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Temperate fjords serve as key environments for understanding glacial landscape 
evolution, sedimentary processes, and dynamics. These overdeepened, glacially 
carved inlets serve as high-resolution repositories of past climate and ice 
behaviour. While previous studies have highlighted the global significance of 
carbon trapping in temperate fjords, Te Rua-o-te-Moko Fiordland remains 
relatively understudied. This study provides a state-of-the-art overview of 
these fjords, integrating high-resolution bathymetry, marine seismic profiles, 
and topographic data to identify, discuss and assess spatial variability in 
fjord morphology. The results reveal a pronounced north-south gradient in 
geomorphic complexity. Northern fjords tend to be short, linear, and tectonically 
constrained, with narrow mouths and shallower basins. In contrast, southern 
fjords exhibit greater catchment areas, more complex geometries, deeper 
basins, and wider fjord mouths. These spatial variations reflect differences 
in glacial erosion efficiency, influenced by regional tectonics, bedrock 
lithology and catchment configuration. We identify widespread entrance 
sills, terminal moraines, and buried paleodeltas, suggesting episodic glacier 
retreat punctuated by stillstands. Overdeepened main basins show significant 
sediment infill, highlighting their potential as carbon sinks. The observed 
geomorphological patterns provide new insights into glacier dynamics, ice 
retreat mechanisms, and sediment depositional processes in a southern mid-
latitude fjord setting. By establishing a spatial geomorphic framework of the 
fjords of Te Rua-o-te-Moko Fiordland, this study enhances our understanding of 
fjord development, controls on sediment transport, and the interplay between 
glacial, tectonic, and lithologic factors. These findings provide critical insights 
into fjord evolution, with implications for reconstructing past climates, glacial 
dynamics, and carbon burial potential.
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1 Introduction

Fjords are glacially carved, steep inlets that represent the 
intersection of terrestrial, glacial, and marine environments 
(Syvitski et al., 1987; Dowdeswell et al., 2016b). Their distribution 
is restricted to mountainous coastal regions that experience past 
or ongoing glaciation and are found at high latitudes across 
both hemispheres (Syvitski and Shaw, 1995; Bianchi et al., 2020). 
These geomorphic systems are shaped by repeated cycles of 
glacial advance and retreat, leaving behind complex seafloor 
morphologies and overdeepened valleys, which are subsequently 
infilled and modified by numerous processes, including fluvial and 
marine sedimentary dynamics (Howe et al., 2010; Batchelor et al., 
2018). Although fjords comprise only a small proportion of the 
global coastlines (Bianchi et al., 2020), they preserve climatic 
variability near oceanographic transition zones and provide 
insights into glaciation dynamics, marine inundation, and 
sedimentary processes. In recent decades, fjords have gained 
interest as globally significant carbon sinks due to effectively 
trap organic carbon (Smith et al., 2015; Cui et al., 2016; Smeaton 
and Austin, 2019). Most research on fjord morphology and 
sedimentation processes has been conducted in the Northern 
Hemisphere, especially in Norway (Syvitski and Shaw, 1995; 
Dowdeswell et al., 2016c), Svalbard (Forwick and Vorren, 2009; 
Ottesen and Dowdeswell, 2009; Fransner et al., 2016), Greenland 
(Storms et al., 2012; Dowdeswell et al., 2016a), and Canada 
(Bennett et al., 2016; Shaw and Lintern, 2016), however, few 
studies have investigated fjords in the Southern Hemisphere
(Rodrigo et al., 2022).

As part of the temperate fjord belt in the Southern Hemisphere, 
Te Rua-o-te-Moko Fiordland in Aotearoa New Zealand, is 
an exceptional region for studying fjords, representing a fully 
deglaciated system which is actively shaped by tectonics, high 
precipitation, and densely vegetated catchments (Pickrill et al., 
1992; Howe et al., 2010; Bianchi et al., 2020). While these 
fjords are exceptional repositories of environmental and 
climatic change (Pickrill et al., 1992; Hinojosa et al., 2015; 
Ramirez et al., 2016), their submarine geomorphology and 
sedimentary architecture remain limited to individual fjord studies 
(Bruun et al., 1955; Irwin et al., 1978; Pickrill et al., 1992; 
Barnes et al., 2016a; Barnes et al., 2016b). Compared to their 
Northern Hemisphere counterparts, the fjords of Te Rua-o-te-Moko 
Fiordland lack a regionally integrated geophysical characterisation 
that resolves spatial variability and elucidates their controlling
processes.

This study presents the first integrated geomorphological and 
geophysical dataset for the fjords of Te Rua-o-te-Moko Fiordland, 
based on new multibeam bathymetry and high-resolution seismic 
reflection data. It provides the most spatially extensive coverage to 
date for 16 fjords, focusing on the morphology, sill distribution, 
basin architecture, and depositional patterns. The identification and 
mapping of key landforms offer a foundation for reconstructing 
fjord evolution, interpreting glacial and postglacial dynamics, and 
constraining sediment pathways. By establishing the spatial context 
of these features, this study sets the stage for future research 
into stratigraphy, marine inundation timing, and the climate and 
tectonic frameworks shaping the fjords of Te Rua-o-te-Moko
Fiordland. 

2 Regional setting

Te Rua-o-te-Moko Fiordland extends along the southwestern 
coastline of Aotearoa New Zealand’s Te Waipounamu South 
Island, situated between 44.5° and 46.5°S, and is incised by 
16 fjords that range from 10 to 44 km in length and are 
generally <2 km wide (Figure 1). The region holds cultural and 
historical importance for Māori and is part of the broader 
UNESCO World Heritage Site, Te Wāhipounamu, preserving 
Gondwana history (Beattie, 1949; Mortimer, 2004). The geomorphic 
configuration of these fjords is the result of repeated Quaternary 
glaciations, which sculpted overdeepened glacial valleys that 
have been modified by postglacial sedimentation and marine 
transgression (Augustinus, 1992; Suggate and Almond, 2005; 
Alloway et al., 2007; Barrell, 2011; Shulmeister et al., 2019). The 
bedrock consists of Mesozoic plutonic, metamorphic, intrusive 
igneous, and sedimentary formations (Figure 1), subsequently 
altered by glacial erosion and tectonic activity (Syvitski et al., 1987; 
Allibone et al., 2009; Howe et al., 2010; Turnbull et al., 2010; 
Barrell, 2011; Heron, 2023).

The tectonic framework of Te Rua-o-te-Moko Fiordland is 
defined by the Alpine Fault (Figure 1), which marks the boundary 
between the Australian and Pacific plates, and the Puysegur 
Subduction Zone to the south. Both influence the regional seismicity 
and contribute to the high frequency of mass wasting events and 
earthquake activity throughout the region (Barnes et al., 2005; 
Barnes et al., 2013; Clark et al., 2011; Seebeck et al., 2024). 
Numerous inactive basement faults, including the Prembroke, 
Wilmot, Mt. Grey, Five Fingers, Dusky, and Widgeon faults, as 
well as active basement faults such as the Kilcoy and Vincent 
(Figure 1), have been mapped throughout the area (Turnbull et al., 
2010; Seebeck et al., 2024). While these faults intersect the Te 
Rua-o-te-Moko, Fiordland area, their role in fjord morphology and 
orientation has not yet been comprehensively assessed. Regional 
uplift rates range from <0.6 to 1.1 m/kyr, partially masking the 
isostatic rebound (Bishop, 1985; Syvitski et al., 1987; Kim and 
Sutherland, 2004).

Te Rua-o-te-Moko Fiordland is a key region for climate research, 
particularly monitoring the influence of Southern Hemisphere 
Westerly Winds (SHWW) (Knudson et al., 2011; Hinojosa et al., 
2015; Hinojosa et al., 2017). These persistent winds drive high 
precipitation rates, enhance erosion and transport organic-rich 
material from the vegetated catchment into the fjords, emphasising 
the focus on carbon trapping and burial potential of Te Rua-
o-te-Moko Fiordland, and further highlighting the significance 
of the region in understanding sedimentary and biogeochemical 
processes (Cui et al., 2016; Dlabola et al., 2015; Hinojosa et al., 2014; 
Pickrill et al., 1992; Pickrill, 1993; Ramirez et al., 2016; Stanton and 
Pickard, 1981).

Submarine landforms, such as sills, overdeepened basins, and 
deltaic systems, are characteristic of the fjords of Te Rua-o-
te-Moko Fiordland and record glacial and postglacial processes 
(Dykstra, 2012; Barnes et al., 2016a; Dowdeswell et al., 2016b). 
Overdeepened basins are found at depths of 250–420 m below 
sea level (mbsl) (Stanton and Pickard, 1981; Dykstra, 2012; 
Barnes et al., 2016b; Barnes et al., 2016a), preserving stratigraphic 
accumulations influenced by fluvial input, marine processes and 
landslides (Domack and McClennen, 1996; Dowdeswell et al., 
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FIGURE 1
Upper left inset shows the regional setting of Te Waipounamu South Island of Aotearoa New Zealand, highlighting the study area Te Rua-o-te-Moko 
Fiordland (white box). Main panel shows the morphological map of Te Rua-o-te-Moko Fiordland, displaying multibeam bathymetry of 16 fjords [(1, 2, 5, 
and 15 m resolution, Land Information New Zealand (LINZ), National Institute of Water and Atmospheric Research (NIWA)] and SO309 
(Supplementary Table S1), high-resolution offshore bathymetry (25 m resolution, NIWA), and greater offshore bathymetry (500 m resolution, General 
Bathymetric Chart of the Oceans (GEBCO Compilation Group, 2023). Active faults and basement faults (Alpine, Kilcoy, and Vincent faults) are shown in 
black, and inactive basement faults (Pembroke, Wilmot, Five Fingers, Mt. Grey, Dusky, Lake Fraser, and Widgeon faults) are shown in white, after 
Seebeck et al. (2024) and Turnbull et al. (2010). Bedrock geology is adapted from Heron (2023). Lakes in blue are derived from 1:1500k LINZ dataset and 
the topographic background is derived from a Digital Elevation Model (DEM, 8 m resolution, LINZ). (1) Piopiotahi Milford Sound; (2) Te Hāpua 
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FIGURE 1 (Continued)
Sutherland Sound; (3) Hāwea Bligh Sound; (4) Te Houhou George Sound; (5) Taitetimu Caswell Sound; (6) Taiporoporo Charles Sound; (7) Hinenui 
Nancy Sound; (8–10) Pātea Doubtful Sound System (8) Te Awa-o-Tū Thompson Sound-(9) Kaikiekie Bradshaw Sound-(10) Pātea Doubtful Sound; 
(11) Te Rā Dagg Sound; (12–13) Tamatea Dusky Sound System (12) Te Puaitaha Breaksea Sound-(13) Tamatea Dusky Sound; (14) Taiari Chalky Inlet; 
(15–16) Rakituma Preservation Inlet System (15) Rakituma Preservation Inlet-(16) Te Awaroa Long Sound.

