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Abstract 

 

This thesis seeks to resolve the geomorphic variability exhibited by a series of six small fan-

deltas along the Thames Coast, Coromandel, New Zealand.  Although the fan-deltas occur 

within 30 km of each other on the same fault scarp, a variety of morphologies and sizes exist.  

A sediment budget approach has been employed to examine the components of the fan-delta 

system.  By tracking the generation, transport, and deposition of sediments to the fan-deltas, 

the drivers of geomorphic variability can be described.  

The characteristics of the catchments influence the variation exhibited by the fan-deltas, but 

a larger catchment area does not produce a larger fan-delta.  Rather, it is the catchment and 

localised slope, ruggedness, circularity and density that have the greatest effect on fan-delta 

geomorphology.    

The time frame of fluvial fan-delta sedimentation is 3 ka, with sediment delivery from the 

streams over this period calculated for the six study catchments:  Waikawau 3.74 + 10⁷ m³, Te 

Mata 1.30 + 10⁷ m³, Tapu 6.72 + 10⁷ m³, Waiomu 6.14 + 10⁶ m³, Te Puru 2.92 + 10⁷ m³, and 

Tararu 6.52 + 10⁷ m³.   

The total sediment volumes for the fan-deltas are: Waikawau 1.36 + 10⁷ m³, Te Mata 1.38 + 

10⁷ m³, Tapu 2.01 + 10⁷ m³, Waiomu 2.24+ 10⁷ m³, Te Puru 9.26 + 10⁷ m³, and Tararu 5.08 + 

10⁷ m³.     

The assessed volumes of the fan-deltas deviate from the late-Holocene sediment delivery 

modelled.  Te Mata has a fan-delta volume comparable to the sediment delivered over the 

late Holocene, potentially due to armouring of the fan-delta surface.  Tararu has a fan-delta 

slightly smaller than modelled, although has a long history of land management.  Waikawau 

and Tapu both have fan-delta volumes less than expected by modelling sediment transport, 

these sites have areas of low slope along their trunk streams allowing for within catchment 

sediment storage as well as finer sediment distributions permitting greater re-working of 

deposits.  Waiomu and Te Puru both have fan-delta volumes in excess of their modelled 

sediment transport, indicative of debris flows delivering vast quantities of sediment in 

extreme events.  
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1 Introduction 

 

1.1 Introduction 

 

This thesis seeks to explore relationships between catchment and fan-delta interactions 

affecting the erosion, transport, and deposition of coarse-clastic sediment at six fan-deltas 

situated on the western Coromandel, Firth of Thames (Figure 1.1).   

The studied fan-deltas and streams are namely (North to South) Waikawau, Te Mata, Tapu, 

Waiomu, Te Puru, and Tararu. 

This thesis will be presented using a systems framework to answer the problem of a sediment 

budget for the study fan-deltas.  An understanding of the assessed volumes and evolution of 

these fan-deltas will be gained and a model of fan-delta architecture constructed.  Fan-deltas 

represent an archive of sediment accumulation, following attendant changes in base-level.  

Fan-deltas represent an interface between fluvial and coastal processes; providing buffers, 

transfer zones, filters, feedback, and conditioning.  The location of the fan-deltas at this 

interface, coupled with their small size results in sensitive process-responses.    

Fan-deltas provide an index of sediment production from source catchments.  The scale of 

the Thames coast fan-deltas allows for detailed analysis of the production, transport, delivery, 

and storage of sediments.   
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Figure 1.1:  Location of the study catchments and fan-deltas on the Thames Coast, Coromandel (Stream 
linework  LINZ 2011, bathymetry NIWA 2012). 
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1.2 Context and Rationale 

 

Fan deltas are coarse-grained geomorphic features that occur at the interface of steep hilly 

terrains and a lake or sea, first described by Gilbert in 1885 (Figures 1.2 and 1.3).  They are 

distinguished from alluvial fans by their deposition into a body of water (Van Dijk et al., 2009) 

rather than a basin or valley floor (Van Dijk et al., 2012), resulting in differing morphodynamics 

and fan toes. 

 

Figure 1.2: Conceptual model of Te Puru fan-delta. 

 

Fan deltas were historically neglected compared to their much larger alluvial delta 

counterparts such as the Mississippi, however a resurgence in academic enquiry into fan-

deltas occurred in the late 1980s with conference collections published in two books (Nemec 

and Steel, 1988; Colella and Prior, 2009). 

