this an optimal location for the extraction of cores targeting the transition from 

terrestrial to marine transition and the accompanying environmental changes. 

The back basins of Port Pegasus are zones of higher deposition relative to the 

central basin. The visibly stratified, draping facies present in Evening, Islet, Sylvan, 

Shipbuilders, and Disappointment coves suggests a low energy that is more conducive to 

sediment accumulation. These back basins are likely good areas for the extraction of 

cores targeting Holocene records; sediment has been accumulating in the basins since 

marine incursion into the inlet, and the lack of visible unconformities within this facies 

suggests continuous deposition. Furthermore, the isolated nature of these back basins 

means they are less likely to experience sediment mixing due to storm events that would 

hinder the preservation of a continuous and sequential sediment record. 



 

 

Chapter 5 

Sediment Cores 

Five of the seven sediment cores collected were selected for detailed analysis 

based on visual assessment and the overall suitability of the core to be integrated with the 

seismic data to build upon the sequence stratigraphic framework (See Chapter 3.4). These 

five cores were analyzed for physical properties using the Geotek MSCL, while the other 

two cores remained whole and were stored as archives. 

5.1 Core Descriptions and Physical Properties 

5.1.1 Central Basin – Cores 17 and 18 

Cores 17 and 18 were chosen for further analysis because they contained at least 

two distinct sedimentary facies suggesting a terrestrial to marine transition. 

Core 17 is 200 cm long, was collected in the widest part of the central basin 

between Shipbuilders Cove and Disappointment Cove in 29.7 m water depth (Figure 3.2 

and comprises 3 main stratigraphic units (Figure 5.1a). The top unit between 0 and 63 cm 

comprises primarily dark grey and green silt that contains some clay and few mm-scale 

marine biogenic carbonate shell fragments. This unit has been designated as silt 2. The 

top 10 cm of this section, designated silt 1, exhibits medium to coarse light grey sand that 

contains no visible shell fragments. The entire unit is interbedded with 1-10 cm intervals 

of light grey and beige sand that contains cm-scale intact carbonate shells and shell 
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fragments. The second stratigraphic unit spans from 63-74 cm and 120-200 cm. This 

interval comprises dark brown mud and dark green and dark grey silt. It is organic-rich 

and contains some mm-scale biogenic carbonate fragments and is interbedded with layers 

of lighter sand. This unit is interrupted between 74-120 cm by a third unit, which 

comprises a mix of light-colored coarse sand and gravel ranging from grey to yellow, 

pink, and brown in color.  

Downcore changes in properties of core 17 vary between the three main 

stratigraphic units (Figure 5.1a). X-radiograph values obtained from the Itrax range from 

3.31x104 rad to 4.0x104 rad with an average of 3.34x104 rad. Radiograph values are 

obtained from the x-radiograph images where lower values correspond to darker parts of 

the core X-ray image and ultimately relate to higher density intervals in the core (Figure 

5.1a). The core wet bulk density varies between 0.78 g/cc and 2.18 g/cc with an average 

of 1.83 g/cc. The gravel unit has higher densities than the other two units. The lightness 

values of the core vary between 23.92 L* and 63.09 L* with an average of 41.22 L*. The 

gravel unit stands out from the other two and has the highest L* values.  

Core 18 is 121 cm long and was collected in the area of Port Pegasus between 

Evening Cove and Shipbuilders Cove (Figure 3.2) in a water depth of 21.9 m. Core 18 

contains two stratigraphic units (Figure 5.1b). The top unit spans from 0 to 63 cm. It 

comprises dark green and dark grey silt and some clay as well as mm-scale biogenic 

carbonate shell fragments. The silt is interbedded with 1-10cm intervals of light beige 

sand that contains cm-scale shell fragments. These sand intervals have erosional contacts 

with the underlying silt. The second stratigraphic unit spans from 63 cm to 121 cm and 

comprises dark brown mud with cm-scale organic fragments and mm-scale carbonate 
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fragments. There are grey silt layers of 1-2 cm in thickness interbedded with this dark 

brown unit, and at the base of this unit, from 104 cm to 121 cm, the sediment becomes 

light brown, light grey, and beige and comprises organic mud mixed with silt.  

Variations in the physical property data of core 18 correspond with these two 

stratigraphic units (Figure 5.1b). Radiograph values vary from 3.30x104 rad to 3.50x104 

rad with an average of 3.33x104 rad. Wet bulk density values have a maximum of 2.30 

g/cc, a minimum of 1.42 g/cc, and an average of 1.85 g/cc. L* values have a range of 

13.78 L* to 36.41 L* with an average of 13.13 L*.



 

 

Figure 5.1 Central Basin Cores Physical Properties 

Stratigraphy, Image, X-ray, Wet bulk density, and lightness profiles of A) Core 17 and B) 
Core 18. Stars signify horizons where samples for radiocarbon dating were taken and 
dotted lines represent core breaks. 

X-R X-R 



 

 

5.1.2 Back Basins – Cores 1, 19, and 22 

Cores 1, 19, and 22 were selected for analysis because they were obtain from the 

back basins of Sylvan, Islet, and Disappointment Cove, respectively. Each of these back 

basin cores represents a slightly different depositional environment.  

Core 1 was extracted from Sylvan Cove situated at the southwest end of the inlet. 

It is the farthest from the entrance passageways, and experiences relatively low 

freshwater input. The core is 271 cm long and was extracted from a water depth of 9.0 m. 

Core 1 comprises a single sedimentary facies (Figure 5.2a) composed of dark brown, 

grey, and green silt, mud, and clay. There are multiple cm-sized marine biogenic 

carbonate shell fragments throughout as well as many voids indicative of bioturbation. 

The core has a wet bulk density range of 1.05 g/cc to 1.69 g/cc and an average wet bulk 

density of 1.48 g/cc. Its lightness varies between 23.64 L* and 60.58 L*, and it has an 

average of 43.01 L*.  

Core 19 was collected from Islet Cove, which is located at the north end of the 

inlet closer to the entrances and experiences the most freshwater influence as it is 

connected to Cook Arm, a freshwater system with a large catchment area. The core is 273 

cm long and was extracted from a water depth of 6.5 m. It comprises one continuous 

facies characterized by silt and clay (Figure 5.2b). The sediment varies from light brown 

and light green at the top of the core to grey and olive green at the bottom of the core. 

There are large (1-3 cm) marine biogenic carbonate shell fragments interbedded 

throughout the core, and the sediment is moderately bioturbated. The wet bulk density of 
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the core varies from 1.39 g/cc to 1.94 g/cc with an average of 1.71 g/cc. The core 

lightness has a range of 29.42 L* to 57.70 L* and an average of 43.47 L*.  

Core 22 was extracted from Disappointment Cove, situated at the South end of the 

inlet, which likely experiences little to no freshwater input. The core is 278 cm long and 

was extracted from a water depth of 6.6 m. Core 22 comprises one single interval that 

consists of dark brown mud and dark green and dark grey silt (Figure 5.2c). There are 

cm-scale intact and fragmented marine biogenic carbonate shells interbedded throughout 

as well as evidence of bioturbation. The core has wet bulk density values that vary from 

1.21 g/cc to 1.49 g/cc with an average of 1.38 g/cc. The core lightness varies from 27.66 

L* to 57.56 L*, with average of 41.13 L*. 

 



 

 

Figure 5.2 Back Basin Cores Physical Properties 

Stratigraphy, Image, X-ray, Wet bulk density, and lightness profiles of A) Core 1, B) 
Core 19, and C) Core 22. Stars signify horizons where samples for radiocarbon dating 
were taken, and dotted lines represent core breaks.



 

 

5.1.2 Sediment Facies Interpretations 

Four primary facies are visible in the cores. The lower organic-rich unit found in 

cores 17 and 18 has been interpreted as a terrestrial sediment package that corresponds to 

facies F4 in the seismic data, the gravel unit in core 17 has been interpreted as a lag layer 

that corresponds to facies F2 in the seismic data, and the silt layer in cores 17 and 18 has 

been interpreted as a marine unit that corresponds to facies F3. Cores 1, 19, and 22 all 

contain a single mud and silt unit, which has been interpreted as a marine unit that 

corresponds to the draping, stratified F4 facies in the seismic data. X-ray images show 

voids and unconformities within the silt unit found in cores 17 and 19 that suggest this 

unit is significantly reworked by currents within the central basin (Figure 5.1). Visible 

voids in the images of cores 1, 19, and 22 also suggest reworking of the sediment by 

either currents or bioturbation (Figure 5.2). The terrestrial unit in cores 17 and 18 was 

likely deposited by an ancient freshwater system, and the gravel lag layer was likely 

deposited during marine incursion, when the estuary was a high energy environment and 

incoming seawater eroded the shoreline. The overlying marine silt unit in the central 

basin is comprised of marine sediment both transported into the system and reworked 

from within the estuary. The marine silt and mud that comprises cores 1, 19, and 22 is 

likely a combination of marine sediment transported by incoming tides and waves and 

terrestrial sediment eroded from the surrounding catchment and transported by rivers and 

runoff. 