2016c; Hinojosa et al., 2017; Ottesen et al., 2008). Basin infill 
also hosts the most significant potential for carbon preservation 
and records the history of sedimentation and climate variability 
(Hinojosa et al., 2014; Howe et al., 2010; Ramirez et al., 2016). 
However, the understanding of the sediment infill history in Te 
Rua-o-te-Moko Fiordland is immature, hindering comprehensive 
insights into oceanographic dynamics and deglaciation history. Sills, 
formed of bedrock, occur as entrance sills, internal thresholds, or 
subaerial ridges. These features influence circulation (Howe et al., 
2010), restrict deep-water exchange (Bianchi et al., 2020), and act as 
geomorphic markers of ice stillstands or re-advances (Syvitski and 
Shaw, 1995; Howe et al., 2010).

Despite the critical role of hydroacoustic imaging in 
systematically identifying, characterising, and quantifying the 
marine landforms (Bruun et al., 1955; Brodie, 1964; Glasby, 
1978), the geophysical framework of Te Rua-o-te-Moko Fiordland 
remains sparsely resolved due to the limited availability of 
comprehensive, high-resolution multibeam bathymetry and 
reflection seismic data. This limits the ability to map the spatial 
distribution of key glacimarine landforms, such as basins, sills, 
and deltas, whose locations, extents, and morphologies are largely 
undocumented across the region. While some of the effects of 
relative sea-level changes in Te Rua-o-te-Moko Fiordland have 
been proposed (Dlabola et al., 2015), their integration with 
glacial history (Kaplan et al., 2010; Ohneiser et al., 2013) and 
retreat models (Augustinus, 1992) remains incomplete, limiting 
a comprehensive understanding of their evolution of the area. 

3 Data and methods

3.1 Multibeam bathymetry

This study utilises a compilation of numerous multibeam 
bathymetry datasets covering 685 km2. Data was acquired for eight 
fjords during a Fiordland Hydrographic Survey project in 2019 
by iXblue Pty Ltd., contracted by Land Information New Zealand 
(LINZ) (Supplementary Table S1). A Kongsberg EM2040C multi-
beam echo sounder (MBES) was used, with acquisition managed 
through QPS Quinsy and processing using CARIS HIPS and SIPS 
software (iXblue, 2019). The final output consisted of 1, 2, and 5 m 
resolution grids, covering depths from ∼20 to 420 mbsl. The National 
Institute of Water and Atmospheric Research (NIWA; Figure 1; 
Supplementary Table S1) had previously surveyed three additional 
fjords and offshore areas during research cruise TAN0405 aboard 
R/V Tangaroa in 2004, using a Kongsberg EM300. The data were 
processed with C&C Technologies HydroMap and ArcInfo software, 
resulting in 5 m grid cells (Barnes et al., 2013; Barnes et al., 2016a; 
Barnes et al., 2016b). During research cruise SO309 aboard R/V 
Sonne, additional coverage gaps within the fjords were filled using 

a Kongsberg EM710, with resulting bathymetric grids produced at 
15 m resolution, further enhancing the completeness of the regional 
compilation (Supplementary Table S1) (Freiwald et al., 2025). 

3.2 Marine seismic reflection data

An extensive marine reflection seismic dataset was acquired 
during seven research cruises conducted between 2013 and 2024 
by the University of Otago. This study presents 15 representative 
seismic profiles, one from each fjord where coverage is available, 
totalling 347 km in length (Supplementary Table S1; Figure 2). 
The dataset comprises both single-channel and high-resolution 
multi-channel seismic reflection profiles, providing comprehensive 
subsurface imaging of each fjord (Unland, 2025a; Unland, 2025b). 
Single-channel seismic data were collected using a Ferranti Ocean 
Research Equipment (ORE) Geopulse sub-bottom profiler, whereas 
multi-channel seismic data acquisition employed either the ORE 
or an Applied Acoustics boomer source with a Geometrics 
MicroEel streamer (Supplementary Table S1). Basic seismic 
processing using GLOBE Claritas included geometry set-up, 
common mid-point (CMP)-binning, signal processing (bandpass 
filtering, spherical divergence, despiking, and residual statics), 
velocity analysis, normal moveout correction, and CMP-stacking. 
Post-stack processing included swell removal, deconvolution, 
and time migration. For a simple time-to-depth conversion 
of subsurface features and sediment thicknesses, a constant 
seismic velocity of approximately 1550 m/s was used. This value 
is consistent with the typical sound speed in unconsolidated 
marine sediments and mud (Sheriff and Geldart, 1995; Yilmaz, 
2001) and was confirmed through velocity analysis during seismic 
processing.

3.3 Geomorphometry

The analysis of fjord geomorphology was conducted 
using the free and open-source geographic information 
system QGIS 3.34, utilising custom PyGIS processing scripts 
(Supplementary Figure S1). These scripts are based on and expand 
upon the methods outlined by Nyberg et al. (2015). Fjord polygons 
were clipped from a LINZ Digital Elevation Model (DEM; 
8 m resolution) to achieve precise fjord outlines. Based on the 
polygons, centrelines were calculated, defining the individual 
polygon lengths (Figure 3) (Nyberg et al., 2015). Further key 
geomorphological metrics, such as the total length, width, and 
sinuosity for each individual fjord, were computed to facilitate a 
geometric classification (Figure 3).

The catchment area for each fjord was calculated using drainage 
networks, flow accumulations, and watersheds derived from 
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FIGURE 2
(A) Overview map of the location of seismic profiles. Yellow lines indicate multi-channel seismic profiles, while pink represents single-channel seismic 
profiles. (1) Piopiotahi Milford Sound; (2) Te Hāpua Sutherland Sound; (3) Hāwea Bligh Sound; (4) Te Houhou George Sound; (5) Taitetimu Caswell 
Sound; (6) Taiporoporo Charles Sound; (7) Hinenui Nancy Sound; (8-10) Pātea Doubtful Sound System (8) Te Awa-o-Tū Thompson Sound-(9) Kaikiekie 
Bradshaw Sound-(10) Pātea Doubtful Sound; (11) Te Rā Dagg Sound; (12-13) Tamatea Dusky Sound System (12) Te Puaitaha Breaksea Sound-(13) 
Tamatea Dusky Sound; (14) Taiari Chalky Inlet; (15-16) Rakituma Preservation Inlet System (15) Rakituma Preservation Inlet-(16) Te Awaroa Long Sound.
(B-Q) 16 seismic profiles were compiled from north to south, providing representative along-profiles of each fjord. Profile numbers shown on the 
lower right part of each panel locate the profiles on the map (A). Significant submarine landforms are labelled as ES, Entrance Sill; IB, Intermediate 
Basin; MB, Main Basin; PD, Paleodelta; GSD,Gilbert-style Delta.
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FIGURE 3
Geometric classification of Te Rua-o-te-Moko Fiordland fjords using the methodology from Nyberg et al. (2015). Fjords are colour-coded according to 
their geometric shape with centerlines in white, as indicated in the legend: EAS, Elliptical/Rectangular Asymmetrical; SS, Sinuous Symmetrical; SAS, 
Sinuous Asymmetrical; CAS, Crescentic Asymmetrical [after Nyberg et al. (2015)]. The figure delineates the northern and southern fjords, highlighting 
differences in fjord morphology. Catchment area values corresponding to Table 1 are outlined, with drainage pathways visualised to illustrate 
hydrological connectivity. Background topography is an 8 m resolution DEM from LINZ, also shown in blue is the position of the lakes (LINZ, 1:1500k). 
1) Piopiotahi Milford Sound; (2) Te Hāpua Sutherland Sound; (3) Hāwea Bligh Sound; (4) Te Houhou George Sound; (5) Taitetimu Caswell Sound; (6) 
Taiporoporo Charles Sound; (7) Hinenui Nancy Sound; (8–10) Pātea Doubtful Sound System (8) Te Awa-o-Tū Thompson Sound-(9) Kaikiekie Bradshaw 
Sound-(10) Pātea Doubtful Sound; (11) Te Rā Dagg Sound; (12–13) Tamatea Dusky Sound System (12) Te Puaitaha Breaksea Sound-(13) Tamatea Dusky 
Sound; (14) Taiari Chalky Inlet; (15–16) Rakituma Preservation Inlet System (15) Rakituma Preservation Inlet-(16) Te Awaroa Long Sound.

a custom hydrology workflow in the SAGA Next-Generation 
Toolbox within QGIS 3.34 (Supplementary Figure S1). The 8 m 
resolution topographic DEM from LINZ was used to delineate 
drainage pathways, with the upslope limits set by lateral drainage 
divides and sea level as the downslope limit. Drainage divides 
are partly based on Barrell (2011). To prevent discontinuities 
in the drainage systems, sinks were filled (Wang and Liu, 
2006). Finally, the Watershed Basin Tool was used to calculate 
drainage divides, which were rasterised to derive statistical metrics 

for each catchment area (Figure 3; Supplementary Figure S1;
Table 1).