Consensus on terms used to describe and classify fan deltas remains elusive, although their 

small size (~10ˉ¹ km²), coarse grain size, alluvial-fan feeder system, sedimentology, and 

morphology are generally agreed upon (McPherson et al., 1987; Nemec, 2009; Postma, 1995, 

1990). 



4 
 

 

Figure 1.3: Conceptual Model of the studied fan-deltas as a system. 

 

Whilst the Thames Coast fan-deltas have been included in research twice before, no fluvial 

feeder systems have been studied even though they were identified as the prime source of 

sediment (Dravitzki, 1988; Naish, 1990). Likewise, no examination has been done on the 

differences between delta sizes due to factors of the fluvial systems feeding them.  This thesis 

seeks to fill that gap.   

As the deltas on the Western Coromandel provide rare occurrences of relatively flat land 

(Figure 1.4), they have become the loci for settlements and development in the region, 

(O’Regan et al., 1995; Schneider, 2010).  Therefore, understanding the relationships 

associated with sediment delivery (and storage) and evolution of the catchments and deltas 

is imperative for appropriate land-use management and hazard mitigation (Davies and 

McSaveney, 2008).   
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Figure 1.4: Aerial photograph of Tararu fan-delta 1983 (White’s Aviation WA-76704-F). 

 

Welsh and Davies (2011) identified the Western Coromandel deltas as highly susceptible to 

debris flow/flood events in their study of steep ‘flashy’ New Zealand catchments.  Weather 

‘bombs’ have hit the study catchments resulting in two deaths at Waiomu in 1985 and 2002 

(Munro, 2002; White, 2003).  The impacts of Cyclones Bola in 1988 (Naish, 1990) and Drena 

(Schneider, 2010) in 1997 emphasised the fact that an understanding of the role of debris 

flow dynamics on the Western Coromandel deltas is essential for hazard identification and 

mitigation. With predictions of accelerated sea-level rise due to climate change (Field et al., 

2014), these low-lying coastal settlements on the Firth of Thames are susceptible to coastal 

hazards, so understanding responses and evolution to previous Holocene sea-level 

fluctuations is necessary. 
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1.3 Research Question 

 

This thesis will seek to provide a detailed summary of fan characteristics, and relate fan 

accumulation volumes to the balance of sediment production and deposition over the course 

of the late Holocene.  What is the late-Holocene sediment yield of the Western Coromandel 

deltas; how is this exhibited in the volume (sub-aerial and sub-aqueous), grain size and 

partitioning, fan architecture and evolution, and fluvial and debris-flow dynamics? When 

comparing these fan deltas, what are the main drivers of morphological differences between 

them?  

Potential drivers and controls upon delta size, geomorphology, and sediment production 

include: hypsometry, potential for sediment storage in floodplains, aqueous delta size, land-

use history, environmental ‘management’, sediment characteristics, graben subsidence, 

slope-channel connectivity (Oguchi, 1997), climatic and hydrological changes (Arnaud-

Fassetta and Provansal, 1999), and susceptibility to debris flow/floods (Welsh and Davies, 

2011).    

 

1.4 Aims and Objectives 

 

 Compare fan-delta morphology and catchment characteristics across the study area 

 Characterise the surficial and sub-surface grain size, composition and facies of the fan-

deltas 

 Calculate the bulk sediment delivery over the late-Holocene  

 Estimate sub-aerial and sub-aqueous fan-delta volume and the fate of the fluvial 

coarse load 

 Compare derived volumes to sediment delivery  

 Describe the architecture of fan-deltas, including fluvial and debris flow/flood 

dynamics 
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1.5 Potential Outcomes of Study 

 

 Describe geomorphological variation among the Thames Coast fan-delta using a 

sediment budget approach. 

 Increase understanding of small mixed-sand and gravel deltas, with a particular 

emphasis on sediment delivery and the differences exhibited along the Firth of 

Thames. 

 Distinguish Holocene transformation of alluvial fans to fan-deltas and response 

mechanisms. 