5.2 Radiocarbon Chronology 

Each sediment core captures a different time interval of sedimentation within Port 

Pegasus and radiocarbon dates can potentially constrain the timing of flooding and the 
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age of different seismic facies and surfaces identified in the geophysical data (Chapter 

1.5). The five cores selected for this analysis produced dates that range from > 50,000 

years ago, to the LGM, to the Holocene (Table 5.1). 

Table 5.1 Radiocarbon Results Summary 

Core Lab ID Depth 
(cm) 

14C Age ± Median 
Probability Age Lower 2σ Upper 2σ 

1 OU_2019_40 136 2898 23 2969 2874 3064 
17 OU_2019_35 70 10041 209 11571 10872 12375 
17 OU_2019_34 129.5 9911 78 11302 11162 11615 
17 OU_2019_33 193.5 10272 40 11920 11768 12049 
18 OU_2019_21 119.5 Background - >50000 - - 
18 OU_2019_22 61.5 Background - >50000 - - 
19 OU_2019_39 138 2850 101 2937 2747 3180 
19 OU_2019_37 270.5 7760 101 8514 8352 8719 
22 OU_2019_41 140 1869 22 1773 1710 1823 

5.2.1 Central Basin – Cores 17 and 18 

A primary objective of the radiocarbon dating approach was to date the transitions 

between stratigraphic units in cores 17 and 18. Three samples from core 17 were selected 

for radiocarbon age determination: one at the base of the core at 193.5 cm, one in the 

organic-rich section before the gravel lag at 129.5 cm, and another just above the gravel 

lag at 79 cm (Figure 5.1a, Table 5.1). The resulting ages indicate the core has a basal 

median probability age of 11,920 cal yr BP (see table 5.1 for 2σ range) as well as an age 

reversal between the base (median probability age 11,300 cal yr BP) and the top (median 

probability age 11,570 cal yr BP) of the gravel lag unit. This reversal as well as the 

constructed age model (Figure 5.3) suggest erosion at the transition from the organic 

layer to the gravel lag and reworking and redeposition of this material above the lag. 

An age model was created for core 17 using the Bacon package in R (Figure 5.3). 

The surface of the core was given a modern age and it was assumed that the gravel layer 
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between 78 and 119 cm was a rapidly-deposited layer of material in the age model. The 

transition between the organic unit and the gravel lag unit has been interpreted as the 

flooding surface; therefore, the median probability age of 11,300 cal yr BP at the 

transition between the two units at 129.5 cm represents the most likely age of inundation. 

Calculated sedimentation rates to a depth of 160 cm are linear, with accumulation rates 

prior to the date of marine incursion of 0.09 cm/yr (Figure 5.4) and an average linear 

sedimentation rate after marine incursion of 0.02 cm/yr (Figure 5.4).  



 

123 

 

Figure 5.3 Core 17 Age Model 

Age model for core 17 outputted from Bacon. Upper panel depicts Markov Chain Monte 
Carlo (MCMC) iterations (left) and the prior (green curve) and posterior (grey histogram) 
distributions for accumulation rate (middle) and the memory (right). Bottom panel 
depicts the bacon age model. 14C dates are depicted in blue, the slump is shown in the 
grey box, and the age-depth model is depicted in grey ,with darker areas corresponding to 
more likely calendar ages, gray dotted lines showing the 95% confidence interval, and the 
red dotted line showing the ‘best’ model based on mean age. Sequence interpretations 
have been overlaid on the y-axis. 
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Figure 5.4 Core 17 Sediment Accumulation Rate 

Core 17 sediment accumulation rate model outputted from Bacon. Darker grey 
corresponds to more likely values, the grey dotted line depicts the 95% confidence 
interval and the red dotted line depicts the ‘best’ model based on mean values. Sequence 
interpretations are depicted above the graph. 

Two samples were obtained from core 18: one sample was obtained from the base 

of the core at 119.5 cm, and the other was taken from the terrestrial to marine transition at 

61.5 cm (Figure 5.1b, Table 5.1). Both samples produced background 14C ages, indicating 

that the samples were older than 50,000 cal yr BP. As the organic layer of core 18 does 

not appear reworked (Figure 5.1b) and both radiocarbon dates produced background ages 

these dates are likely not the product of sediment reworking. Instead, these dates suggest 

that the organic layer of the core was deposited during an older highstand. The most 

recent highstand was the last interglacial, Marine Isotope Stage 5 (MIS 5), between 130 

and 80 ka (Chappell and Shackleton 1986; Lisiecki and Raymo 2005; Hughes and 
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Gibbard 2018). Given its proximity to the seafloor surface, the organic unit of core 18 

was most likely deposited during this most recent interglacial; however, this does not rule 

out the possibility that the sediment was deposited during a previous interglacial period.  

5.2.2 Back Basins – Cores 1, 9, and 22 

One sample of organic material from the middle of core 1 at 136 cm was used to 

obtain a radiocarbon date (Figure 5.2a, Table 5.1). This sample gave a late Holocene 

median probability age of 2,970 cal yr BP (see table 5.1 for 2σ range), which suggests a 

linear sedimentation rate of 0.05 cm/yr, and no age model was constructed for core 1.  

Two samples from core 19 were used to obtain radiocarbon dates: one from the 

base of the core at 270.5 cm and the other from the middle at 138 cm (Figure 5.2b, Table 

5.1), which had median probability ages of 8,510 cal yr BP and 2,937 cal yr BP, 

respectively. An age model was constructed for core 19 using the bacon package in R 

(Figure 5.5), and it outputted sedimentation rates to a depth of 270 cm, which suggest 

linear deposition and an average linear sedimentation rate of 0.10 cm/yr (Figure 5.6).  
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Figure 5.5 Core 19 Age Model 

Age model for core 19 outputted from Bacon. Upper panel depicts MCMC iterations 
(left) and the prior (green curve) and posterior (grey histogram) distributions for 
accumulation rate (middle) and the memory (right). Bottom panel depicts the bacon age 
model. 14C dates are depicted in blue and the age-depth model is depicted in grey ,with 
darker areas corresponding to more likely calendar ages, gray dotted lines showing the 
95% confidence interval, and the red dotted line showing the ‘best’ model based on mean 
age. Sequence interpretations have been overlaid on the y-axis. 
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Figure 5.6 Core 19 Sediment Accumulation Rate 

Core 19 sediment accumulation rate model outputted from Bacon. Darker grey 
corresponds to more likely values, the grey dotted line depicts the 95% confidence 
interval and the red dotted line depicts the ‘best’ model based on mean values. Sequence 
interpretations are depicted above the graph. 

A single wood fragment sample from the middle of core 22 at 140 cm was used to 

obtain a radiocarbon date (Figure 5.2c, Table 5.1). This sample produced a median 

probability age of 1,770 cal yr BP (see Table 5.1 for 2σ range), which suggests a linear 

sedimentation rate of 0.08 cm/yr, and no age model was constructed for core 22. 

5.2.3 Radiocarbon Summary 

Radiocarbon chronology provides information which can be used to determine 

sedimentation differences and a timeline of deposition for different basins of the estuary. 

Linear sedimentation rates indicate that the back basins are currently areas of high 
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sedimentation relative to the central basin. Dates from the base and transition in the 

organic-rich unit of cores 17 and 18 suggest there is an older highstand deposit in the 

central basin of Port Pegasus. The chronology of core 17 can be used to constrain the 

timing of marine incursion as well as the circumstances during sea level rise; the date of 

11,300 cal yr BP at the flooding surface between the organic facies and the gravel facies 

is the time of marine incursion and the age reversal across the gravel lag indicates 

significant erosion and reworking of sediment due to the influx of seawater.  

5.3 Paleomagnetic Results 

5.3.1 Rock Magnetism 

Natural remanent magnetism (NRM) was measured and cores were stepwise 

demagnetized using AF demagnetization. Hysteresis, isothermal remanent magnetization 

(IRM), and temperature dependent magnetic susceptibility were measured to characterize 

the magnetic grains carrying the magnetic signal within each core.  

Demagnetization spectra were analyzed using principal component analysis 

(PCA) in PuffinPlot and grouped into four distinct demagnetization behaviors (Figure 

5.7). In behaviors 1 and 2 remanent magnetism is fully removed with a peak alternating 

field of 30 mT (Figure 5.7), but in behavior two a component grows in alternating fields 

greater than 30 mT, suggesting that magnetite is the primary magnetic mineral, but that a 

sulfide may be present as well (Butler 1992). In behaviors 3 and 4 remanent magnetism is 

never fully removed with a peak alternating field reaching 100 mT; behavior 4 shows 

demagnetization to 30 mT, but then does not demagnetize further, and behavior 4 shows 
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no demagnetization (Figure 5.7). This lack of demagnetization also indicates the presence 

of a sulfide (Butler 1992).  

 

Figure 5.7 Demagnetization Behaviors 

Vector component diagrams of demagnetization behavior of representative samples from 
cores 1, 19, and 17.  