3.4 Geomorphological terminology

To enhance clarity and consistency in the description of 
the geomorphological features of Te Rua-o-te-Moko Fiordland, 
several terms are used throughout the study area. Bedrock sills 
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are erosional-resistant glacial landforms that expose underlying 
bedrock and can be overlain by morainal deposits, while moraines 
are depositional features composed of bedrock debris (Syvitski and 
Shaw, 1995; Howe et al., 2010; Batchelor et al., 2018). In some 
instances, bathymetric and seismic data do not provide sufficient 
differentiation, and the precise categorisation remains ambiguous. 
In these cases, visual interpretation and physical characteristics 
from bathymetry or seismic data are used to distinguish these 
features. Indicators such as the extent and degree of mounding can 
help distinguish the features, with layering disruptions observed 
in seismic data typically indicative of sills, whereas discontinuous 
internal reflection patterns are more characteristic of moraines. This 
differentiation can only be made if seismic data is available. Bedrock 
sills or moraines (often separate sedimentary basins within a fjord, 
and the sub-basins are categorised based on their relative size and 
position within the fjord system). The widest, deepest, and longest 
are referred to as main basins, and each fjord contains one main 
basin (Syvitski et al., 1987; Howe et al., 2010). This classification 
is based on their relative size and depth, rather than their position 
within the fjord. Intermediate basins, in contrast, are less extensive 
and shallower than the main basins, and may separate the main 
basin from the fjord mouth or the fjord head. These terms are 
not to be confused with back basins, which refer specifically to 
fjord-head basins known to accumulate the highest amounts of 
organic material (Smeaton and Austin, 2019). 

4 Results and geomorphic overview

This section presents new findings based on multibeam 
bathymetry and high-resolution seismic reflection data from 16 
fjords in Te Rua-o-te-Moko Fiordland, described from north to 
south. These new datasets are integrated with existing morphological 
and sedimentological knowledge to provide a consolidated overview 
of fjord structures. Given the sparse, low-resolution and uneven 
distribution of marine geophysical data in this region (Irwin et al., 
1978; Stanton and Pickard, 1981; Pickrill et al., 1992; Barnes et al., 
2016a), this study synthesises prior interpretations with new 
observations to offer a comprehensive understanding of the fjords 
geomorphology. The resulting compilation enables a regionally 
consistent framework from which fjord-scale variability can be 
analysed and interpreted. 

4.1 Piopiotahi Milford Sound

Piopiotahi Milford Sound is the northernmost fjord in Te 
Rua-o-te-Moko Fiordland (Figure 1). It is 18.8 km long and 
characterised by minimum sinuosity, thus being classified as having 
an elliptical asymmetric shape (Figure 3; Table 1). This fjord has 
been extensively studied, being the most famous and only fjord 
that has significant infrastructure and accessibility (Bruun et al., 
1955; Brodie, 1964; Skerman, 1964; Stanton and Pickard, 1981; 
Pickrill, 1993; Dykstra, 2012). Piopiotahi Milford Sound lies 
closest to the Alpine Fault, which intersects the fjord mouth 
(Figure 1) (Barnes, 2009; Barnes et al., 2005). The surrounding 
catchment exhibits the highest elevations in Te Rua-o-te-Moko 
Fiordland, expressed in the steepest fjord walls that make this 

area particularly susceptible to landslide events (Dykstra, 2012). 
Previous catchment calculations by Stanton and Pickard (1981) 
have been updated, resulting in a revised total catchment area 
of 486 km2 (Table 1). At the fjord head, a modern active delta 
has been observed, fed by the Cleddau River and leading into 
Deepwater Basin (Dykstra, 2012). Adjacent to that, a buried 
paleodelta extends 1.7 km in length and 1.4 km in width, located at 
∼12 mbsl, previously referred to as the Cleddau Delta (Bruun et al., 
1955; Dykstra, 2012). Prograding sequences are interbedded with 
chaotic and deformed reflections, suggesting the presence of debris 
flows and landslide deposits (Dykstra, 2012). Down-fjord from 
the Cleddau Delta, the Makere Basin (Supplementary Table S2; 
Supplementary Figure S2) represents the main basin of Piopiotahi 
Milford Sound and reaches a maximum depth of 284 mbsl. The 
basin is characterised by smooth sediment fill and is flanked 
by debris fields (Figure 2B) (Stanton and Pickard, 1981; Dykstra, 
2012). The Makere Basin is separated from the intermediate Dale 
Basin by an inner sill, where the seafloor depth becomes abruptly 
shallower (126 mbsl), and deposits are interbedded with debris flows 
(Dykstra, 2012) (Supplementary Figure S2). The fjord narrows to 
a width of 1 km at Dale Point before broadening towards another 
intermediate basin (Entrance Basin), which leads into the Tasman 
Sea (Supplementary Figure S2). The crest of the entrance sill is at 
∼70 mbsl, positioned near the edge of the continental shelf and 
∼6 km from the fjord mouth, where terminal and lateral moraine 
deposits are revealed by multibeam bathymetry and seafloor 
photographs (Barnes, 2009; Barnes et al., 2005; Skerman, 1964). 

4.2 Te Hāpua Sutherland Sound

Te Hāpua Sutherland Sound is the smallest, least studied 
fjord and designated Marine Reserve (Figure 1). With a length of 
12.1 km, it has an estimated catchment of 143 km2 and shows 
an elliptical asymmetric shape (Figure 3; Table 1). Due to the 
absence of multibeam bathymetry and seismic reflection data, no 
geomorphological features or subsurface attributes can currently 
be identified. Te Hāpua Sutherland Sound is likely the shallowest 
fjord in the region, with the entrance sill at depths of <10 mbsl. 
This shallow threshold restricts marine inflow from the Tasman Sea 
and imparts the fjord with characteristics similar to an enclosed 
coastal lake. 

4.3 Hāwea Bligh Sound

Hāwea Bligh Sound is a 19 km long single-channel fjord 
characterised by a sinuous, S-shaped morphology and a catchment 
of 145 km2 (Figures 1,3). This fjord was imaged by single-beam 
echo-soundings in 1977 as part of the FJORDS77 project (Stanton 
and Pickard, 1981). However, the absence of high-resolution 
multibeam bathymetric data limits detailed seafloor analysis 
(Supplementary Table S1). The existing single-channel seismic data 
reveal a buried paleodelta at the fjord head, which is ∼3 km long, 
0.9 km wide, and 36.8 m high (Figure 2B), located at ∼20 mbsl. 
Beyond the delta, the slope descends into the main basin (Amazon 
Basin) and reaches a maximum depth of 176 mbsl (Table 1; 
Figures 1,2B). The Amazon Basin extends for 8.1 km before an 
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inner sill separates it from Black Basin, the adjacent intermediate 
basin. Around 11.4 km along the fjord, a distinct 90-degree bend 
redirects the orientation of the fjord northwestward, where it 
continues toward the Tasman Sea. The entrance sill is at a depth 
of 74 mbsl (Table 1). 

4.4 Te Houhou George Sound

Te Houhou George Sound extends over 25.8 km and has an 
elliptical asymmetric shape (Figures 1, 3). While primarily a single-
channel fjord, it features a tributary known as South-West Arm 
(Stanton and Pickard, 1981; Pickrill, 1987; Barnes et al., 2016b). The 
catchment is characterised by steep terrain, yielding a catchment 
area of 242 km2 (Table 1). Seismic and multibeam bathymetric data 
reveal multiple paleodeltaic systems throughout the fjord. These 
include the Alice and South-West Arm deltas at the fjord heads, 
and the Whitewater and Anchorage deltas extending into the main 
basin (Barnes et al., 2016b) (Supplementary Figure S3). Adjacent to 
the fjord head deltas, the intermediate basin (Whitewater Basin) is 
located at depths of 177 mbsl, extending 2.47 km in length, and is 
separated by an inner sill from the deeper main basin (Elder Basin). 
The latter lies at depths below 220 mbsl and extends for 8.63 km 
(Figure 2C). Both basins contain significant basin fill with evidence 
of mass wasting deposits (Pickrill, 1987; Barnes et al., 2016b). The 
Elder Basin is separated from the sea by an entrance sill at 80 mbsl 
(Table 1). On top of the sill, successive layers of sediment wave 
deposits reach into the fjord (Supplementary Figure S3). 

4.5 Taitetimu Caswell Sound

Taitetimu Caswell Sound is a single-channel fjord that extends 
for 16.5 km and features a straight-to-elliptical asymmetrical shape 
with a catchment covering an area of 196 km2 (Figures 1, 3; Table 1). 
Previous single-beam echo-sounding studies identified three basins 
(Figure 2E; Supplementary Table S1) (Irwin et al., 1978; Stanton and 
Pickard, 1981). Furthermore, single-channel seismic data imaged 
a buried oblique prograding paleodelta at the fjord head that is 
0.75 km long. Adjacent to the paleodelta lies the intermediate 
Stillwater Basin (Irwin et al., 1978), found at depths of 138 mbsl, 
stretching 2.2 km in length. An inner sill at 110 mbsl separates the 
Stillwater Basin from another adjacent intermediate basin (Walker 
Basin), which lies at 167 mbsl and extends for 0.7 km. Progressing 
down-fjord, another sill divides the Walker Basin from the Marble 
Basin, representing main basin in the fjord. This main basin reaches 
depths of 416 mbsl and spans 4.3 km. The entrance sill lies at 
53 mbsl, and the fjord mouth opens westward (Table 1). 

4.6 Taiporoporo Charles Sound

Taiporoporo Charles Sound is a tributary fjord with a distinct Y-
shaped configuration, branching into Emelius- and Kahukura Gold 
arms, and extending over a total length of 20.9 km (Figure 1). The 
fjord has a sinuous asymmetric morphology (Table 1; Figure 3) and 
is fed by a catchment area of 251 km2, primarily located in the 
inland reaches of the system. Multibeam bathymetric data reveal 

the presence of submarine fans and debris flows on the fjord 
walls of the arms, as well as several moraine features distributed 
throughout the fjord (Figure 4A). No fjord head delta is observed 
in seismic data within the Marine Reserve Kahukura Gold Arm. 
In contrast, Emelius Arm is partially sheltered by a lateral moraine 
and a subaerial island (Eleanor Island), which provides a natural 
limitation before it merges with the main channel of Taiporoporo 
Charles Sound (Figure 4A). While not imaged in seismic data, a 
modern delta is visible at the mouth of the Irne River within 
Emelius Arm, apparent from satellite imagery. At the junction of 
the arms, seismic data reveal another buried paleodelta (Figure 2E). 
Adjacent to the delta slope, the intermediate Eleanor Basin extends 
for <1 km before being interrupted by lateral moraines that lead 
into the main trunk (Hawes Basin) found at 217 mbsl. The main 
basin shows a homogenous seafloor, indicating smooth basin fill 
(Figures 4A,B). The entrance sill is located at a depth of 70 mbsl. 
Beyond the sill, iceberg ploughmarks are observed, while the 
landward slope of the sill displays features associated with sediment 
waves (Figures 2E, 4A).