 

1.6 Summary 

 

This thesis will employ a variety of techniques to answer the research questions and aims, 

whilst attempting to fill gaps identified in the literature.  A review of the relevant literature 

will be provided in the next chapter, followed by an explanation of the regional setting of the 

study site, methods employed, results generated concerning erosional aspects of the study 

area, results of fan deposition, a discussion of the results and study findings, ending with 

conclusions.    
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2 Literature Review 

 

2.1 Coarse-grained deltas 

 

Deltas form when alluvial systems deposit sediments into a receiving basin more readily than 

they can be removed by wave or tidal action (Nemec, 2009).  They vary from the huge well-

known deltas of the Ganges-Brahmaputra or Nile rivers (Bhattacharya, 2006) to the small 

coarse-grained deltas found on the eastern Firth of Thames in New Zealand (Dravitzki, 1988). 

Orton and Reading (1993) discuss the importance of grain size in affecting processes 

operating on deltas and thus their varying resulting morphologies.  Distinct differences are 

evident between fine-grained deltas, such as the Mississippi, and coarser clastic deltas found 

in active landscapes, such as western Canada (Smith and Jol, 1997). 

A special publication focussing on coarse-grained deltas was released in 1990 by the 

International Association of Sedimentologists (Colella and Prior, 2009).  Sub-aerial processes 

and morphologies particular to coarse-grained deltas are discussed (Postma, 1990), such as a 

smaller size, greater steepness, and the often characteristic ‘fan’ shape (Postma, 1990).  Sub-

aqueous coarse-grained delta features are also addressed (Prior and Bornhold, 1990). 

Small deltas, such as coarse-grained or fan deltas, are more sensitive to changes than their 

larger counterparts.  An example of this is the impact of sea-level (Postma, 1995). 

 

2.2 Sedimentary Characteristics 

 

Coarse-grained deltas, as the name suggests, consist of sandy to gravelly sediments 

sometimes even up to boulder clast sizes (Orton and Reading, 1993), although silts and clays 

may also be present (Noll et al., 2009). 

Higher energy regimes are therefore required to mobilise and redistribute the larger 

sediments of the deltas.  This may result in infrequent but intense sediment delivery or 

reworking events.  Studies on alluvial fans, characterised by their large sediment sizes and 
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drastic reduction in slope from source to accumulation zones, can provide insights into the 

sedimentary processes occurring on fan deltas (e.g.  (de Scally and Owens, 2005).  

 

2.3 Architecture and Morphology 

 

Coarse-grained fan deltas and alluvial fans build up somewhat conical shapes as the larger 

sediments and lower relief receiving basin allow for steep slopes to be constructed (Blair and 

McPherson, 1994; Postma, 1990). 

The fan-delta front progrades out into the receiving basin (Bornhold and Prior, 1990; Corner 

and Robertsen, 2009) up to the angle of repose.  Turbidity flows induce scarping of the delta 

front.  Alluvial fans build out onto the valley floor but are not affected by marine processes 

(Ryder, 1971). 

Ground penetrating radar can be used to image the stratigraphy and internal architecture of 

fan deltas, providing valuable insights into delta morphology and constructional processes 

(Ékes and Friele, 2003; Kostic et al., 2005; Roberts et al., 2003). 

Debris flow dynamics are an important constructional process on fans and fan-deltas 

depositing large quantities of sediment in events.  GPR can be used to image the internal 

structure of these massive deposits (Starheim et al., 2013). 

Relative sea-level or base-level changes impact the sedimentology and architecture of fan-

deltas (Postma, 1995). 

 

2.4 Geophysical Studies 

 

Geophysical studies have employed GPR to image the sub-surface stratigraphy, architecture, 

and evolution of alluvial fans and fan-deltas across the globe (Asprion and Aigner, 1999; 

Bristow and Jol, 2003; Ékes and Friele, 2003; Jol and Bristow, 2003; Kostic et al., 2005; Noll et 

al., 2009; Pelpola and Hickin, 2004; Roberts et al., 2003; Smith and Jol, 1997; Tunnicliffe et al., 

2012).  These studies will inform the methodology of this thesis. 
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GPR can also be used to ascertain volumes of coarse-grained coastal deposits (Dickson et al., 

2009), and river deltas (Todd, 2008). 

 

2.5 Geology and Hydrology 

 

Geological and hydrological variables exert controls on the catchment and its fan or delta, 

reflected in the size relationships observed (Dade and Verdeyen, 2007). 

Tectonic settings play a vital role in delta development, which is pertinent in the Western 

Coromandel deltas due to their situation on the Hauraki Fault scarp of the Hauraki Graben 

(Eliet and Gawthorpe, 1995; Gawthorpe and Colella, 2009; Gawthorpe and Hurst, 1993; 

Kazanci, 2009; Knight and Harrison, 2012). 