5.3.1.1 Central Basin – Cores 17 and 18 

NRM in core 17 varies from 1.99x10-5 A/m to 1.77x10-4 A/m with an average of 

1.77x10-4 A/m and a remanent magnetization at 30 mT that varies from 1.02x10-5 A/m to 

8.36x10-4 A/m with an average of 1.12x10-4 A/m. Core 17 shows a wide range of 

behaviors with mostly behavior 1, indicating magnetite is the primary carrier of magnetic 

signal (Figure 6.8a). 

Core 18 NRM at has a range of 1.62x10-4 A/m to 2.54x10-4 A/m and an average 

of 1.09x10-4 A/m. At 30 mT AF core 18 remanent magnetization varies from 6.18x10-6 
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A/m to 1.95x10-4 A/m and has an average of 4.00x10-5 A/m. Core 18 shows mostly 

behavior 1 (Figure 6.8b).  

 

Figure 5.8 Central Basin Cores NRM 

Interpreted seismic stratigraphy, NRM and magnetization at 30 mT. and demagnetization 
behavior from left to right plotted against depth for A) core 17 and B) core 18. Gap in 
core 18 represents area of the core where data could not be obtained due a void in the 
sediment. Dashed lines represent core breaks. 
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5.3.1.2 Back Basins – Cores 1, 19, and 22 

NRM for core 1 varies from 2.25x10-5 A/m to 5.51x10-4 A/m with an average of 

2.40x10-4 A/m, and remanent magnetization at 30 mT for core 1 varies from 4.82x10-6 

A/m to 1.62x10-4 A/m with an average of 5.14x10-5 A/m. Core 1 is majority behavior 1 

(Figure 5.9a). In core 19, NRM varies from 2.22x10-5 A/m to 4.85x10-4 A/m with an 

average of 2.08x10-4 A/m, and at 30 mT remanent magentization varies from 7.54x10-6 

A/m to 6.34x10-4 A/m with an average of 6.61x10-5 A/m. Core 19 is primarily 

characterized by behavior 1 (Figure 5.9b). Finally, NRM for core 22 varies from 2.58x10-

5 A/m. to 4.56x10-4 A/m with an average of 1.78x10-4 A/m. At 30 mT the remanent 

magnetization of core 22 has a range of 7.71x10-7 A/m to 1.85x10-4 A/m with an average 

of 1.34x10-5 A/m. Core 22 displays mostly behavior 1 (Figure5.9c). 
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Figure 5.9 Back Basins NRM 

Interpreted seismic stratigraphy, NRM and magnetization at 30 mT. and demagnetization 
behavior from left to right plotted against depth for A) core 1, B) core 19, and C) core 22. 
Dashed lines represent core breaks. 
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5.3.1.3 Hysteresis and IRM 

Sub-samples from each core representing a range of depths and demagnetization 

behaviors were measured for hysteresis and IRM, which can help determine magnetic 

concentration, grain-size and mineralogy, and a day plot was constructed to summarize 

these results (Figure 5.10). None of the values from these samples map into the single 

domain area of the chart, and most points plot on the multidomain end of the mixing 

curves towards the superparamagnetic mixing curve. This suggests the magnetic minerals 

present in the cores are very small in grain size (Blaney 2007). 

 

Figure 5.10 Day Plot 

Day plot with values of samples from all five cores overlain on a mixing curve adapted 
from Dunlop (2002). Color indicates core from which each sample was taken and shape 
indicates each sample’s demagnetization behavior. 
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5.3.1.4 Temperature Dependent Magnetic Susceptibility 

Temperature dependent magnetic susceptibility (TDMS) measurements were 

conducted for a range of subsamples throughout all five cores from different depths and 

areas of different demagnetization behavior. All displayed similar TDMS, and a 

representative sample is shown in Figure 5.11; samples slightly increased in magnetic 

susceptibility, suggesting a formation of a magnetic material, potentially hematite (Butler 

1992), and had an eventual Curie temperature of approximately 580 °C, suggesting that 

magnetite is the primary magnetic mineral present in the cores (Butler 1992). 

 

Figure 5.11 Temperature Dependent Magnetic Susceptibility 

TDMS of a representative sample from 201 cm in core 1. Pink lines indicates heating, 
blue dashed line indicates cooling. Dotted black lines indicates 580 °C, the curie 
temperature of magnetite. 

5.3.2 Environmental Magnetism 

Magnetic susceptibility (κ), which indicates concentration of magnetic material as 

well as magnetic grain size, as well as the ratio of anhysteretic susceptibility (κARM) to κ, 
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which indicates changes in magnetic grain size, were measured and calculated for each of 

the five sediment cores (Figures 5.12 and 5.13) because changes in magnetic 

concentration in grain size can indicate changes in input to the catchment as well as 

depositional processes within the inlet (Q. Liu et al. 2012). 

5.3.2.1 Central Basin – Cores 17 and 18 

Core 17 (Figure 5.12a) κ varies from <0 SI to 3.84E-6 SI with an average of 

1.42E-6 SI. The κARM/κ of core 17 has a range of <0 to 87.15 with an average of 17.53. 

Both parameters show a distinct decrease in the gravel lag section of the core.  

Core 18 (Figure 5.12b) κ varies from 2.13E-7 SI to 1.32E-5 SI with an average of 

2.44E-6 SI. Its κ ARM/κ varies from 2.88 to 74.51 with an average value of 21.61.  

Figure 5.12 Central Basin Environmental Magnetism 

Magnetic susceptibility and the ratio of anhysteretic susceptibility to magnetic 
susceptibility plotted against core depth for A) core 17 and B) core 18. 
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5.3.2.2 Back Basins – Cores 1, 19, and 22 

The κ  of core 1 (Figure 5.13a) varies from 0 SI to 4.8E-7 SI with an average of 

2.42E-7. The κ ARM/κ  of core 1 has a range of 16.75 to 181.18 with an average value of 

56.76.  

Core 19 (Figure 5.13b) has κ values that vary from 3.73E-7 SI to 2.56E-6 SI and 

have an average of 9.39E-7 SI. The ARM/κ for core 19 has a range of 7.77 to 27.24 and an 

average value of 17.78.  

Finally, core 22 (Figure 5.13c) has κ values that range from <0 SI to 5.33E-7 SI 

and have an average of 1.62E-7 SI. The κARM/κ values of core 22 vary from <0 to 188.93 

and have an average of 24.00.  

Figure 5.13 Central Basin Environmental Magnetism 

Magnetic susceptibility and the ratio of anhysteretic susceptibility to magnetic 
susceptibility plotted against core depth for A) core 1, B) core 19, and C) core 22. 
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5.3.3 Chronology 

Core 19 was chosen for relative paleointensity analysis because a radiocarbon age 

model had been constructed (Figure 5.5) for the core and the stratigraphy showed no 

significant breaks in deposition or erosional contacts. Two relative paleointensities were 

calculated, one normalizing NRM to κ and the other to κARM (Figure 6.14) Inclination 

and relative declination records were also constructed for core 19 (Figures 5.15 & 5.16). 

Relative paleointensity records were compared to a relative paleointensity record 

constrained by 29 radiocarbon dates from nearby Mavora Lakes in the South Island of 

New Zealand (Turner et al. 2015). Tie points between Port Pegasus relative 

paleointensity normalized to magnetic susceptibility and the Mavora Lakes record were 

determined for integration into the core 19 age model using the linage function in the 

Astrochron Package in R (Figure 5.14). The curve normalized to magnetic susceptibility 

was chosen as the ARM curve appeared too correlated to the NRM curve (Figure 6.9b) 

(Tauxe 1993). Inclination and relative declination records were compared to the Mavora 

Lakes as a regional comparison as well as Fish Lake, Oregon as a site of similar latitude 

in the Northern Hemisphere (Verosub, Mehringer, and Waterstraat 1986).



 

 

 

Figure 5.14 Relative Paleointensity 

Relative paleointensity for core 19 normalized to anhysteretic susceptibility (left) and 
magnetic susceptibility (right) and relative paleointensity record from Mavora Lakes 
(Turner et al. 2015) plotted against cal yr BP. Tie points are shown as red dashed lines. 
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Figure 5.15 Inclination 

Inclination (°) from left to right of core 19, Mavora Lakes (Turner et al. 2015) , and Fish 
Lake (Verosub et al. 1986) plotted against cal yr BP. 
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Figure 5.16 Relative Declination 

Relative declination (°) from left to right of core 19, Mavora Lakes (Turner et al. 2015) , 
and Fish Lake (Verosub et al. 1986) plotted against cal yr BP. Dashed line indicates 0°. 

5.4 Geochemical Results 

5.4.1 Itrax XRF Statistical Analysis 

The Itrax XRF core scanner was used to measure elemental abundances in cores 

17 and 18. K-means cluster analysis then PCA analysis was used to identify chemical 

trends in the cores than can be related to sedimentary or depositional processes.  

5.4.1.1 K-means Cluster Analysis 

Cluster analysis was performed on normalized Itrax data from cores 17 and 18 in 

order to group data points with similar elemental profiles together.  