4.7 Hinenui Nancy Sound

Hinenui Nancy Sound is a 16.2 km long single-channel fjord 
characterised by a sinuous symmetrical shape and surrounded by 
an estimated catchment area of 85 km2, the smallest catchment in 
Te Rua-o-te-Moko Fiordland (Table 1; Figures 1, 3). At the fjord 
head, seismic data reveal a submerged Gilbert-style (Gilbert, 1885) 
paleodelta extending 0.3 km and featuring clinoforms that are 
∼27 m high, located at a depth of 62 mbsl (Figure 2F). Adjacent 
to the delta, the intermediate Heel Basin extends for 1.3 km 
(Irwin et al., 1978). The fjord takes a sharp 90-degree turn before 
opening seaward, where a sill rises to 70 mbsl (Figures 2G, 5A–C; 
Supplementary Figure S4). Beyond the sill, the intermediate Richard 
Basin is located at 211 mbsl and extends 0.5 km in length. Numerous 
submarine fans are observed along the base of fjord-walls (Figures 1, 
5C). A second sill separates Richard Basin from the main basin 
(Acheron Basin), which reaches maximum water depths of 279 mbsl. 
Unlike Irwin et al. (1978), who identified another basin between the 
Richard Basin and Acheron Basin, only three basins are revealed by 
multibeam bathymetry and seismic data in this study (Figure 2F; 
Supplementary Figure S4). The entrance sill lies at a depth of 
60 mbsl, and the fjord mouth, 1.2 km wide, opens northwestward. 
Sediment waves are observed along the landward slope of the 
entrance sill (Figure 5I; Supplementary Figure S4).

4.8 Pātea Doubtful Sound System

The Pātea Doubtful Sound System comprises three 
interconnected fjords: Te Awa-o-Tū Thompson, Kaikiekie 
Bradshaw, and Pātea Doubtful sounds, defining the transition 
from morphologically relatively simple-to morphologically 
complex fjords (Figures 1, 3). Together, they form a unique 
multi-branch system with a combined length of 84.6 km and a 
crescentic asymmetrical shape (Table 1). Te Awa-o-Tū Thompson 
Sound trends north-northwest and represents the seaward 
continuation of Kaikiekie Bradshaw Sound. At their junction, 
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FIGURE 4
(A) Multibeam bathymetry of Taiporoporo Charles Sound (CHA) from LINZ (1 m resolution, Table S1), representing a typical northern fjord. EA, Emelius 
Arm; GA, Gaer Arm; EB, Eleanor Basin; HB, Hawes Basin; NAN, Hinenui Nancy Sound (Tables 1, S2). (B) Cross-section profile through the main basin of 
Taiporoporo Charles Sound. HB, Hawes Basin. (C) Cross-section through the main basins of Bowen Channel (Bowen Basin) and Cook Channel (Cook 
Basin), crossing Cooper Island and FBD. (D) Multibeam bathymetry of Tamatea Dusky Sound (DUS) from LINZ and SO309 (1 and 15 m resolution, 
Supplementary Table S1), representing a southern fjord. White lines indicate inactive basement faults (Dusky, Lake Fraser, and Five Fingers faults) after 
Seebeck et al. (2024) and Turnbull et al. (2010). BRK, Te Puaitaha Breaksea Sound; WJA, Wet Jacket Arm; BC, Bowen Channel; CC, Cook Channel; BB, 
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FIGURE 4 (Continued)
Bowen Basin; RB, River Basin; CB, Cook Basin; HB, Heron Basin; DB, Duck Basin (Tables 1; Supplementary Table S2); SCD, Supper Cove Delta; GID, 
Girlies Island Delta; FBD, Fanny Bay Delta. Topography background from 8 m resolution DEM from LINZ, as well as the position of the lakes in blue 
(LINZ, 1:1500k).

the shallow marine (<50 mbsl), Pendulo Reach saddle (Figure 1; 
Supplementary Figure S5) provides a connection to the southern 
Pātea Doubtful Sound. The complex is fed by a combined catchment 
area of 832 km2 (Table 1; Figure 3). Both Kaikiekie Bradshaw- and 
Te Awa-o-Tū Thompson sounds have been described in previous 
work by Barnes et al. (2016b). Significant deltaic deposits are 
absent in the latter, whereas Kaikiekie Bradshaw Sound features 
two prominent fjord-head paleodeltas, the Gaer Arm and Precipice 
Cove deltas (Supplementary Figure S5). The submerged Precipe 
Cove Delta features oblique prograding clinoforms over 0.81 km, 
capped by topset deposits, with an exposed delta brink (Figure 2I). 
Gaer Arm paleodelta lies at depths of 55 mbsl and exhibits distinct 
foresets, and a smaller modern delta is evident at its landward 
extent. Bathymetry data reveal isolated submarine fans along the 
base of the steep fjord-walls, especially within Kaikiekie Bradshaw 
Sound, where they are particularly well-developed (Barnes et al., 
2016a) (Figure 1; Supplementary Figure S5). Seismic profiles show 
that Kaikiekie Bradshaw Sound contains a well-defined main 
basin, referred to as the Bradshaw Basin. In contrast, Te Awa-o-Tū 
Thompson Sound contains a series of 2–8 km long basins that are 
separated by concentric sills (Figure 2G; Supplementary Figure S6; 
Barnes et al., 2016b). These include the main basin, Lyall Basin, 
located near the connection to Kaikiekie Bradshaw Sound, followed 
by the central and seaward intermediate basins (Thompson, Dale, 
and Open basins; Supplementary Table S2) extending toward 
the Tasman Sea (Supplementary Figure S6). At the seaward end 
of the complex, the entrance sill reaches a minimum depth of 
130 mbsl, and the fjord mouth is 1.5 km wide (Table 1). Seismic 
and bathymetric data reveal the relict Thompson Fan, on the 
upper Te Rua-o-te-Moko Fiordland margin beyond the entrance 
sill (Barnes et al., 2005; Barnes et al., 2016a) (Figure 1).

Pātea Doubtful Sound, the longest fjord within the Pātea 
Doubtful Sound Complex, extends for 44.1 km and has a main 
trunk valley joined by three arms ranging from 5 to 15 km in 
length. From inner to outer, the arms are named Hall, Crooked, 
and First arms, respectively (Figure 1; Supplementary Figure S7). 
At the fjord head lies the 1.6 km long intermediate Deep Basin 
and the Deep Cove Delta (Supplementary Figure S7; Figure 2I). This 
delta exhibits an exposed brink, is 1.1 km long and ∼33 m high, 
and multibeam bathymetry shows a continuation of deltaic deposits 
extending northward. Deltaic deposits terminate at a subaerial 
sill, represented at the surface by Taipari Roa Elizabeth Island 
(Supplementary Figure S7). The sill structure continues further 
north, initially buried by marine sediment, before emerging again. 
Adjacent to the Deep Cove Delta and the subaerial sill lies the 
intermediate Kellard Basin, which connects to Crooked Arm and 
spans ∼11 km in length (Figure 2I). An inner sill composed of 
exposed bedrock disrupts continuous sediment deposition before 
leading into the ∼14.3 km long and 435 mbsl deep main basin 
(Malaspina Basin) (Figures 1, 2I; Supplementary Figure S7). At 
the fjord mouth, the outflow splits into three channels around 

Bauza Island and smaller adjacent landforms, creating a rugged 
and irregular bathymetry (Supplementary Figure S7). The entrance 
sill is located at 110 mbsl (Table 1). The inactive Wilmot Fault 
extends along the entire length of the fjord, originating north 
of the fjord head, continuing through the main trunk, passing 
north of Bauza Island, and terminating near the fjord mouth 
(Figure 1; Supplementary Figure S7). 

4.9 Te Rā Dagg Sound

Te Rā Dagg Sound is a simple tributary fjord with a Y-shape 
configuration, joined by Anchorage Arm at a striking 90-degree 
intersection, contributing to a total length of 14.8 km (Figures 1, 3). 
The fjord has an elliptical asymmetric geometry, is closely situated 
to Pātea Doubtful Sound and is fed by a catchment area of 100 km2

(Table 1). Although multibeam bathymetry is absent, sparse single-
beam echo-sounding data have been acquired (Stanton and Pickard, 
1981). Seismic data reveal the presence of buried oblique prograding 
paleodeltas in both Te Rā Dagg Sound and Anchorage Arm 
(Figures 2J, 5H). At Anchorage Arm, a paleodelta is found at depths 
of 51 mbsl, leading into the main Adieu Basin. At the junction of the 
two arms, and adjacent to an intermediate basin (Schooner Basin; 
Supplementary Table S2), a submerged Gilbert-style paleodelta is 
observed, characterised by oblique prograding clinoforms overlain 
by topset deposits and a well-defined delta brink (Figures 2J, 5H). 
Down-fjord, the Adieu Basin, is located at 159 mbsl (Table 1). This is 
the shallowest main basin identified in Te Rua-o-te-Moko Fiordland, 
extending across 3.1 km. The entrance sill rises to a shallow water 
depth of 43 mbsl. Seismic data show prograding deposits on the 
seaward slope of the sill, extending into the Tasman Sea, while 
sediment waves indicate sediment creep into the fjord (Figure 5I). 
The fjord mouth opens westward and has a width of 2.4 km
(Figure 1). 