Changes in the hydraulic regime and the associated alteration of sediment delivery 

demonstrate how deltas respond (Arnaud-Fassetta, 2002; Arnaud-Fassetta and Provansal, 

1999). 

 

2.6 Sediment Budgets 

 

Beylich and Brardinoni (2013) edited a special publication on sediment budgets.  Sediment 

budgets are essential for quantifying sediment production, transport, delivery, and storage 

within catchments and to sinks (Bennett, 2013; Campbell and Church, 2003; Fryirs et al., 2007; 

Jordan and Slaymaker, 1991; Meade, 1982; Tunnicliffe et al., 2012; Viparelli et al., 2013). 

Sediment budgets can be used to quantify sediment delivery to fans and deltas (Erkens et al., 

2006; Sabatier et al., 2006), and transport in rivers (Brewer and Passmore, 2002). 

 

2.7 Sediment Transport 

 

Sediment transport is a crucial component to constructing a sediment budget for catchments 

and fan-deltas (Cavalli et al., 2013; de Scally et al., 2010; Diodato et al., 2012). 
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Bedload transport mechanisms in this thesis will be quantified using the Wilcock and Crowe 

(2003) mixed-size bedload sediment transport model, embedded in a Visual Basic Excel macro 

spreadsheet devised by Parker (2014),  which was built upon earlier work measuring sediment 

transport rates (Parker 1990).  Subsequently, bedload transport models calculated will be 

compared with estimates of fan-delta accumulation (Pelpola and Hickin, 2004). 

 

2.8 GIS 

 

GIS techniques have been used to analyse shoreline change (O’Regan et al., 1995), 

susceptibility of fans to debris flows (Welsh and Davies, 2011), and long profiles (Lin and 

Oguchi, 2006). 

Digital elevation models can be constructed and analysed using GIS with morphometric 

parameters extracted and examined (Karymbalis et al., 2010; Rowbotham et al., 2005). 

 

2.9 Holocene Sea-Level 

 

Holocene sea-level rise has significantly impacted coastal and fluvial environments across the 

globe (Kermode et al., 2013; Knight and Harrison, 2012; Van Heijst and Postma, 2001). 

A worldwide initiation of fan-deltas from eustatic Holocene sea-level rise has been studied 

(Stanley and Warne, 1994), but the mechanisms of transition from alluvial fans to fan-deltas 

has not been understood.  Architectural trends associated with relative sea-level changes are 

well represented (Postma, 1995). 
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3 Regional Setting 

 

3.1 Introduction 

 

This chapter outlines the physical environment of the study area (Figure 3.1), a series of steep 

catchments draining the Coromandel Ranges.  The following factors influence and control the 

formative, dynamic processes active within the Thames Coast study area, governing the 

development and morphology of the studied fan-deltas. 

 

3.2 Geology 

 

The Thames Coast fan deltas deposit into the Firth of Thames, a shallow semi-enclosed sea 

bounded by the Firth of Thames Fault in the west, and the Hauraki Fault along the coastal 

margin of the study area (Figure 3.2).  These two faults are considered to be inactive at the 

northern end (Hochstein and Nixon, 1979), however the horst block or hanging wall of the 

Hauraki Fault forms the steep relief of the catchments draining the studied fan deltas whilst 

the footwall provides accommodation space for the deposition of fan sediments.  In the 

central Firth the Kerepehi Fault is active with a vertical displacement of ~0.13 mm/yr¯¹ and an 

average recurrence interval of ~2500 yr (De Lange and Lowe, 1990).  Chick (1999) examined 

the offshore Kerepehi Fault assessing an event vertical displacement of 2.1 m or ~0.7 mm/yr¯¹ 

since the Holocene high-stand. 

The study area has a basement lithology of highly indurated Mesozoic greywacke and argillite 

with some conglomerates known as the Manaia Hill Group (Skinner, 1972).  These rocks are 

exposed in the lower reaches of the Waikawau, Te Mata, and Tapu catchments (Figure 3.2). 