 

141 

Analysis of core 17 resulted in 4 distinct clusters (Figure 5.17a). The clusters 

correspond to previously identified stratigraphic units within the core (Figure 5.17b); 

cluster 1 corresponds to the gravel lag unit identified in the core, clusters 2 and 3 

correspond to the interpreted marine section of the core with 2 found in silt areas and 3 

found in areas of sand, and cluster 4 corresponds to the highly organic areas of the core.  

 

Figure 5.17 Core 17 Cluster Analysis 

K-means cluster analysis of core 17. A) Clusters mapped according to their dimensions 
with shaded color designating individual groups and B) Clusters compared to core images 
and interpreted stratigraphic units. 

Analysis of core 18 output two distinct clusters (Figure 5.18a). These two clusters 

also corresponded the described stratigraphic units (Figure 5.18b). Cluster 1 is found in 
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the top interpreted marine section of the core as well as areas in the bottom of core 18 

where there are higher amounts of silt and sand. Cluster 2 corresponds to the organic 

section of the core. 

 

Figure 5.18 Core 18 Cluster Analysis 

K-means cluster analysis of core 18 A) Clusters mapped according to their dimensions 
with shaded color designating individual groups and B) Clusters compared to core images 
and interpreted stratigraphic units. 

5.4.1.2 Principal Component Analysis 

Initial PCA of the entire data set for core 17 indicated that the elements 

contributing the most to the variation and that therefore should be focused on were 

Silicon (Si) sulfur (S), potassium (K), calcium (Ca), manganese (Mn), titanium (Ti), iron 
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(Fe), zinc (Zn), bromine (Br), strontium (Sr), and barium (Ba) as well as the incoherent to 

coherent scatter ratio (inc/coh), a commonly used proxy for organic matter concentrations 

(Rothwell and Croudace 2015b). PCA using these 12 elements resulted in a component 

set in which the first two principle components accounted for 59% of the variance in the 

data (Table 5.2a). Principle component 1 (PC1) accounts for 37% of total variance and 

positively correlates with Fe, K, Si, Mn, S, and Ti values (Table 5.2b). Principle 

component 2 (PC2) accounts for 23% of total variance, positively correlates with Sr, Ca 

and Ba, values, and is negatively correlated with the incoherent to coherent scatter ratio 

(Table 5.2c).



 

 

Table 5.2 Core 17 PCA Values 
A) Eigenvalues and Percent Variance of each PCA dimension. 

Dimension Eigenvalue Percent Variance Cum. % Variance 
1 4.40 36.65 36.65 
2 2.75 22.94 59.59 
3 1.91 15.88 75.46 
4 0.94 7.83 83.30 
5 0.62 5.19 88.49 
6 0.45 3.79 92.28 
7 0.29 2.43 94.71 
8 0.21 1.78 96.49 
9 0.16 1.35 97.85 
10 0.14 1.19 99.03 
11 0.07 0.57 99.60 
12 0.05 0.40 100 

B) Correlation of each element to PC1. 

Element Correlation P-Value 
Fe 0.90 0 
K 0.89 0 
Si 0.85 0 

Mn 0.83 0 
S 0.78 0 
Ti 0.62 2.32E-188 
Br 0.44 2.63E-87 
Ca 0.34 3.64E-49 
Ba 0.16 2.82E-11 
Zn 0.06 0.02 

Inc/Coh -0.23 3.05E-22 
C) Correlation of each element to PC2. 

Element Correlation P-value 
Sr 0.88 0 
Ca 0.58 4.37E-163 
Ba 0.50 2.25E-114 
Zn 0.39 3.29E-65 
Si 0.32 4.03E-44 
K 0.26 8.89E -30 

Mn -0.15 6.63E-11 
Br -0.17 1.63E-13 
Ti -0.25 7.73E-28 
Fe -0.28 1.39E-34 
S -0.44 6.66E-86 

Inc/Coh -0.82 0 



 

145 

A 2D biplot of PC1 and PC2 was also created, and groupings within the plot were 

drawn according to the cluster of each depth (Figure 5.19). The synthesis of the cluster 

analysis and PCA indicates that cluster 1 in core 17 is anticorrelated to all significant 

elements, cluster 2, the marine silt layers, contains contributions from Si, K, Mn, Fe, S, 

and Ti, cluster 3, the sand layers, is correlated with Sr, Ca, and Ba, and cluster 4 the 

organic section, has a significant contribution from the incoherent to coherent scatter 

ratio. 

 

Figure 5.19 Core 17 PCA Biplot 

Biplot of core 17 PCA with cluster groupings and elemental correlations overlaid. Longer 
arrows indicate a stronger elemental correlation. 
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Initial PCA on the entire core 18 Itrax dataset indicated that the elements of 

interest were Si, K, Ca, Ti, Mn, Fe, Br, Zironcium (Zr), Zn, Sr, and Chlorine (Cl) as well 

as the incoherent to coherent scatter ratio. The PCA using these 12 elements produced a 

data set in which the first two components account for 60% of the observed variation in 

the entire dataset (Table 5.3a). Principle component 1 (PC1) accounts for 39% of the 

variation and is positively correlated with the elements K, Si, Zn, Fe, Ca, and Sr, and 

negatively correlated with Cl and the incoherent to coherent scatter ratio (Table 5.3b). 

Principle component 2 (PC2) explains 20% of the variation in the dataset and is 

positively correlated with Ti and Zr and negatively correlated with Br (Table 5.3c).



 

 

Table 5.3 Core 18 PCA Values 
A) Eigenvalues and Percent Variance of each PCA dimension. 

Dimension Eigenvalue Percent Variance Cumulative 
Percent Variance 

1 4.77 39.75 39.75 
2 2.42 20.18 59.92 
3 1.41 11.78 71.71 
4 1.29 10.76 82.47 
5 0.70 5.86 88.33 
6 0.44 3.69 92.02 
7 0.32 2.67 94.69 
8 0.28 2.33 97.02 
9 0.15 1.23 98.26 
10 0.11 0.93 99.19 
11 0.06 0.47 99.66 
12 0.04 0.34 100 

B) Correlation of each element to PC1. 

Element Correlation P-value 
K 0.86 1.66E-319 
Si 0.84 1.31E-290 
Zn 0.80 9.54E-245 
Fe 0.73 9.59E-181 
Ca 0.68 2.38E-150 
Sr 0.66 1.00E-137 
Mn 0.28 1.63E-21 
Ti 0.13 2.34E-05 
Cl -0.64 7.825E-126 

Inc/Coh -0.88 0 
C) Correlation of each element to PC2. 

Element Correlation P-value 
Ti 0.84 1.02E-299 
Zr 0.83 3.35E-278 
Fe 0.28 3.350E-21 
Mn 0.21 2.92E-12 
Zn 0.12 5.87E-05 
K -0.16 1.94E-07 

Inc/Coh -0.18 2.09E-09 
Sr -0.34 1.55E-30 
Ca -0.49 1.67E-67 
Br -0.69 1.12E-156 
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A 2D biplot of PC1 and PC2 was created with groupings according to the cluster 

assigned to each depth (Figure 5.20). This plot indicates that cluster 1, the marine silt and 

sand layer, in core 18 is correlated with Fe, Zn, Si, K, and Ca, and that cluster 2, the 

organic layer, is associated with higher inc/coh values. 

 

Figure 5.20 Core 18 PCA Biplot 

Biplot of core 18 PCA with cluster groupings and elemental correlations overlaid. Longer 
arrows indicate a stronger elemental correlation. 
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5.4.2 Itrax XRF Elemental Results 

A subset of individual elemental profiles in cores 17 and 18 were chosen to 

display relevant chemical trends within each core (Figures 5.21 & 5.22). The incoherent 

to coherent scatter (Inc/Coh) has been plotted because it is a proxy for organic matter 

(Rothwell and Croudace 2015b). Ca normalized to Fe was plotted as were Br and K, 

normalized to the incoherent scatter to account for differences in core density and water 

content (Rothwell and Croudace 2015b). These elements have been previously used to 

document marine conditions, marine organic matter, and terrigenous input, respectively 

(Rothwell and Croudace 2015b).  

Both cores have similar downcore elemental trends. In core 17 inc/coh values 

increase with depth, whereas the Ca/Fe and Br/inc values are only elevated in the top 50 

cm of the core. K/inc values appear slightly elevated in the top 50 cm of the core. In core 

18 the inc/coh values are elevated relative to the rest of core between 60 and 100 cm. The 

Ca/Fe and Br/inc values display a similar trend to the values in core 17 and are 

significantly elevated in the top 50 cm of the core. Finally, K/inc values appear slightly 

elevated in the top 50 cm and the bottom 15 cm of the core. 

5.4.3 Bulk Carbon and Nitrogen Stable Isotope Geochemistry 

5.4.3.1 Central Basin – Cores 17 and 18 

Total weight percent (wt. %) carbon (C) and nitrogen (N) as well as the bulk 

organic δ15N and δ13C and the carbon to nitrogen (C:N) ratio were measured at 10 cm 

intervals in cores 17 and 18. The C and N isotopic data exhibit a trend towards more 

negative isotopic values down core (Figures 5.21 & 5.22).  
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In core 17 the δ15N values range from 1.0 ‰ to 7.2 ‰, with an average of 4.15 

‰. Wt. % N has a range of 0.02 to 0.09 % and an average of 0.05 %. Furthermore, 

δ13C values vary from -29.1 ‰ to -14.8 ‰ with an average of -25.6 ‰, and wt. % C 

has a range of 0.2 to 1.9 % and an average of 1.0 %. The C:N ratio in core 17 varies 

from 11.2. to. 32.3 and has an average value of 25.1. 