4.10 Tamatea Dusky Sound System

The Tamatea Dusky Sound System exhibits a distinct E-
shaped morphology, with Te Puaitaha Breaksea Sound positioned 
in the north, Moana Uta Wet Jacket Arm forming the central 
part, and Tamatea Dusky Sound lying in the south. These are 
all connected by the Acheron Passage (Figures 1, 4D). This fjord 
configuration is 81.7 km long with a crescentic asymmetrical 
shape (Figure 3). The size and extent mirror the largest catchment 
in Te-Rua-o-te-Moko Fiordland, measuring 1169 km2 (Table 1). 
Bathymetric analyses reveal a rugged seafloor, especially at the 
fjord mouth of Tamatea Dusky Sound, where the channels 
are punctuated by numerous small islands, subaerial sills, and 
morphological highs, creating an uneven and intricate topography
(Figure 4D).
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FIGURE 5
(A) Multibeam bathymetry of Hinenui Nancy Sound, highlighting a transverse moraine and associated sills (Supplementary Figure S4). (B) Multi-channel 
seismic profile excerpt from Hinenui Nancy Sound (24BG0604_103; full profile shown in Figure 2F), illustrating the sills identified in (A). (C) Multibeam 
bathymetry of Hinenui Nancy Sound, showing a prominent submarine fan and a well-defined, high-relief moraine ridge. (D) Multibeam bathymetry of 
Te Awaroa Long Sound, displaying smooth basin fill. (E) Multi-channel seismic profile excerpt (22PL1028_109; full profile shown in Figure 2P) 
corresponding to (D), depicting the well-stratified infill of the basin. (F) Multibeam bathymetry of the outer Taiporoporo Charles Sound, revealing 
iceberg ploughmarks, debris blocks, and an entrance sill (also shown in Figure 4A). (G) Multibeam bathymetry of Fanny Bay, Tamatea Dusky Sound, 
illustrating a delta with an incised submarine channel (see also Figure 4D). (H) Multi-channel seismic profile from Te Rā Dagg Sound, Anchorage Arm 
(23PL1101_106; full profile shown in Figure 2J), showing a buried paleodelta with well-preserved topset and foreset deposits. (I) Multibeam bathymetry 
of Hinenui Nancy Sound near the fjord mouth, highlighting sediment waves creeping into the basin and the associated entrance sill. Multibeam 
bathymetry shown is from LINZ (1 and 5 m resolution; also see Supplementary Table S1).

Te Puaitaha Breaksea Sound is the longest individual fjord in Te 
Rua-o-te-Moko Fiordland, measuring 45.0 km (Figure 3; Table 1). 
It is fed by tributaries from Vancouver and Broughton arms, 
both of which lack delta formations at their heads, evident from 
seismic data (Figures 1, 2K) (Stanton and Pickard, 1981). Multibeam 
bathymetry is not available for the sound. However, seismic data 
reveal a notable morphological high at the head of Vancouver 
Arm, which feeds into an intermediate basin (Canada Basin, 
∼222 mbsl) (Figure 2K). Broughton Arm also hosts an intermediate 

basin (Wales Basin), which is 1.4 km long. At the junction of 
the arms, no delta formation could be identified. The main basin 
(Lee Basin) of Te Puaitaha Breaksea Sound spans 6.03 km and lies 
at 279 mbsl, leading onto the entrance sill in depths of 97 mbsl
(Figure 2K).

Within Tamatea Dusky Sound, the Cook and Bowen channels 
are separated by Long Island and Cooper Island, with Paget 
Passage separating the two islands and connecting the channels 
(Figures 4C,D). At the fjord head, a buried paleodelta (Supper Cove 
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Delta) is identified from seismic data, extending for 1.9 km and 
rising to a depth of 45 mbsl (Figure 2M). Between the Supper Cove 
and Girlies Island deltas lies the intermediate River Basin, lying 
at 167 mbsl (Figure 2M). The submerged Gilbert-style paleodelta 
is 2.5 km long and 3.4 km wide and is found on the inland side 
of Girlies Island, being a threshold between the fjord head and 
the two channels. The northern Bowen Channel hosts the 19 km 
long main basin (Bowen Basin). This basin is characterised by 
depths between 273–303 mbsl, maintaining a consistent width of 
about 1 km (Figure 2L). This is the longest main basin with smooth 
basin fill observed in Te Rua-o-te-Moko Fiordland (Figure 4). Cook 
Channel hosts one main basin (Cook Basin), which is 6.4 km 
long and reaches depths of 312 mbsl. It receives input from the 
Gilbert-style Fanny Bay Delta, a feature observed also on the 
southern margin of the channel (Figures 4D, 5G). Further down-
channel, a succession of four sills separate multiple small (0.6–2 km) 
intermediate basins (Figure 4D). The inactive Dusky Fault runs 
along the length of Cook Channel and connects to the inactive 
Lake Fraser Fault near the seaward end of the channel (Figure 1). 
The fjord mouth is notably broader, spanning 8.0 km, and is 
characterised by an irregular bathymetry shaped by numerous 
islands of varying scales (Figure 4D). A relatively shallow entrance 
sill is identified by seismic data at 60 mbsl, facing west-southwest.

The entire complex, and particularly Moana Uta Wet Jacket Arm, 
is geographically and geologically constrained by the presence of 
the significant landmass barrier of Resolution Island and Toumoana 
Five Fingers Peninsula (Figure 4D). These Islands are the southern 
limit of Te Puaitaha Breaksea Sound and the northern limit of 
Tamatea Dusky Sound. Structurally, the Five Fingers Fault runs 
between the central eastern part of the islands and the peninsula to 
the west (Figures 1, 4D) (Barnes et al., 2005; Seebeck et al., 2024), and 
is associated with fault scarps, ridges, and depressions that influence 
local geomorphology (Figure 4D). 

4.11 Taiari Chalky Inlet

Taiari Chalky Inlet is characterised by Moana-whenua-pōuri 
Edwardson and Te Korowhakaunu Kanáris sounds, converging 
into a single inlet (Figure 1). The combined length is 38.9 km, 
exhibiting an overall elliptical asymmetric morphology (Figure 3). 
The catchment area extends over 432 km2 (Table 1). At the head 
of Moana-whenua-pōuri Edwardson Sound, seismic profiles reveal 
a buried paleodelta system characterised by oblique prograding 
foresets (Figure 2N). Similarly, the Te Korowhakaunu Kanáris Sound 
paleodelta exhibits foresets of comparable lengths (0.6 km) but 
greater vertical extent, reaching ∼31.5 m. Both deltas are located 
at depths of ∼54 mbsl (Table 1). The main basin of Taiari Chalky 
Inlet (Moana Basin) begins in Moana-whenua-pōuri Edwardson 
Sound and extends seaward for 9.1 km, reaching a maximum depth 
of 360 mbsl (Supplementary Figure S8). The basin morphology is 
characterised by smooth sediment infill and is fed by the Western 
Passage, where sediment lobes have been identified (Table 1; 
Figure 1; Supplementary Figure S8). At the fjord mouth, the system 
exits through the Eastern Passage. The Western and Eastern passages 
trend southwestward, separated by two islands, and share a fjord 
mouth width of 8.5 km (Supplementary Figure S8). The entrance 
sill is located at a depth of 49 mbsl and is overlain by sediment 

deposits. Seaward of the sill, a reef system has developed close to 
the fjord mouth (Supplementary Figure S8). 

4.12 Raktikuma Preservation Inlet System

The Rakituma Preservation Inlet System is the southernmost 
fjord system and comprises two fjords: Te Awaroa Long Sound, 
which is located inland and is isolated from the Tasman Sea by 
Rakituma Preservation Inlet and Isthmus Sound by the Narrow 
Bend (Figure 1; Supplementary Figure S9). The entire complex 
is 47.5 km long and is fed by a catchment covering 425 km2

(Table 1; Figure 3). Te Awaroa Long Sound exhibits a narrow, 
single-channel character, while Rakituma Preservation Inlet is 
notably more rugged and sinuous. Together, the system exhibits 
a crescentic asymmetrical shape (Figure 3). At the head of Te 
Awaroa Long Sound, the inactive Widgeon Fault lies beneath the 
fjord axis (Figure 1; Supplementary Figure S9). Seismic data also 
reveal a buried paleodelta at 32 mbsl, characterised by foresets 
extending 0.6 km in length and reaching 24.8 m in height (Table 1; 
Figure 2P). Down-fjord of Te Awaroa Long Sound lies Long Basin 
(Pickrill et al., 1992), a main basin that is 3.9 km long and up to 
357 mbsl deep. Smooth basin fill is preserved in the basin and is 
surrounded by moraines and debris blocks that are deposited along 
the base of the fjord wall, apparent from multibeam bathymetry and 
seismic data (Figures 5D,E; Supplementary Figure S9). According 
to official records (The Marine Guardians of Fiordland and the 
Department of Conservation), Te Awaroa Long Sound terminates 
near Narrow Bend, which marks the transition to the more open and 
complex morphology of Rakituma Preservation Inlet (Figures 1, 2P; 
Supplementary Figure S9) (Pickrill, 1993). Multibeam bathymetric 
data reveal a heterogeneous seafloor beyond the sills, lacking a 
continuous fjord trunk or defined channel. Instead, numerous 
winding paths weave around subaerial sills and islands that end 
in coastal embayments or Isthmus Sound (Figure 1) (Pickrill et al., 
1992). The entrance sill of the Te Awaroa Long Complex is 
found at 26 mbsl, marking the second shallowest entrance sill 
after Te Hāpua Sutherland Sound (Table 1). Seismic profiles 
show the development of prograding offshore deposits extending 
towards the Tasman Sea, and sediment waves reaching into the 
inlet, similar to observations made in other fjords in Te Rua-
o-te-Moko Fiordland, such as Hinenui Nancy Sound (Figure 5I; 
Supplementary Figure S9), and similar to observations made by 
Pickrill (1987) and Pickrill et al. (1992). 