The predominant rock type in the study catchments is Neogene andesite, with some dacite 

from the Coromandel Group (first period of volcanism) and Whitianga Group (second period 

of volcanism) which also consist of rhyodacite, breccia and tuff (Adams et al., 1994; Hayward, 

1974a, 1974b; Skinner, 1986).  The Whitianga Group have a lesser presence on the western 

Coromandel.  
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Figure 3.1: Relief, catchment and stream configuration, bathymetry, and coastal facies (facies based on 
Healy, 2002). 
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The ancient volcanic rocks and greywacke basement are highly weathered and altered by 

tectonic uplift and cross-faulting resulting in easily erodible lithologies (Moon and Simpson, 

2002), susceptible to mass wasting and landsliding.  This results in high sediment delivery to 

the streams.   

Quaternary alluvial sediments that construct the study fan-deltas are present within the 

catchments of Waikawau and Tapu.  This demonstrates areas where sediments generated 

from the hillslopes are able to deposit and accumulate.   

Surface sediment facies in the Firth of Thames are presented in Figure 3.1. (based upon Healy, 

2002).  This demonstrates the extent of fluvial deposition in the Firth of Thames, as the mixed 

sand and gravel of the fan-deltas are concentrated at the stream mouths, with muddy sand 

extending further seawards.  The remaining facies are mostly marine dominated, with mud 

and shell sediments. 
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Figure 3.2: Geologic map of the study area (underlying data Edbrooke 2005 © GNS 2013). 
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3.3 Climate 

 

The climate has changed from cool and dry in the early Holocene to moist and warm during 

the mid to late Holocene, which resulted in the expansion of mixed-podocarp forests and 

wetlands (Newnham et al., 1989).  Mangrove pollen has its earliest record in the region 

(Newnham et al., 1995) indicating the arrival of a more-temperate climate. 

The modern climate of the Thames Coast is temperate and moist (Schneider, 2010).  Average 

temperatures recorded in Thames vary between ~19°C in the summer months and ~10°C over 

the winter.   

Yearly precipitation is moderate and varies across the catchments (Table 3.1), however the 

area can experience intense bursts of rainfall (Lawgun and Тоопg, 1985), including 383 mm 

over 72 hours in 1981 (Leslie et al., 2005; Naish 1990).  

 

3.4 Hydrology 

 

The study catchments are characteristically steep with ‘flashy’ regimes (Dravitzki, 1988).   

The climate is temperate but due to orographic forcing the western Coromandel is inclined to 

bursts of intense rainfall and flash flooding.  Flows can take 75 minutes from headwaters to 

mouth at Te Puru stream (Schneider, 2010). 

The studied streams are recognised as flood and debris-flow prone (Naish, 1990; White, 

2003).  

Table 3.1 presents hydrological data for the study catchments retrieved from the NIWA Water 

Resources Explorer NZ (WRENZ 2012) website. 
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Table 3.1: Hydrological data for the study catchments from NIWA’s WRENZ (2012). 

NIWA 
WRENZ 

Catchment 
Size km²  

Mean 
Annual 
Rainfall mm 

Sediment 
Yield Kt/y 

Catchment 
Runoff Mean flow 
l/s 

Mean 
Annual 
Flood 
cumecs 

1% AEP 
Flood 
cumecs 

Waikawau 33 1897 3.3 1504 153 422 

Te Mata 27 1935 1.5 1330 140 385 

Tapu 26 1752 1.1 1219 132 359 

Waiomu 10 1574 0.2 475 57 154 

Te Puru 24 1730 0.6 1194 114 308 

Tararu 15 1571 0.3 674 58 155 

 

3.5 Flooding and Debris Flow 

 

The study catchments have been identified as prone to debris flow (Davies and McSaveney, 

2008; McSaveney and Davies, 2005; Welsh and Davies, 2011), posing a hazard to the Thames 

Coast communities, and providing vast quantities of sediments and debris to the fan-deltas in 

extreme events (Dravitzki, 1988; Naish, 1990). 

Fluvial flooding is also a hazard where benign streams rapidly become raging torrents (Collen 

and Hessel, 1982; 1981).   

The flooding and debris flow hazards of the Thames Coast catchments are evident in Figure 

3.3 which demonstrates the impact of the 1985 storm at Waiomu Stream where a life was 

lost and the damage costs high (White, 2003).   



18 
 

 

Figure 3.3: Impacts of the 1985 storm at Waiomu Stream (White, 2003). 

 

Figure 3.4 shows the impact of Cyclone Bola in 1988 at Te Puru fan-delta.  Large volumes of 

sediment, including boulders, were deposited on the fan-delta in this single extreme event 

(Naish, 1990).   
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Figure 3.4: Impacts of Cyclone Bola, 1988, on Te Puru fan-delta (Naish, 1990). 