In core 18 the δ15N values have a range of 0.6 ‰ to 7.0 ‰ and an average 

value of 3.2 ‰. The wt. % N of the core 18 varies from 0.01% to 0.2 % with an 

average of 0.07 %. δ13C values in core 18 have a range of -29.3 ‰ to -15. 8 ‰ and 

an average of -25.9 ‰, and wt. % C varies from 0.2 % to 7.9 % with an average of 

2.0 %. The C:N ratio in core 18 varies from 10.9 to 45.1 with an average of 26.0.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 Core 17 Geochemistry 

Geochemical parameters of core 17 plotted against depth. Displayed in order from left to 
right are stratigraphic interpretations, Itrax XRF elemental data, bulk organic C and N 
isotope data, and principal component 1. Bulk organic C and N isotope data was not 
collected in the gravel section of the core because C and N concentrations were too low 
to obtain isotope data. The δ13C value at -10 ‰ likely indicates there was biogenic 
carbonate remaining in the sample, which aligns with shell-rich horizon from which it 
was taken. Dashed lines represent core breaks. 
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Figure 5.22 Core 18 Geochemistry 

Geochemical parameters of core 18 plotted against depth. Displayed in order from left to 
right are stratigraphic interpretations, Itrax XRF elemental data, bulk organic C and N 
isotope data, and principal component 1. Dashed lines represent core breaks. The δ13C of 
-15 ‰ likely indicates biogenic carbonate remaining in the sample, which aligns with 
shell-rich horizon from which it was taken. Dashed lines represent core breaks. 

 

 

 

 



 

 

5.4.3.2 Back Basins – Cores 1, 19, and 22 

Total wt. % C and N, δ15N, δ13C, and C:N ratios were measured in 20 cm 

intervals in the back basin cores 1, 19, and 22. All three cores show consistently 

marine signals (Figures 5.23, 5.24, & 5.25). For cores 1, 19, and 22 the average δ15N 

values were 8.3 ‰, 7.4 ‰, and 8.4 ‰, the average δ13C values were -22.4 ‰, -22.9 

‰, and -21.9 ‰, and the average C/N values were 11.2, 11.8, and 10.91, 

respectively. All values point towards a clear marine signature in the back basin 

cores, with core 19 displaying a slightly lower δ15N value, negative δ13C value and 

higher C/N value indicating a potential small terrestrial organic matter source.  



 

 

 

Figure 5.23 Core 1 Geochemistry 

Bulk organic C and N isotope data from core 1 plotted against depth. Interpreted 
stratigraphic unit is displayed on the left. Dashed lines represent core breaks. 
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Figure 5.24 Core 19 Geochemistry  

Bulk organic C and N isotope data from core 19 plotted against depth. Interpreted 
stratigraphic unit is displayed on the left. Dashed lines represent core breaks. 
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Figure 5.25 Core 22 Geochemistry 

Bulk organic C and N isotope data from core 22 plotted against depth. Interpreted 
stratigraphic unit is displayed on the left. Dashed lines represent core breaks. 



 

 

5.4.3.3 Grab Samples 

Eleven grab samples were selected for C and N analysis (Figure 5.26). The grab 

samples chosen were, 1, 3, 4, 6, 8, 9, 10, 12, 14, 15, and 20. They span the length of the 

cove and represent the various depositional environments present (Figure 3.2). Overall, 

the grab samples have values that indicate a marine organic matter source with δ13C , 

δ15N, and C/N averages of -21.56 ‰, 6.67 ‰, and 9.43, respectively. δ13C values are less 

negative and more marine in most of the sites closest to an entrance channel, whereas 

C/N and δ15N values are higher in sites close to freshwater sources and farther from the 

entrance channel (Figure 5.26).  

δ15N of grab samples varied from 5.725 ‰ to 7.9 ‰ with an average of 6.67 ‰. 

The δ13C grab sample values had a range of -22.40 ‰ to -20.47 ‰ and an average value 

of -21.56 ‰. Finally, the C/N ratios of the grab samples ranged from 7.68 to 10.47 with 

an average of 9.43. No significant trends were found among the grab samples. 



 

 

  

Grab 

Distance to 
FW Source 

(km) 

Distance to 
Entrance 
Channel 

(km) 

δ15N (% 
Air) (‰) 

δ13C (% 
VPDB) (‰) C/N 

1 0.25 8.25 7.23 -22.4 9.79 
2 0.5 8 7.20 -22.39 10.30 
3 1 7.75 7.90 -22.285 9.97 
4 1.2 7.25 6.83 -20.74 10.47 
6 2.2 6 5.87 -22.40 9.17 
8 4.5 4 6.17 -22.00 9.46 
9 3.5 3 6.43 -20.71 9.56 
10 2.5 2.3 5.73 -21.47 8.45 
12 2 0 - -20.98 - 
14 3.5 3 6.7 -20.47 7.68 
15 4.75 4 - -21.31 - 

 

Figure 5.26 Grab Sample Geochemistry 

Bulk C and N isotope data from grab samples as well as their distance from nearest 
freshwater source and distance from nearest entrance channel. Shading shows gradient 
from less to more marine values.  

5.4.4 Carbon Accumulation Rates 

Carbon accumulation rates (CAR) were calculated for all cores. Cores 17 and 19 

have age models and thus average linear sedimentation rates could be determined 

Most Marine 

Most Marine 

Most Marine 
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throughout the entire cores (Figure 5.27). Core 17 has a CAR range of 0.5 g C m-2 yr-1 to 

12.6 g C m-2 yr-1, with an average of 5.2 g C m-2 yr-1, and core 19 has a CAR range of 

10.9 g C m-2 yr-1 to 32.7 g C m-2 yr-1 and an average value of 18.7 g C m-2 yr-1. The single 

radiocarbon dates in Cores 1 and 22 were used to determine a linear sedimentation rates 

and carbon accumulation rates of 15.2 g C m-2 yr-1  and 28.3 g C m-2 yr-1, respectively.



 

 

Chapter 6 

Discussion 

This study uses a multi-pronged approach to examine the paleoenvironment of 

Port Pegasus. In this section, the evolution of Port Pegasus as an estuary, the timing of 

marine incursion in Port Pegasus, and the suitability of Port Pegasus as a site for 

paleoclimate research is assessed. Relative paleointensity-constrained radiocarbon 

chronologies are used to determine the timing of sea level incursion into the estuary as 

well as to calculate sedimentation and carbon accumulation rates and the ways they have 

evolved since the LGM. Elemental and stable isotope data is used to define the transition 

from terrestrial to marine conditions and the accompanying changes in sediment source. 

Finally, a combination of magnetic and geochemical data is used to show trends in past 

fluvial input and assess the potential for future paleoclimate research.  

6.1 Core Chronology 

Cores 17 and 19 both have sufficient radiocarbon dates to construct an age model, 

and the core 19 age model has been tuned using relative paleointensity data from a South 

Island record (Turner et al. 2015). 

The core 17 age model has not been tuned due to the large unconformity present 

in the core and the likelihood that erosion that occurred. This complex stratigraphy makes 

the construction of a radiocarbon age model difficult. Furthermore, the higher magnitude 
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and variability of the environmental magnetism parameters make the core unsuitable for 

relative paleointensity calculations.  

Core 19, however, does appear to be suitable for relative paleointensity 

correlation (Tauxe 1993). Tie points have been identified between the core 19 relative 

paleointensity record and the Mavora Lakes record from the New Zealand South Island 

that is constrained by 28 radiocarbon dates on terrestrial microfossils (Turner et al. 2015). 

The Fish Lake record (Verosub, Mehringer, and Waterstraat 1986) was also examined, 

but was not found to be a suitable reference dataset due to its Northern Hemisphere 

location and due to the lack of similar trends between the two datasets. These tie points 

(Figure 5.14) have been used to create a better constrained age model for core 19 (Figure 

6.1). The three paleomagnetic tie points fit well into the core 19 age model and support 

the hypothesis of a relatively consistent linear sedimentation in this area of Port Pegasus. 