5 Discussion

5.1 Spatial and lateral extent of fjords in Te 
Rua-o-te-Moko Fiordland: Northern vs. 
Southern trends

The general development of fjords is well established and 
attributed to former glacial processes, which resulted in carved 
out and overdeepened basins, that have subsequently been filled 
with glacial, lacustrine, terrestrial and ultimately marine sediments 
following inundation caused by post-glacial sea level rise (Stanton 
and Pickard, 1981; Syvitski et al., 1987; Pickrill et al., 1992; 
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Pickrill, 1993; Anderson and Mackintosh, 2006; Howe et al., 2010; 
Hogan et al., 2020). While the presence of overdeepened basins, 
sills, and deltas has been previously identified in individual fjords 
in Te Rua-o-te-Moko Fiordland (Irwin et al., 1978; Stanton and 
Pickard, 1981; Augustinus, 1992; Dykstra, 2012; Barnes et al., 
2016b; Barnes et al., 2016a), this study comprehensively shows 
the complexity and spatial variability of fjord geomorphology 
across the region (Table 1; Figures 2, 3). Furthermore, this study 
reveals distinct trends in the spatial and lateral extent of the 
fjords, which become apparent from the results, allowing for a 
division into northern- and southern regions (Table 1; Figures 3, 6). 
The northern fjords, extending from Piopiotahi Milford Sound to 
Hinenui Nancy Sound, are relatively short (21.1–25.8 km; Table 1; 
Figure 6) and exhibit simple single-channel morphologies with 
lower sinuosity values, reflecting linear glacier carving (Table 1; 
Figure 3). In contrast, the southern fjords, beginning with Pātea 
Doubtful Sound Complex and extending to the southernmost 
Rakituma Preservation Inlet Complex, are between 14.8–45.0 km 
long (Table 1; Figure 3). These fjords exhibit more pronounced 
geomorphological complexities linked to lithology variations and 
larger fault systems (Figure 1), often displaying multiple branching 
arms and tributaries, as well as deeper and larger basins (Table 1; 
Figure 6). The northernmost fjords intersect major lithological 
boundaries and major basement faults, including the inactive 
Pembroke Fault and active Alpine Fault, at a high angle (Figure 1). 
Consequently, these structures do not exert primary control on 
fjord orientation but instead act as structural limits, with the 
northernmost fjord terminating at the intersection with the Alpine 
Fault close to the fjord mouth. In contrast, the southern fjords exhibit 
close alignment and, in some cases, direct spatial correlation to both 
bedrock lithological contact and basement faults. These include the 
inactive Wilmot, Dusky, Lake Fraser, and Widgeon faults, which 
project into Pātea Doubtful, Tamatea Dusky, and Te Awaroa Long 
sounds, respectively (Figures 1, 4D; Supplementary Figures S7, S9). 
This suggests that basement structure and lithology in the southern 
region exert a stronger influence on fjord orientation, as glacial 
erosion likely followed pre-existing bedrock weaknesses associated 
with faults and lithologic contacts (Figure 1) (Glasser and Ghiglione, 
2009). In addition, the observed submarine landforms, including 
wider fjord mouths and overdeepened basins in the southern 
region, reflect a geomorphic imprint influenced by bedrock with 
lower resistance to glacial erosion (Figure 1) (Bernard et al., 2021). 
Another significant attribute is the catchment area, which increases 
from the northern to the southern fjords and exhibits a positive 
correlation with fjord length, depth and width (Table 1; Figures 3, 
6). The observed flow patterns align with the general concept 
that drainage follows the steep fjord walls, ultimately converging 
into the main fjord trunks (Figures 3, 4A). The steepness of fjord 
walls decreases from north to south, corresponding to an overall 
reduction in catchment topography across Te Rua-o-te-Moko 
Fiordland. In the northern fjords, such as Piopiotahi Milford Sound, 
maximum elevations exceed 2,700 m (Dykstra, 2012), and there is a 
sharp transition from steep terrain to the adjacent continental shelf. 
In contrast, the southern fjords are characterised by lower relief, 
with maximum elevation reaching ∼1340 m, and a more gradual 
transition onto a broader continental shelf (Figure 1). Despite these 
differences in absolute elevation, the vertical topographic relief 
from the adjacent fjord walls to the seafloor of the main basins 

remains relatively consistent throughout the region, averaging 
∼1069 m (Table 1). Notably, a greater proportion of this vertical 
relief is submerged in the southern fjords. The southward decrease 
in topographic gradient, combined with increased fjord geometry 
complexity, reduced gravitational runoff velocities, and lower glacier 
driving stress, likely contributed to changes in glacier retreat 
behaviour. In the southern fjords, valley-bound glaciers were more 
likely to converge into the main fjord trunks and retreat along 
multiple pathways, guided by subaerial sills and tributary arms.

5.2 Distribution of sills and thresholds in 
temperate Te Rua-o-te-Moko Fiordland

Entrance sills have been identified in all fjords for which 
bathymetric and seismic data were available. They are typically 
located near fjord mouths (Figures 5A,B), apart from Piopiotahi 
Milford Sound, where the outermost sill and moraine are positioned 
further offshore at the continental shelf break (Dykstra, 2012). 
Entrance sills typically mark the margins of former glacial extents 
and serve as thresholds for ice-proximal depositional systems. Their 
location near the fjord mouths is consistent with the patterns 
observed in the fjords of Greenland, Norway, and Patagonia 
(Benn and Evans, 2014; Åkesson et al., 2018). Consequently, fjord 
mouth width plays a critical role in controlling the response of 
marine-terminating glaciers to external forcing, with wider fjords 
experiencing greater exposure and increased vulnerability to climate 
warming (Briner et al., 2009; Benn and Evans, 2014). In general, 
the measured fjord mouth width increases towards the south and 
exceeds 4 km in width (Table 1; Figure 6). This trend is associated 
with progressively shallower entrance sills that are positioned 
farther landward within the fjords (Table 1; Figures 5F,I), which may 
indicate that glaciers in these locations may not have extended to sea 
level during the Last Glacial Maximum, which was approximately 
120 m below present sea level (Pickrill et al., 1992). As a result 
of wider fjord mouths, the glaciers in the southern area may have 
been more susceptible to ice retreat. Additionally, the combination 
of increasing fjord width and decreasing sill depth could have 
enhanced buoyancy and eventually led to floatation of the glacier ice 
where tide water is reached, further influenced by flow divergence 
due to open topography (Shoemaker, 1986; Benn and Evans, 2014). 
Complementing the observed submerged sills, numerous subaerial 
sills, often appearing as islands, have been identified in Te Rua-
o-te-Moko Fiordland (Figures 4A,D). These landforms are more 
prevalent in the southern fjords, reflecting a pattern of erosion 
intensity inherited from preglacial fluvial networks and ultimately 
altered by glacial overprint and uplift (Bishop, 1985; Benn and 
Evans, 2014). The formation of subaerial sills depends on the 
erosional susceptibility of the regional bedrock, with lithological 
differences in the south potentially contributing to their increased 
occurrence, especially south of Tamatea Dusky Sound, which with 
the presence of the Dusky Fault marks a change in lithological 
bedrock (Figure 1) (Syvitski and Shaw, 1995; Turnbull et al., 
2010). Isostatic rebound typically causes sills to become very 
shallow, a trend documented in Norwegian fjords (Syvitski et al., 
1987; Benn and Evans, 2014). However, in Te Rua-o-te-Moko 
Fiordland, isostatic rebound is masked by tectonic uplift (Bishop, 
1985; Pickrill et al., 1992). Studies from Svalbard, particularly 
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FIGURE 6
Pairplot scatter illustrating correlations among key geomorphic parameters across 16 fjords in Te Rua-o-te-Moko Fiordland, Aotearoa New Zealand. 
The variables include catchment area (km2), maximum basin depth (m), maximum fjord width (km), and fjord length (km). Northern fjords are displayed 
with a triangle, while southern fjords are represented by a dot, labeled by number (1-16) and color-coded by fjord shape classification: 
Elliptical/Rectangular Asymmetric (EAS, yellow); Sinuous Symmetrical (SS, green); Crescentic Asymmetrical (CAS, blue; Sinuous Asymmetrical (SAS, 
gray) (e.g., Figure 3). Diagonal panels show kernel density estimates (KDE) for each variable by shape class.

in Billefjorden, indicate that deglaciation was characterised by 
multiple short-lived stillstands and minor readvances, as evidenced 
by closely spaced assemblages of small moraines (Baeten et al., 
2010; Forwick et al., 2010). In contrast, the absence of similar 
moraine sequences in our study area, combined with the greater 
spacing between more prominent ridges, suggests that deglaciation 
in Te Rua-o-te-Moko Fiordland likely proceeded through fewer, 
more substantial retreat phases. Supported by the relatively narrow 
width of the fjords, accommodation space is limited (Glasby, 
1978; Irwin et al., 1978), and instead individual moraines are 
dominant features within the fjords, indicating temporal halts 
or punctuations of retreating ice fronts (Figures 4, 5A,C). The 
widespread occurrence of sills demonstrates their importance as 
geomorphic markers and represents key targets for future analysis 
that will refine the stratigraphic framework of the fjords of Te Rua-
o-te-Moko Fiordland. 

5.3 Fjord basin configurations in Te 
Rua-o-te-Moko Fiordland

Each fjord in Te Rua-o-te-Moko Fiordland has always one 
main basin but shows differing numbers of intermediate basins 
throughout the area (Figures 2A–P; Table 1). These main basins 
also exhibit the most significant sediment infill (Figures 2, 5), 
preserving lacustrine and marine Quaternary deposits (Dykstra, 
2012; Barnes et al., 2016a). Main basins are generally located 
where the fjord is widest, formed by glacial erosion during both 
glacier advances and retreats (Glasby, 1978; MacGregor et al., 
2000; Åkesson et al., 2018). Initial glacial advances in Te Rua-o-
te-Moko Fiordland are thought to have eroded into a pre-existing 
fluvial landscape during the Late Tertiary (Augustinus, 1992), 
with subsequent glacier discharge further modifying topography 
and producing the overdeepened basins. Augustinus (1992) 
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demonstrated that fjord trough erosion increases proportionately 
to the glacier discharge volume, leading to the deepening, widening, 
and elongation of fjords as they adjust to glacier thinning. 
Furthermore, fjord length is constrained by tectonics (Augustinus, 
1992), as evident in the northern fjords, which are shorter, more 
linear, and situated closer to the Alpine Fault and thus the plate 
boundary. This reflects a limited distance between the coastline 
and the main topographic divide in the northern region. The 
Alpine Fault intersects the northernmost fjord, Piopiotahi Milford 
Sound, at the fjord mouth and makes this fjord proximal to the 
plate boundary (Figure 1). Apart from Piopiotahi Milford Sound, 
the northern fjords have the smallest observed catchment areas 
(<255 km2; Table 1; Figure 6). This geomorphologic evidence 
suggests a continuous retreat but higher glacier flux to the 
grounding line driven by the higher topographic gradient (Table 1) 
(Augustinus, 1992; Åkesson et al., 2018). A distinct difference in 
main basin depths is observed, with the northern fjords generally 
featuring shallower main basins (<300 mbsl), except for Taitetimu 
Caswell Sound (Table 1; Figure 6). In contrast, southern fjords 
exhibit deeper main basins (>300 mbsl), except for Te Rā Dagg 
Sound (Table 1; Figure 6). However, in all examined northern 
fjords, at least one threshold (sill) has been identified, indicating 
either intermittent still-stands during retreat and with that a local 
reduction of glacial erosion, or subsequent re-advance (Shoemaker, 
1986; Dowdeswell et al., 2016c). Some of these bedrock sills, which 
separate basins, are likely to outlast several glaciations and are, 
therefore, a multi-cycle net integral of ice discharge and erosion 
capacity (Shoemaker, 1986; Augustinus, 1992). All fjords in the 
northern parts contain multiple basins (2–3; Table 1), with a 
tendency for the main basin to be located closer to the seaward 
end of the fjord. Only Piopiotahi Milford and Hāwea Bligh sounds 
deviate from this pattern, with their main basins positioned more 
centrally within the fjords. This may reflect prolonged ice residence 
time in the inland portions of these catchments. The northernmost 
fjords were likely amongst the last to experience deglaciation, and 
Piopiotahi Milford Sound still hosts cirque glaciers in its upper 
catchment (Turnbull et al., 2010). The seaward position of the 
main basins in the other northern fjords may be attributed to 
intensified glacial erosion during deglaciation. Ice streaming and 
higher ice velocities, resulting from ice thinning, likely enhanced 
basal erosion and led to the formation of overdeepened basins close 
to the entrance sills (Hogan et al., 2020).