The 2002 ‘Coromandel weather bomb’ caused widespread damage on the Thames Coast, with 

the impacts at Waiomu Stream presented in Figure 3.5, where a person died (Munro, 2002; 

White, 2003). 
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Figure 3.5: Impacts of the 2002 ‘weather bomb’ at Waiomu Stream (Munro, 2002). 

 

3.6 Sea Level 

 

The Holocene sea-level rose from ~35 m below its current position to a high-stand ~ 2 m above 

between 11 ka and 6.5 ka, falling to its present level from ~3 ka (Dougherty and Dickson, 2012; 

Gibb, 1986; Pocknall et al., 1989). 

Accelerated sea-level rise due to climate change is anticipated to impact low-lying coastal 

communities such as those on the Thames Coast in the future (Kennedy, 2008; Rouse et al., 

2013; Schneider, 2010).  Due to being the loci of settlements along the Thames Coast, the fan-

delta communities are vulnerable to inundation.  
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3.7 Coastal 

 

The Firth of Thames bathymetry is presented in Figure 3.1, showing the broad shallow 

receiving basin (Dravitzki, 1988; Healy, 2002; Naish, 1990).  The fan-deltas deposit into water 

depths between 0 – 5 m. 

The tidal regime of the Firth of Thames is classed as high meso-tidal, with ranges of 2 m (neap) 

– 2.8 m (spring). 

The wave climate is dominated by short-period, low amplitude wind waves (Allison, 2014).  

Waves are fetch-limited by the Coromandel and Hunua Ranges, and Hauraki Plains (Dravitzki, 

1988).   

Tidal and longshore currents are generally minor, due to the low-energy regime (Allison, 

2014). 

Rare storm surges are amplified by the semi-enclosed shallow embayment of the Firth of 

Thames, as demonstrated in Figure 3.6 (Schneider, 2010). 

 

Figure 3.6: Impacts of the 2002 ‘weather bomb’ at Te Puru School (Schneider, 2010). 
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3.8 Land Use 

 

Polynesian settlement of the region occurred ~700 years ago, and an associated reduction of 

indigenous podocarp-hardwood forest caused by fire occurred (Byrami et al., 2002; Hogg et 

al., 2002; Hume and Dahm, 1991; McGlone and Wilmshurst, 1999). 

The impacts of European settlement in the Coromandel destroyed the majority of the 

remaining native forest, mostly through extraction industries of Kauri timber logging, gum-

digging, and mining (Byrami et al., 2002; Hume and Dahm, 1991; Napier et al., 2009). 

Recent land uses in the study area include mining and pine plantations (Craw and Chappell, 

2000; Harding et al., 2000; Marden et al., 2006; Phillips et al., 2005), although the majority of 

study catchments are regenerating native forest held within the New Zealand Conservation 

Estate. 

This land use history has impacted the sediment regime of the catchments by releasing soils 

from the hillslopes and inducing gullying, particularly exacerbated by European settlement 

land modification and extraction industry.  Erosion and gullying are ongoing within the 

catchments.    

 

3.9 Regional Sediment Yield Estimates 

 

Suspended load estimates from NIWA, based on the River Environment Classification system 

(The Ministry for the Environment and NIWA 2010), for the study streams are given as 10-200 

t/km/yr (Hicks et al., 2011, 1996; Hicks and Shankar, 2003).  See Table 3.1.  Bedload sediment 

yield is key to fan-delta development, but no estimates are currently available. 

 

3.10 Study Sites 

 

Figure 3.7 presents aerial photographs from White’s Aviation for the Thames Coast fan-deltas 

and their lower catchments.  Geomorphic variation across the fan-deltas is evident in these 

photographs and will be explored further in the following chapters. 
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Figure 3.7: Aerial photographs of all studied fan-deltas (White’s Aviation, Waikawau WA-70481-F, Te Mata 

WA-76739-F, Tapu WA-70473-F, Waiomu WA-76722-F, Te Puru WA-76719F, Tararu WA-76704-F). 
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4 Methods 

 

4.1 Introduction 

 

This study employs a variety of research techniques in an attempt to address the research 

questions and aims outlined in Chapter One.  GIS, field, lab, and analysis methods were all 

used to understand the character of the catchments and fan deltas, determine the sediment 

delivery, and calculate the volumes of the fan deltas to enable the construction of sediment 

budgets.  These techniques are outlined below.  Numerous field campaigns have been 

conducted, beginning with reconnaissance in May 2013, and finalised in June 2014. 