This age model was used for carbon accumulation rate (CAR) calculations as well as 

construction and interpretation of paleoclimate trends. 
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Figure 6.1 Core 19 Relative and Relative Paleointensity Constrained Age Model  

Core 19 age model with radiocarbon dates (in blue) and tie points from the Mavora Lakes 
relative paleointensity record (in green). Upper panel depicts MCMC iterations (left) and 
the prior (green curve) and posterior (grey histogram) distributions for accumulation rate 
(middle) and the memory (right). Bottom panel depicts the Bacon age model. The age-
depth model is depicted in grey ,with darker areas corresponding to more likely calendar 
ages, gray dotted lines showing the 95% confidence interval, and the red dotted line 
showing the ‘best’ model based on mean age. Sequence interpretations have been 
overlaid on the y-axis. 
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6.2 Estuarine Evolution in Port Pegasus 

Seismic data in combination with geochemical data and radiocarbon dates from 

sediment cores, suggest that Port Pegasus contains a transgressive system tract (Figure 

6.2). This sequence contains underlying weathered Pleistocene sediments, and an 

overlying layer of channel fill deposited during the last glacial period that is followed by 

early Holocene flooding of the basin. The channel fill is capped by an erosional 

ravinement surface and a gravel lag. The transition between the channel fill and the 

flooding layer has been dated to c. 11,300 cal yr BP (Table 5.1) and beginning at least 

approximately 8,510 cal yr BP (Table 5.1) and continuing throughout the Holocene, 

marine mud has been deposited in the back basins and a thin layer of sand and silt has 

been deposited within the main basin.



 

 

Figure 6.2 Port Pegasus Sequence Stratigraphy 

Schematic of the stratigraphic sequence in Port Pegasus with collected cores and their 
respective dated horizons.  

 



 

 

6.2.1 Itrax XRF Proxies 

Itrax geochemical data gives insights into the chemical composition and 

provenance of the identified sediment facies. Inc/coh values indicate higher total organic 

matter concentrations in the terrestrial units in cores 17 and 18 (Figures 5.21 & 5.22); in 

core 17 these higher values are maintained throughout the unit, whereas in core 18 the 

bottom 28 cm of the core has lower organic matter concentration that mirrors the 

observed increase in silt mixed with the organic-rich mud. Br/inc has been used as a 

proxy for marine organic matter (Rothwell and Croudace 2015b), and cores 17 and 18 

have higher Br/inc values in the upper marine silt unit.  

The Ca/Fe ratio shows changes in carbonate concentration, which often increases 

with increased marine influence. Cores 17 and 18 have Ca/Fe peaks in the top marine silt 

section that correspond to areas containing many marine carbonate biogenic shells and 

shell fragments (Figures 5.21 & 5.22). The areas that are coarser-grained and particularly 

abundant in shells may reflect periods of high wave or storm influence in the estuary.  

K/inc, a proxy for detrital influx (Rothwell and Croudace 2015b), has decreased 

values in the channel fill of cores 17 and 18 relative to the marine units, likely reflecting 

dilution of the detrital input by higher levels of organic matter in the bottom section of 

the cores. Indeed, core 18 K/inc shows a slight increase in the very bottom section where 

there is an increase in the observed silt mixed with the mud. Both of the first principal 

components from the PCA of cores 17 and 18 are positively correlated with detrital 

elements and negatively correlated with organic matter. Both components have higher 

values in the upper marine unit and lower values in the terrestrial unit, further 
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demonstrating the dilution of detrital input by higher levels of organic matter deposition 

in the channel fill unit. Finally, PCA biplots show that in both cores the marine silt layer 

is correlated to the detrital elements K, Si, and Fe, the coarser sand layers in the marine 

section are correlated to the marine elements Ca and Sr, and the organic fill unit in both 

cores is highly correlated to inc/coh. Though the base of core 18 exhibits the same 

terrigenous elements as the marine facies, this likely reflects a higher detrital input, not a 

marine influence, as Ca/Fe and Br/inc do not increase at the base of the core 18. 

Overall, the Itrax XRF stratigraphy demonstrates that there are distinct 

geochemical differences between the modern marine facies and the underlying terrestrial 

channel fill facies. The proxies for marine influence, Ca/Fe and Br/inc, are only present 

in the marine facies, suggesting that the previous depositional environment was entirely 

terrestrial with no marine influence, as biogenic carbonate does not appear in similar 

lacustrine units found in fjords in the South Island of NZ (Dlabola et al. 2015; Lembo 

2019). Furthermore, the organic matter proxy inc/coh, the detrital proxy K/inc, and PC1 

indicate much higher total organic matter in the channel fill facies relative to detrital 

input. Principal component biplots confirm these trends of organic, marine, and detrital 

matter distribution.  

6.2.2 Sources of Organic Matter 

Carbon and nitrogen isotopes and C/N ratios provide an indication of terrestrial vs 

marine organic matter sources to the estuary. More negative (more positive) δ15N and 

δ13C values and high (low) C/N ratios indicate terrestrial (marine) organic matter sources 
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because of the different C and N pools and pathways plants utilize (Meyers and Teranes 

2001).  

The organic channel fill facies in cores 17 and 18 have isotopic values and 

elevated C/N values that point towards a clear terrestrial source of organic matter. In 

Figure 6.3a the channel fill facies in both cores plot in the area that corresponds to bulk 

organic matter derived from C3 terrestrial plants (Figure 6.3a). The data points associated 

with this channel fill facies also have lower δ15N values, suggesting a terrestrial organic 

matter source. The marine facies in cores 17 and 18 have values that represent a mix of 

terrestrial organic matter sources, but appear to be closer to the marine end of the 

spectrum defined by Hinojosa et al. (2017) from Fiordland surficial sediments and 

drainage basin soil (Figure 6.3a). Samples at marine horizons near the transition from 

terrestrial to marine have values closer to the terrestrial range than the marine range, 

which suggests that mixing and deposition of resuspended channel fill sediment with 

modern marine silt continued for a substantial amount of time after marine incursion.  

Cores 1 and 22 both have isotopic values and C/N values that show little variation 

and a clear marine signature (Figure 6.3). The bulk organic C and N values obtained from 

these cores plot close to values for marine matter in the C/N versus δ13C plot and also 

exhibit lower δ15N values (Figure 6.3), suggesting that Sylvan Cove and Disappointment 

Cove sediments primarily consist of marine organic matter, have little freshwater 

incursion or terrestrial organic matter input, and have remained this way throughout the 

late Holocene.  
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Core 19, collected in Islet Cove has lower δ15N values, more negative δ13C 

values, and lower C/N values. It also has a larger overall variation of values that suggests 

more terrestrial influence (Figure 6.3), which reflects the fact that Islet Cove has the 

highst freshwater input. Hinojosa et al. (2014) found that fjords with smaller catchments 

relative to their surface area showed a lack of downfiord gradient with respect to carbon 

and nitrogen isotopes. This phenomenon appears to be reflected in Port Pegasus, as the 

terrestrial signal from Cook Arm only appears in Islet Cove. 

In summary, bulk organic C and N isotopic and C/N values indicate that the 

organic channel infill deposited during the last glacial was entirely terrestrial in origin, 

whereas modern and Holocene sediment deposits have organic carbon that is largely 

marine in origin. Channel silt and sand appear to be the most mixed in source, and core 

19 contains a larger amount of terrestrial organic matter than the other back basins due to 

the proximity of the site to a fluvial source that drains a larger catchment. Cores 1 and 22 

have an entirely marine organic matter source and very little freshwater or terrestrial 

influence. This implies that the main freshwater source to Port Pegasus is Cook Arm and 

its catchment and that most of the organic matter is marine in origin and enters the inlet 

(or is re-distributed) due to tidal currents, wave action, and southerly storms. Moreover, 

the bulk organic C and N isotopes and concentration data suggest that Islet Cove and 

Cook Arm are the best locations for future paleoclimate studies as the sediment will 

record variations in precipitation through variations in terrestrial organic matter input 

through freshwater fluxes.  
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Figure 6.3 Bulk Organic C + N isotopes and composition  

Data points from each core. Designations in (A) adapted from Lamb et al. (2006). Arrows 
in each figure point from terrestrial values towards marine values and data points from 
the units interpreted as terrestrial in cores 17 and 18 are circled. Two outliers exhibit 
significantly less negative δ13C values (A and B) likely due to remaining biogenic 
carbonate in the sample. 
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6.2.3 Carbon Accumulation Rates 

Carbon accumulation rates can be calculated for cores 17 and 19 using the 

sedimentation rates obtained from the radiocarbon chronologies and can give insights 

into the carbon cycling dynamics within Port Pegasus.  