The longest fjords (Pātea Doubtful, Te Puaitaha Breaksea, and 
Tamatea Dusky sounds) are situated in the southern part of Te 
Rua-o-te-Moko Fiordland (Figures 1, 3). Although these fjords 
share similar bedrock lithologies with their northern counterpart 
(gneiss, granite, and diorite; Figure 1), they are less limited by 
the Alpine Fault. Instead, their morphologies and orientations 
are controlled by the inactive Wilmot Fault in Pātea Doubtful 
Sound, and the inactive Dusky and Lake Fraser Fault in Tamatea 
Dusky Sound and have large (>310 km2) catchment areas, thus a 
bigger glacier discharge contributing area (Figure 6). In addition, 
most fjords of the southern region feature multiple basins (>2), 
with single-basin systems, such as Te Awaroa Long or Kaikiekie 
Bradshaw sounds, representing exceptions (Table 1). Both fjords 
are distinct in forming the landward continuation of another 
sound and are part of a fjord complex. This configuration may 
indicate gradual and continuous glacial retreat through these fjords, 

without halts (Table 1; Figures 1, 3). Two of the southernmost fjords 
(Taiari Chalky and Rakituma Preservation to inlets) exhibit the 
greatest average widths (<1.6 km; Table 1) and largest catchment 
areas (<400 km2) while maintaining comparable main basin depths 
(360–370 mbsl; Table 1; Figure 6). Notably, most main basins 
identified in the southern fjords are situated in the central 
part of the fjord, suggesting either that maximum ice extent 
was less extensive compared to the northern fjords, or that ice 
persisted longer within the complex network of reaches, bends 
and tributary arms (Figures 4; Supplementary Figures S2–S9). This 
prolonged ice residence may be linked to the more intricate fjord 
geometries and the larger contributing catchments observed in the 
southern fjords (Table 1).

In addition to these morphological and catchment differences, 
the greater distance of the southern fjords from the Alpine Fault 
suggests that their morphology and glacial extent were structurally 
less constrained regarding lateral extent. Instead, the southern 
fjords exhibit a strong correlation between structural geological 
lineaments and fjord orientation (Figure 1). These structures likely 
served as zones of structural guidance, facilitating glacial erosion 
and enabling the development of relatively wide fjords during ice 
discharge. Comparable influences of structural control on fjord 
orientation and ice discharge patterns have been documented in 
the Patagonian and Fuegian Andes (Glasser and Ghiglione, 2009). 
Lithological influences are also apparent, with fjords eroded into less 
resistant bedrock, such as sedimentary rocks, generally exhibiting 
greater widths (Bernard et al., 2021). Therefore, bedrock lithology 
and tectonic lineaments exert primary control on the width and 
depth of the basins identified in southern fjords. However, this 
does not account for the north-south gradient in basin-depth. Two 
potential factors may explain this longitudinal gradient. First, the 
higher topographic elevations observed in the north may reflect a 
more pronounced pre-fjord landscape that predates the formation 
of the fjords. In this scenario, ice would have had to traverse greater 
vertical gradients, resulting in stronger gravitational forces, higher 
flow velocities, and increased erosion (MacGregor et al., 2000; Benn 
and Evans, 2014). However, measuring the total vertical extent of 
the fjords, from peak to pit (Table 1), reveals similar overall paleo-
relief. Instead, the overdeepened basins in the southern fjords may 
have resulted from glacier bed lowering during progressive erosion, 
leading to a decline in ice-surface elevation and a less positive 
mass balance (MacGregor et al., 2000). Additionally, the increasing 
prominence of tributary junctions toward the south could have 
contributed to greater ice discharge, further deepening the main 
basins (Benn and Evans, 2014). Previous modelling suggests that 
decreasing temperatures are necessary for developing overdeepened 
basins (Oerlemans, 1984; MacGregor et al., 2000). Thus, colder 
conditions in the southern region of Te Rua-o-te-Moko Fiordland 
or subtle climatic differences may have influenced this pattern.

Both main and intermediate basins are associated with sills, 
where glaciers temporarily halted for thinning of ice mass, which 
allowed for the deposition of moraines. The smooth acoustic 
stratification of basin fills in fjords was introduced by active glacial 
processes primarily controlled by meltwater plumes that deposited 
coarser material closer to the grounding zone and fine material 
suspended near the more distal parts of the fjords (Batchelor et al., 
2018). This deposition intercalates with small-scale mass wasting, 
contributing to the formation of a smooth basin fill (Forwick 
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and Vorren, 2010). While high sedimentation rates in temperate 
fjords lead to the burial of relict glacial landforms, they also 
result in stratified depositional configurations and, thus, continue 
the smooth basin fill that can be observed in all the basins in 
Te Rua-o-te-Moko Fiordland (Figures 5D,E; Supplementary Figure 
S2–S9) (Elverhøi et al., 1983). Future research will focus on verifying 
these deposits through detailed thickness mapping of sedimentary 
sequences within the fjords. 

5.4 Buried paleodeltas and submerged 
Gilbert-style deltas in Te Rua-o-te-Moko 
Fiordland

Submerged and buried paleodeltas are present at the heads 
of almost all fjords in Te Rua-o-te-Moko Fiordland and indicate 
periods of enhanced sediment deposition by riverine discharge in 
the past that favoured delta formations before being submerged 
and buried by rising sea levels (Figure 5H) (Syvitski et al., 1987). 
The submerged and buried paleodeltas at fjord heads likely formed 
from proglacial or glaciofluvial discharge, sustained by a continuous 
sediment supply sufficient for delta development. Larger catchments 
typically contribute greater volumes of sediment to the fjords, 
thereby influencing the size and development of associated deltas 
at the fjord heads (Stanton and Pickard, 1981). At present, nearly 
all fjord heads receive input from rivers sourced from lakes 
or the greater catchment area, delivering terrestrial sediment to 
the fjords. Since all paleodeltas at the fjord heads identified 
in this study are buried or lie well beyond current sea level 
(Barnes et al., 2016b), they are considered abandoned and relict. 
A likely mechanism that inhibited further delta growth is a shift 
in discharge pattern. Following sea level rise after the Last Glacial 
Maximum (<18–20 ka), the fjords were progressively inundated 
by the Tasman Sea, transitioning gradually from a lacustrine to a 
marine system, and with that, a quasi-contemporaneous transition 
from proglacial to non-glacial (<14 ka; Barnes et al., 2016b; Cattaneo 
and Steel, 2003). With a shift of the SHWW during that time, 
colder temperatures and increased precipitation, along with more 
frequent and intense storms, must have prevailed (Gomez et al., 
2004; Hinojosa et al., 2017; Hinojosa et al., 2014; Ummenhofer 
and England, 2007). Rather than facilitating delta progradation, 
these conditions likely contributed to net sediment loss at the 
delta fronts through enhanced discharge and bypassing towards the 
fjord basins. Similar observations of sediment bypassing associated 
with increased discharge have been documented on a larger scale 
in the Ganges-Brahmaputra delta system in India (Raff et al., 
2023). The absence of topsets in some deltas could support this 
interpretation, suggesting they either failed to develop, collapsed or 
were eroded due to intensified riverine fluxes linked to climate shifts. 
Additionally, seismic activity during or after delta formation resulted 
in delta slope collapses and mass wasting deposits on the relict 
topsets (Barnes et al., 2016b). Following these events and possibly 
occurring at the same time, reforestation likely led to a reduction of 
sediment supply to the fjord heads (Pickrill et al., 1992; Barnes et al., 
2016b). At present, new deltaic systems are developing, exhibiting 
a retrogradational pattern and forming closer to the modern fjord 
head sources, beyond the resolution of the seismic data used in this 
study, but visible from satellite imagery.

Buried paleodeltas found at arm junctions or channel 
intersections, such as the submerged Girlies Island paleodelta 
in Tamatea Dusky Sound (Figure 4D) and the submerged Deep 
Cove paleodelta in Pātea Doubtful Sound, were likely proglacial 
in origin. These deltas reflect periods of glacier stillstand, during 
which sustained paleoglacial sediment discharge contributed to 
the development of foresets. In most cases, these paleodeltas are 
in water depths shallower than the entrance sill, making them 
susceptible to burial beneath marine deposits (Syvitski et al., 1987). 
If the now-submerged delta lies above the entrance sill depth, it 
suggests that delta progradation continued in a marine setting, 
regardless of whether ice remained present upstream (Table 1). 
However, these deltas do not show signs of eroded topsets. This is 
consistent with their location further down-fjord, sheltered from 
riverine discharge and marine erosion. At least four submerged 
Gilbert-style paleodeltas have been identified in Hinenui Nancy, 
Kaikiekie Bradshaw, Te Rā Dagg, and Tamatea Dusky sounds, with 
one located in the northern fjords and the remaining three in the 
south (Figures 2, 3). These deltas exhibit well-defined bottomsets, 
foresets, and topsets, along with exposed delta brinks, indicating 
no significant burial, partly attributable to their locations. The 
submerged Gilbert-style delta in Hinenui Nancy Sound is the only 
observed delta at a fjord head that is not overlain by younger deposits 
(Figures 1, 3). As it is not situated near a major riverine outlet, 
it is a relict feature, fed by glacier discharge and abandoned after 
complete retreat. Similarly, the Gilbert-style delta found in Te Rā 
Dagg Sound marks a retreat threshold at the confluence of the fjord 
arms. Since the southern arm is nearly connected to Pātea Doubtful 
Sound’s Crooked Arm, this delta and the arm is not connected 
to a riverine outflow and only receives minimal terrestrial input, 
preventing significant burial. As a result, it can also be classified as 
relict. The Gilbert-style delta in Kaikiekie Bradshaw Sound (Gaer 
Arm) has previously been described as relict (Barnes et al., 2016b), 
resulting from deglaciation and reforestation, leading to a reduction 
in riverine clastic sediment supply (Pickrill et al., 1992; Barnes et al., 
2016b). The development of Fanny Bay Delta in Tamatea Dusky 
Sound should be similar (Figure 4D). 