 

4.2 GIS 

 

A significant amount of research was conducted using ArcGIS 10.2.2.  Shapefiles defining 

catchments, stream networks (LINZ 2011), and land use (Ministry for the Environment 2012) 

were downloaded from NZ government data services to allow for consistency between 

calculations and investigations of these parameters.  All aerial photography investigations and 

basemaps displayed in this thesis utilise the Waikato 0.5 m Rural Aerial Photos (2012 – 2013) 

from the LINZ Data Service.      

ArcMap 10.2.2 was used to generate all maps in this thesis and to display the GPS locations 

of field samples collected.   

4.2.1 DEM 

 

8 m and 15 m Digital Elevation Models (DEM) were available through the University of 

Auckland Geo Database Hub (GDH) which were sourced from Geographx (2012), and LiDAR 

data covering the studied fan-delta areas was provided by the Waikato Regional Council and 

NZ Aerial Mapping Ltd (2012-2013).  The LiDAR data was used to construct high-resolution 

DEM, Digital Terrain Models (DTM) and Hillshade models of the study catchments.  These 

DEMs were used in manifold ways; to extract and collate morphometric parameters of the 

catchments and fans (Karymbalis et al., 2010; Melton, 1958), determine hypsometry, 
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calculate fan-delta volumes, and generate stream long profiles, channel geometry, and 

slopes.   

4.2.2 Bathymetry 

 

Bathymetric data of the Hauraki Gulf provided by NIWA (2012) was used in a similar way as 

the terrestrial DEMs to calculate morphometric parameters and volumes of the sub-aqueous 

fans.  The bathymetric data at a resolution of 30 m was combined with CHIRP data to elucidate 

the extent and depth of fan-delta sediment deposits.  The bathymetric data provide insights 

into the receiving basin and the potential for coastal processes to operate on the fan-deltas. 

 

4.2.3 Geology 

 

The variations and distributions of rock type and group, locations of known faults and mines, 

and the extent and location of recorded landslides were provided by GNS QMAP (2013) based 

on the Waikato geological  map compiled by Edbrooke (2005), accessible on the University of 

Auckland’s GDH.  These were displayed and analysed using ArcGIS to allow for the 

interpretation of the potential impacts of geology on the streams and catchments.  The 

submarine inference of the Hauraki and Kerepehi Faults were added following Chick (1999).  

A small debris flow that occurred on a tributary of the Waiomu Stream, and a landslide on the 

Te Mata Stream which both occurred during the study period, were manually added for 

analysis using shapefiles. 

Coastal sediment facies of the Firth of Thames were mapped with shapefiles based on the 

work of Healy (2002).  Of particular interest to this study was the extent of fan-delta gravel 

and sand deposits. 

 

4.2.4 Land Use 

 

The land uses of the study area were downloaded as a shapefile using The Ministry for the 

Environment’s LUCAS Land Use Map v .011 (2012) to be analysed and presented in ArcMap.  
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Fields were added to polygons so that areas of different land uses could be calculated and 

summed.  Using Excel, the relative proportions of different land uses were calculated and 

graphed for the study area and catchments.  

 

4.3 Erosional Aspects 

 

Here the techniques used to generate the results in Chapter Five – Erosional Results are 

outlined.  These results focus on the catchment and stream characteristics of the study area 

necessary for the identification of sediment source, transport, and delivery to the studied fan-

deltas. 

 

4.3.1 Stream Sediments 

 

Stream sediments were collected from point and mid-channel bars in the study catchments, 

along multiple locations upstream where possible.  An estimation of the proportion of coarse 

to fine surficial sediments was made at each reach.  A small debris flow event occurred at the 

Waiomu Stream in September 2013 with the coarse load exposed following ex-cyclone Ita, so 

this was also sampled for sediment calibre in the same manner as the stream sediments 

outlined.   