For determining carbon accumulation rates core 17 has been split into two 

sections, one before and one after marine incursion. The channel fill, pre-marine 

incursion section has an average carbon accumulation rate of 10 g C m-2 yr-1, which is 5 

times higher than the average rate of 2 g C m-2 yr-1 in the marine section. This large 

difference suggests marine incursion significantly altered the carbon storage dynamics of 

Port Pegasus. The lower carbon concentrations and significantly lower sedimentation rate 

(hypothesized to be largely due to winnowing) are the primary reasons the C 

accumulation rates are lower after marine transgression. The carbon accumulation rate of 

the channel fill facies is most similar to that of lakes and continental shelves (Table 6.1) 

and falls within recently identified ranges for lakes, continental shelves, and lagoons 

(Wilkinson et al. 2018)



 

 

Table 6.1 Coastal Carbon Accumulation Rates 
Type CAR (g C m-2 yr-1) Source 

Fjord 54 (Smith et al. 2015) 

Salt Marsh 218 (Mcleod et al. 2011) 

Mangrove 163 (Breithaupt et al. 2012) 

Seagrass beds 138 (Mcleod et al. 2011) 

Continental Shelf 19.6 (Wilkinson et al. 2018) 

Eutrophic Reservoir 144 (Mendonça et al. 2017) 

Lakes 22 (Mendonça et al. 2017) 

Preservation Inlet (NZ) 0.8 – 2.2  (Hinojosa et al. 2014) 

Dusky Sound (NZ) 44 – 68 (Hinojosa et al. 2014) 

Doubtful Sound (NZ) 115 – 169  (Hinojosa et al. 2014) 

Outer George Sound (NZ) 4.8 (Hinojosa et al. 2014) 

Thompson Sound (NZ) 15.2 (Hinojosa et al. 2014) 

Port Pegasus Back Basin 18.8 Current Study 

Port Pegasus Tidal Channel 2 Current Study 

Port Pegasus Historic Wetland 10 Current Study 

 

Core 19 has an average CAR of 18.8 g C m-2 yr-1 (Table 6.1), which is comparable 

to values found in lakes and continental shelves as well as some NZ fiord basins (Table 

6.1) (Hinojosa et al. 2014). This suggests that though the areas of carbon storage within 

Port Pegasus have changed, the inlet remains an area of relatively high carbon 

accumulation (Figure 6.4). First level estimates of CAR in Sylvan Cove and 

Disappointment yield similar values to Islet Cove of 15.2 g C m-2 yr-1 and 28.3 g C m-2 yr-

1, respectively. The approximate area of the ancient wetland, estimated using the extent of 
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the seismic unit in the chirp and boomer data, is 7.71 km2, which gives a yearly total 

carbon storage of 77.1 metric tonnes C. The total area of back basins with assumed 

carbon storage similar to that of Islet Cove is 1.562 km2, which means these back basins 

potentially store 29.8 metric tonnes of C per year, less than the ancient wetland. These 

carbon accumulation rates are likely an underestimate, as shallower areas closer to fluvial 

inputs may trap fluvially transported terrestrial organic carbon; however, if river floods 

are the prime mechanism of sediment carbon delivery these shallower areas may be 

bypassed by floodwaters. 

 

Figure 6.4 Port Pegasus Carbon Storage 

Areas of carbon storage within the estuary are shaded, old freshwater wetland areas in 
brown and new back basin depocenters in green.  
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6.2.4 Dating Marine Incursion in Port Pegasus 

The seismic data and distinct physical and geochemical differences in cores 17 

and 18 suggest that the transition from the organic unit to the marine silt unit corresponds 

to the flooding surface of Port Pegasus. The erosional ravinement surface in the seismic 

data also corresponds to this transition. Therefore, the radiocarbon dates of the uppermost 

horizons of the organic unit in cores 17 and 18 will be used to determine the timing of 

marine incursion. 

Core 18 only provided background dates, so cannot be used to date marine 

incursion, but core 17 provided Holocene dates that could be used to construct an age 

model. The date obtained from core 17 at the horizon just below the gravel lag at 129.5 

cm is 11,300 cal yr BP (see Table 5.1 for 2σ age range). The date from above the lag in 

core 17 are older, suggesting reworking and redeposition of eroded sediment after the 

initial marine incursion. Multibeam and seismic data suggest that there are small sills in 

the entranceways to Port Pegasus (Figures 4.3 & 4.4), the deeper of which is situated at 

22 m below relative sea level. Radiocarbon dates combined with this bathymetric data 

suggest that sea level reached 22 m below current relative sea level (RSL) between 

11,610 and 11,160 cal yrs BP (Table 5.1).  

This date and depth appear to fall onto the Gibb (1986) New Zealand sea level 

curve, but this point shows incursion at an older age than the global curves and more 

recent New Zealand curves (Figure 6.5). There are two potential reasons this date does 

not fall on these curves; erosion and tectonics. Firstly, if a substantial amount of erosion 

occurred during marine incursion, the date from the horizon below the lag would likely 

be older than the time of marine incursion, as the younger overlying sediment would have 
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been eroded and reworked by the incoming seawater. Secondly, if there had been 

significant tectonic subsidence in the Port Pegasus area since marine incursion, the sea 

level at the time of inundation would be an overestimate.  

The first explanation is the more likely of the two and probably explains most of 

the discrepancy. The presence of the gravel lag as well as the redeposition of older 

sediments above the lag suggests a significant amount of erosion as well as sea level rise 

at a rate that exceeded the supply of sediment to the estuary (Dashtgard et al. 2006). 

Furthermore, tectonic change at a magnitude great enough to alter the depth of marine 

incursion by the approximately 20 m necessary to place the point on the global curve is 

unlikely. Regional estimates show primarily steady state conditions in Stewart Island 

throughout the Holocene (Beaven and Litchfield 2012; Gibb 1986). 

Core 19 data can also be used to verify the timing of sea level rise and provide a 

minimum incursion date for the back basins of Port Pegasus. This 3 m core penetrates the 

Holocene sediment in Islet Cove to within 20 cm of the underlying flooding surface, a 

distance that is within the margin of error for the chirp data (Figure 4.6), and its basal 

depth has been dated to 8,500 cal yrs BP (see Table 5.1 for 2σ age range). The depth to 

the flooding surface in Islet cove is 16 m; therefore, sea level had reached 16 m below 

present RSL by at 8,720 to 8,350 cal yr BP (Table 5.1). This places a second point on the 

Port Pegasus sea level curve that falls directly on the global curve (Figure 6.5a) but off 

the NZ curves (Figure 6.5b). This is a very preliminary estimate because interpolation to 

the base of the sedimentary sequence is needed to constrain this estimate. Additional 

radiocarbon dates and longer sediment cores should be collected to better refine this 

portion of the sea level curve. 
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Finally, Port Pegasus marine incursion may have occurred during MWP1c, which 

has been dated between 7.6 and 9 ka BP at a depth of 18-9 m below current RSL 

(Blanchon 2011; Liu et al. 2004). Studies have found evidence that MWP1c also 

precipitated the formation of other estuaries such as basins in the Baltic Sea and the 

Chesapeake Bay (Bratton et al. 2002; Yu et al. 2007); however, there is still much debate 

about the existence of MWP1c and its global reach. The preliminary data presented here 

suggest that Port Pegasus is a promising site for further sea level research and could help 

provide insights into the existence of MWP1c and its drivers. Indeed, the erosion of 

underlying sediment, presence of a gravel lag, and lack of thick incised-valley fill facies 

in the stratigraphic sequence and sediment cores suggest Port Pegasus was flooded during 

a time of rapid sea level rise, potentially a meltwater pulse, when the rate of marine 

incursion out-paced the rate of sedimentation.



 

 

 

Figure 6.5 Port Pegasus Sea Level Rise Timing 

Data points from cores 17 and 19 (pink) overlaid onto A) compiled sea level curves 
adapted from Dlabola et al. (2015) and B) Recent NZ sea level curves constructed by 
Carter et al. (2002) and Clement et al. (2016). Error in ages comes from 2σ calibrated 
probability range and the error in depth is the chirp error of 20 cm.  
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6.2.5 Summary 

A conceptual model for the evolution of Port Pegasus has been proposed using 

sediment core descriptions, geophysical data, elemental and stable isotope analysis, and 

the dating of marine incursion (Figure 6.6). Throughout the last glacial Port Pegasus was 

likely a fresh-water wetland, which accumulated exclusively terrestrial organic matter at 

a rate lower than present day lakes and continental shelves. Marine incursion occurred in 

Port Pegasus at approximately 11 ka. Evidence of erosion and lack of thick incised-valley 

facies suggests marine incursion occurred at a rate greater than the rate of sedimentation. 

Finally, marine incursion at Port Pegasus could have been during the MWP1c event, but 

additional dates and cores are needed to constrain the timing of incursion and provide 

convincing evidence of its connection to the global meltwater pulse.  

After flooding, Port Pegasus became a tidally controlled inlet. The central basin 

became a zone of low sedimentation due to winnowing of sediment by currents and no 

longer accumulates significant amounts of carbon. The shallower back basins of Port 

Pegasus have become zones of higher carbon accumulation whose CAR exceeds that of 

the ancient freshwater wetland. These zones are dominated by marine organic carbon and 

have carbon accumulation rates comparable to present day continental shelves, lakes, and 

fjord basins. 

Overall, during the Holocene, Port Pegasus transitioned from a freshwater 

wetland to a mixed energy estuary. Hot spots of carbon accumulation have moved from 

the main basin to the back basins, and overall carbon storage has decreased. Port Pegasus 

is a good example of an incised-valley transgressive sequence that contains a transition 

from terrestrial to marine conditions. Furthermore, the carbon storage dynamics of Port 
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Pegasus are a useful case study for understanding the effects of sea level rise on carbon 

accumulation as well as the carbon storage capacity of small tidal inlet environments and 

their contribution to the global carbon cycle.