5.5 Implications for ice extent and retreat

Variations in bedrock and the occurrence of structural zones 
of weakness influenced the intensity of glacial erosion, shaping 
the glacial landforms described above. These differences may 
also reflect variations in glacier dynamics and the timing of 
glacial advance and retreat. The distribution and morphology 
of glacially derived geomorphological features provide valuable 
evidence for reconstructing past ice behaviour and flow regimes 
(Dowdeswell et al., 2016b). The maximum extent of glacier 
advance during the Quaternary was proposed by Barrell (2011), 
these interpretations are primarily based on the distribution of 
onshore moraines. The identification of entrance sills, referred 
to in some studies as terminal moraines, at the mouth of 
each fjord (Dowdeswell et al., 2016b) now allows for a better 
understanding of glacier retreat dynamics. Accordingly, entrance 
sills are positioned progressively farther landward along a 
north–south gradient. This trend, in combination with the 
increasing distance from the plate boundary, which acts as a 
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tectonic constraint on glacial advance, could suggest that glaciers 
extended farther seaward toward the south. However, variations 
in bedrock lithology, combined with increasing fjord width, likely 
made southern glaciers more susceptible to melting. These factors 
may have limited the southern extent of glacier advance despite the 
reduced structural confinement.

Additionally, streamlined landforms, which typically develop 
parallel to the ice stream and serve as evidence for fast-flowing ice, 
with rates as high as several km per year, as observed in Norwegian 
or Antarctic fjords (Dowdeswell et al., 2016b; Batchelor et al., 
2018; Mangerud et al., 2019), are absent in Te Rua-o-te-Moko 
Fiordland. Instead, numerous transverse submarine features, like 
submarine retreat ridges, sills, or moraines, indicate a retreat 
that was either shaped by stillstands that lasted long enough to 
build up proglacial deltas, or these features are glacimarine relicts 
of the numerous advances that occurred during the Quaternary 
(Figures 4, 5) (Ottesen et al., 2008; Batchelor et al., 2018). To 
enable more precise and quantitative reconstructions of glacier 
retreat dynamics, including the timing of stillstands and potential 
readvances, chronological frameworks still need to be established. 
While retreats in Te Rua-o-te-Moko Fiordland are irreversible 
(Augustinus, 1992), the retreat considered here is not considered 
rapid. Recessional moraines, prominently observed in the Cook 
Channel of Tamatea Dusky Sound (Figure 4D), can develop through 
a combination of processes, including sediment deformation 
and meltwater deposition, as documented in high-latitude fjords 
in both hemispheres, namely Norway, Svalbard, and Antarctica 
(Ottesen et al., 2007), or due to more frequent ice halts. In contrast, 
Bowen Channel displays one large basin that indicates gradual 
and continuous ice retreat, indicating a different retreat dynamic 
for the two channels (Figure 4D). Te Rua-o-te-Moko Fiordland is 
deglaciated, and no new glaciomarine landforms are emerging. 
Therefore, marine processes, such as tidal currents and waves, 
prevail and are sufficient in triggering mass transport deposits 
and sediment waves close to the entrance sills and into the 
fjords (Figure 5I). Combined with increased river discharge due 
to elevated precipitation (Hinojosa et al., 2017; Knudson et al., 
2011), these processes contribute to the burial of glacial deltas 
and entrance sills, which are often found overlain by younger 
marine-influenced deposits (Figures 2, 5I) (Elverhøi et al., 1983; 
Batchelor et al., 2018). These findings suggest substantial post-
depositional modifications, supported by modern sedimentation 
rates estimated to be between 0.09–0.38 cm yr-1 in the fjord basins 
(Hinojosa et al., 2014). Therefore, the proposed fjord formation 
process for Te Rua-o-te-Moko Fiordland involves ice-pushing of 
sediment during brief stillstands or re-advances of the grounded ice 
margin, initiated during a phase of gradual retreat beginning in the 
Pleistocene (<60 ka), followed by multiple subsequent re-advances 
(Ottesen and Dowdeswell, 2009; Dykstra, 2012; Batchelor et al., 
2018). Ages for the individual glaciomarine landforms are yet to 
be determined. Evidence of extensive reworking and overprinting 
by multiple glacial advances and retreats during the Pleistocene 
is apparent across Te Waipounamu South Island (Suggate and 
Almond, 2005; Barrell, 2011; Shulmeister et al., 2019). Most of the 
glaciomarine features identified in this study (Figures 2, 5) likely 
formed, or were subsequently modified, during or after the most 
recent major advance. These features reflect processes associated 
with ice retreat following the onset of deglaciation around 18 kyr 

and have been overprinted and partially reworked landforms such 
as overdeepened basins and bedrock sills that are attributed to older 
glaciations (Shulmeister et al., 2019).

The data indicate a southward shift in glacial erosion dynamics, 
as reflected by variations in entrance sill depth, fjord mouth width, 
fjord length, overdeepened basin depth and position, and overall 
topographic elevation. These patterns are closely associated with 
changes in bedrock geology, the presence of basement faults and 
the reduction of plate boundary constraints (Figure 6). The observed 
geomorphological patterns highlight the dynamic interplay of 
glacial retreat dynamics, erosion rates, bedrock composition, 
basement faults, plate boundaries, tectonic uplift, erosion, and 
sea-level changes in shaping the fjords of Te Rua-o-te-Moko 
(Turnbull et al., 2010; Barrell, 2011; Barnes et al., 2013; Heron, 2023). 

6 Conclusion

This study presents a comprehensive geomorphological 
overview and assessment of the fjords of Te Rua-o-te-Moko 
Fiordland, revealing distinct trends that subdivide the region into 
northern and southern fjord sections. The observed differences in 
fjord length, fjord mouth width, sinuosity, and basin morphology 
indicate varying glacial erosion dynamics, catchment influences, 
sediment deposition, and basement geology. The northern fjords 
are characterised by shorter, single-channel fjords with higher 
topography and steeper fjord walls, while the southern fjords feature 
more complex geometries, extensive branching, lower topographic 
relief, and close alignment with the inactive basement faults. These 
spatial variations suggest a southward gradient in glacier dynamics 
in response to the regional tectonic and lithological controls, as 
reflected in the morphology and distribution of basins, sills, and 
deltas. In the north, intersecting tectonic constraints have resulted 
in shorter, narrower fjords with shallower main basins, while in the 
southern fjords, lithological controls have facilitated the orientation 
and the development of wider, deeper basins. Fjords in the central 
region, such as Pātea Doubtful Sound and Tamatea Dusky Sound, 
represent a transitional configuration, with long fjord systems and 
overdeepened basins that predominantly align with the Wilmot and 
Dusky faults, respectively.

One observation of this study is the widespread occurrence 
of entrance sills, which consistently mark the maximum glacial 
extent and are located near fjord mouths. Notably, entrance sills 
and inner thresholds also pick up a north-south gradient, with 
wider fjord mouths and shallower entrance sills observed in the 
southern fjords. Assuming that ice reached the modern positions 
of these entrance sills, this pattern suggests that the southern fjords 
were more susceptible to melting and influenced by buoyancy 
effects. The greater width of the southern fjords likely facilitated 
ice flotation and divergence, contributing to differences in retreat 
dynamics compared to the more constrained northern fjords. It 
is further suggested that ice must have collapsed relatively rapidly 
through the wider basins and subsequently become temporarily 
grounded or stabilised within narrower sections or reaches between 
the main trunks. In addition, the increased prevalence of subaerial 
sills and isolated moraines in the south highlights the complex 
interplay between glacial processes, tectonic uplift, postglacial sea-
level changes and marine coastal sediment supply that contribute 
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to submarine barrier formation. The distribution of main basins 
reflects a pronounced southward trend, with the longest and deepest 
sections of the fjords typically located in their central reaches. This 
spatial pattern may indicate that glacial extent in the southern 
fjords was less extensive, or that ice persisted longer due to 
their more complex geometries. Overall, the main basins preserve 
sediment infill from syn-glacial and post-glacial periods during the 
Quaternary, highlighting their significance as long-term archives 
of glacial erosion and postglacial sedimentation. A clear north-
to-south gradient in basin depth is evident, potentially driven by 
variations in ice mass balance, tributary glacier input, and regional 
climatic differences. An advancement on previous studies is the 
documentation of the widespread occurrence of buried paleodeltas 
at fjord heads, indicating past proglacial, periglacial, or riverine 
discharge. Their burial and submerged nature suggest a shift in 
depositional regimes influenced by Holocene sea-level rise and 
subsequent marine transgression, deglaciation, and reforestation, 
which altered sediment supply from catchment areas. However, it 
remains uncertain when these paleodeltas became abandoned. The 
presence of unburied submerged Gilbert-style paleodeltas, found 
at fjord arm junctions in the southern fjords, suggests they are 
proglacial relicts formed during deglaciation. In contrast, similar 
features at some fjord heads are not connected to active riverine or 
lacustrine inputs, indicating that sediment supply ceased following 
ice retreat, leaving the deltas unburied. The origin, timing, and 
postglacial evolution of these features will be the subject of future 
investigations.

By integrating seismic and geomorphological analyses, this 
study advances the understanding of the glacial history and 
postglacial evolution of Te Rua-o-te-Moko Fiordland. The findings 
emphasise the importance of regional geological controls, ice 
dynamics, and environmental conditions in shaping the modern 
fjord landscape. Future research should target refining the 
seismostratigraphy of Te Rua-o-te-Moko Fiordland to establish a 
more precise chronology of glacial retreat and marine inundation, 
contributing to a broader understanding of Southern Hemisphere 
climate variability.
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