 

 

 

Figure 6.6 Port Pegasus Estuarine Evolution 

Panels show depositional stages in the evolution of Port Pegasus as an estuary. 
Approximate dates are based on calibrated radiocarbon ages of dated samples, core 
images depict each sediment unit, and pink dots represent coring locations. The plot in 
upper right hand corner shows a global relative sea level curve for the last 120 ka adapted 
from Chappell and Shackleton (1986) with each stage of Port Pegasus’ evolution 
overlaid. 
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6.3 Paleoclimate Interpretations 

Core 19 represents the most promising core for paleoclimate reconstructions 

because it has an age model constrained by both radiocarbon dates and relative 

paleointensity tie points (Figure 6.1), was collected from a draping, stratified, continually 

deposited unit in Islet Cove (Figure 4.6), and shows the most terrestrial organic matter 

signature of the back basin cores (Figure 6.3). Given the evidence of bioturbation and 

sediment reworking, core 19 is likely to show millennial scale trends but not centennial 

scale variations. However, the datasets collected from this core are not sufficiently 

sensitive to record variations in fluvial input and catchment erosion because of the low 

resolution bulk organic C and N sample spacing and lack of elemental data. 

The magnetic susceptibility and C/N values have been used to assess fluvial input, 

and both show a decline in fluvial input from 8 ka to present day (Figure 6.7d & e), 

which may indicate a decline in the input of terrestrial material but could also indicate 

changes in currents within the estuary and more winnowing of fine grained material. 

Moreover, the changes in these two parameters are quite subtle, and for the most part 

these parameters demonstrate sustained depositional conditions in Islet Cove since the 

mid Holocene. The overall lack of terrestrial signal in this core and the other back basin 

cores suggests that terrestrial organic carbon and other detrital material may be getting 

trapped in shallower delta areas closer to the river mouths. It may also suggest that 

organic material does not settle in the basin due to its hydrodynamic differences from 

terrigenous sediment. Given its location within the northern margins of the SWW 

(Turney et al. 2017), it is unlikely that Port Pegasus experiences no variation in fluvial 
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influx in response to SAM and SWW variation, and this signal may be more evident in 

samples from shallower areas, closer to freshwater inputs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

182 

Figure 6.7 Paleoclimate Trends 

A) Otago precipitation records (Prebble and Shulmeister, 2002), blue line indicates peak 
precipitation rates. B) Okarito pollen record (Newnham et al. 2007) showing strong 
westerlies between 5 and 8 ka and declining westerlies to present day. C) El Junco grain 
size record showing El Niño frequency with maximum frequency between 1.5 and 2 ka 
(Conroy et al. 2008). D) Magnetic susceptibility data from core 19 showing overall 
decrease in detrital input to present day. E) C/N ratios from core 19 showing overall 
decrease in terrestrial signature to present day.Shading corresponds to SAM -like phases 
identified by Moreno et al. (2018), red indicate dry/warm phases and blue indicate 
cold/humid phases.   
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Chapter 7 

Conclusions 

7.1 Conclusions from the paleoenvironmental study of Port Pegasus 

This study used a multi-pronged approach to study the evolution of Port Pegasus 

as an estuary since the last glacial and its potential as a site for constructing paleoclimate 

records. The questions this thesis addressed were: 

1) How has Port Pegasus evolved as an estuary since the LGM? 

2) What is the timing of marine incursion in Port Pegasus? 

3) Is Port Pegasus a valuable site for obtaining paleoclimate records?  

This study has produced six main conclusions:  

1. Port Pegasus is a mixed energy, drowned valley estuary with sediment 

depocenters in its back basins. Analysis of tidal range, catchment size, and 

precipitation in Port Pegasus has shown that estuarine circulation is highly 

marine-influenced and that there is not a significant freshwater layer in the 

estuary. Relative tidal and riverine fluxes indicate that Port Pegasus is a mixed 

energy estuary that experiences both tidal and wave influence. This marine 

influence is evident in the bathymetry of the estuary; the entrance passages and 

the central basin are scoured by waves and tides, and significant sediment 

deposition primarily occurs in the protected back basins where deltas form.  

2. Port Pegasus contains an incised-valley transgressive sequence. This incised 

valley fill is visible in the seismic data. A Pleistocene boundary layer (S1) 

underlies the sequence and is overlain by terrestrial channel fill deposits (F2) 

throughout the estuary. This channel fill is capped by an erosional ravinement 
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surface (S2) and a lag deposit visible in the central basin of the estuary (F2). In 

the low energy zones (back basins) the most overlying unit is a stratified, draping 

deposit of central basin marine muds (F4) and throughout the marine reaches of 

the estuary (central basin) the most overlying unit is a thin marine silt facies (F3). 

Tidally formed barrier dunes are visible in both entrance passages.  

3. Port Pegasus contains four main sediment packages that vary in depositional 

timing and setting. The underlying channel fill unit is organic-rich, and 

elemental and organic bulk C and N data show that it is entirely terrestrial in 

origin. In one area it has been dated to >50 ka and in another to c. 11-12  ka. It 

likely was deposited in a freshwater wetland during the last interglacial until 

marine flooding occurred in the Holocene. Overlying this unit and visible in core 

17 is a gravel lag facies that comprises coarse sand and gravel sourced from the 

surrounding catchment and was deposited as rising sea levels eroded the shoreline 

and moved it landward. In cores 17 and 18 the uppermost unit is a marine silt 

layer. Elemental and C and N data as well as the observation of many marine 

biogenic carbonate shells and shell fragments show this sediment is marine in 

origin. The uppermost unit in the back basins is visible in cores 1, 19 and 22, and 

bulk organic C and N data as well as the marine biogenic carbonate shells 

interbedded throughout the unit demonstrate its marine origin. Deposition of this 

unit began c. 8.5 ka and has continued throughout the Holocene to present.   

4. Initial flooding of Port Pegasus occurred at or after 11,300 cal yr BP, and the 

timing of marine incursion could provide insights into MWP1c. A radiocarbon 

date obtained from the transition between the terrestrial unit and the gravel lag 
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indicates initial flooding of the basin c. 11,300 cal yr BP at 22 m below current 

relative sea level. The basal date of the Islet Cove Holocene deposit suggests 

marine incursion occurred in the back basins c. 8,500 cal yr BP at 16 m below 

current relative sea level. These dates can be integrated with other NZ sea level 

curves to provide a better picture of regional sea level rise dynamics. This study 

suggests Port Pegasus was flooded during MWP1c, and further constraint of the 

marine incursion date and rate in Port Pegasus may provide insight into the role of 

MWP1c in the development of present-day estuarine systems around the world. 

5. Small estuarine systems such as Port Pegasus are important on a global scale 

and should be accounted for in calculations of coastal carbon storage. During 

the last glacial carbon accumulation in Port Pegasus was concentrated in the 

central basin and rates were comparable to the low end of estimates for lakes and 

continental shelves. Marine inundation stopped carbon accumulation in the main 

basin and created carbon storage hot spots in the back basins. These areas have 

higher accumulation rates than the ancient freshwater wetland that compare to the 

accumulation rates of present-day lakes, continental shelves, and some NZ fjord 

basins, demonstrating their importance to the global carbon cycle. Further study 

of these drowned valley estuaries is crucial in improving global estimates of 

coastal carbon storage. 

6. With more radiocarbon dates and higher resolution proxy data Port Pegasus 

sediments can be used to reconstruct millennial-scale variations in fluvial 

input. Given its location, Core 19 represents the most promising core in this study 

for reconstruction of fluvial inputs; however, the age model was not constrained 
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enough and there was not sufficient data to adequately reconstruct these 

variations. Magnetic susceptibility and C/N showed a general trend of less fluvial 

input, but the mechanisms behind this are unclear and the overall trend is subtle. 

Further work is required to reconstruct SWW patterns in this location. 

7.2 Future Work 

Further work is required to expand upon the findings of this study, corroborate 

seismic interpretations, and construct records of precipitation and fluvial input. The 

following suggested areas of study may be useful to pursue for future work:  

1. Additional radiocarbon dates from core 19 should be obtained to create a better 

age model that will allow for a more detailed and higher resolution precipitation 

record to be constructed.  

2. Additional radiocarbon dates from core 17 should be obtained to determine a 

more exact date for marine incursion into Port Pegasus and better understand the 

erosional action during marine incursion.  

3. Additional radiocarbon dates from core 18 should be obtained to confirm its 

background age and understand the depositional dynamics of Port Pegasus.  

4. Additional cores should be extracted throughout the central basin, where the 

flooding surface remains close to the seafloor, to confirm seismic facies 

interpretations and the overall incised valley sequence of Port Pegasus. 

5. Additional cores should be extracted in shallower areas of the back basins, closer 

to fluvial inputs, with particular emphasis on Islet Cove, to construct paleoclimate 

records. 
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6. Sampling for bulk organic carbon and nitrogen concentration and stable isotopes 

should be done at higher resolution in all cores to give additional information for 

construction of paleoclimate records and sources of organic matter. 

7. Samples from the terrestrial and marine end members of Port Pegasus should be 

obtained to create a mixing model and help in the understanding of the sources of 

organic matter in Port Pegasus. These end member samples should be extracted 

from the terrestrial area surrounding the inlet, the fluvial sources to the inlet, and 

the marine sediment in and outside of the channel entrances.  
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