 

4.3.1.1 Coarse Fraction 

 

The coarse fraction of stream sediments were collected using Wolman sampling of the B-axis 

along bars using 30 or 50 m tapes and callipers at 0.25 m intervals.  400 points were gathered 

for each sample, although at some locations this was split into upper and lower portions of 

200 points each as the bars are small.  The data has been plotted in Excel combined with the 

fine fraction following (Bunte and Abt, 2001) to produce an envelope of sediment distribution 

across the study streams. 
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4.3.1.2 Fine Fraction 

 

The fine fractions of stream sediments were collected in the same (or nearby) locations as the 

Wolman samples using a trowel.  These were dried in the sediment lab ovens at 60° for 48 

hours.  They were then sieved in a shaker using 0.5 φ interval sieves.  The data was entered 

into GRADISTAT and Excel.  

 

4.3.1.3 Composition 

 

The lithologic composition of sediments was determined by hand specimens found along the 

Wolman transects and across bar surfaces.  The rock group of gravel clasts were recorded 

along with b-axis. 

 

4.3.2 Hydrology 

 

Waikato Regional Council provided data from their gauging station on the Tapu Stream, 

including water level and flow measurements from 01/01/2011 to 15/05/2014.  The data has 

been plotted in Excel to examine flow and water level frequencies and construct a 

hydrological curve for flooding.  The discharge of Tapu stream has been scaled using a simple 

area weighting to interpolate discharge for the other study catchments.  They also provided 

rainfall data from the closest Coromandel station at Castle Rock which has been compared 

with the water level in Tapu Stream for the same period.   

Data from NIWA has been taken from their WRENZ (2012) website regarding hydrological 

variables in the different study catchments.  

Hydraulic roughness of the study streams has been identified as ~0.04 – 0.05 using field 

observations based upon Manning’s n (Hicks and Mason 1998). 
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4.3.3 Bedload Transport 

 

The data gathered in the above sections (discharge, grain size, channel morphology, slope, 

hydrology) has been input into Gary Parker’s Visual Basic macro Excel spreadsheet for 

calculating the bedload transport of sand and gravel mixtures (Parker, 1990; Parker, 2014).  

The Wilcock and Crowe (2003) addition for the sand fraction was utilised for greater accuracy 

(Parker, 2014).   This generated bedload transport rates in cubic meters per second which 

were extrapolated to yearly volumes to provide an understanding of sediment transfer 

through the study catchments. 

4.3.4 Stream Cross-Sections 

 

Stream cross-sections were taken at the location of sediment sampling using an RTK-GPS or 

tape measure and clinometer; 3D Analyst on LiDAR DTMs in ArcMap was also used to 

determine bank height, channel width, and the elevation of the stream bed above mean sea 

level.  Cross-sectional profiles were plotted in Excel.  The normal flow depth was recorded, as 

was bank-full and the water-level damage line from ex-cyclone Ita.   

 

 

4.4 Depositional Aspects 

 

The methods used to generate the results presented in Chapter Six – Depositional Results are 

outlined in this section.  These results focus on the characteristics of the studied fan-deltas, 

necessary for understanding the sediment deposition, storage, reworking, and volume 

potential. 

 

4.4.1 Fan-Delta Surficial Sediments 

 

The distribution of sediment fraction proportions across the fan-deltas were recorded as part 

of the sediment analysis.   



29 
 

 

4.4.1.1 Coarse Fraction 

 

The coarse fractions of the delta sediments were sampled using the Wolman technique at low 

tides.  50 m tapes were laid in shore-normal transects and samples were read using callipers 

on the b-axis at 0.25 m intervals.  400 points comprise a sample.  Hand specimens were 

analysed for rock type during the Wolman sampling.  This data has been plotted in Excel, 

combined with the fine fraction to produce an envelope of sediment distribution across the 

fan-deltas (Bunte and Abt, 2001). 

 

4.4.1.2 Fine Fraction 

 

The fine fractions of delta sediments have been collected from the upper beach face, lower 

beach face, and foreshore locations with a trowel.  These sediments were dried in the oven 

at 60° for 72 hours before being sieved at 0.5 Φ sieve intervals using a shaker.  This data has 

been plotted in GRADISTAT and Excel. 

 

4.4.2 Ground Penetrating Radar 

 

Ground Penetrating Radar (GPR) surveys have been conducted on the fan-deltas using an SSI 

Pulse Ekko IV with 50 and 100 MHz antennae in parallel-broadside configuration.  Transects 

have been run along the strike and dip planes using 100 m tapes as guides for antennae 

separation and step size.  GPR transects were selected for geomorphological location, and 

minimal infrastructure interference (Bristow and Jol, 2003). 

Traces were conducted using the recommended settings provided by Sensors and Software 

for the antennae configuration, before increasing the time window to get better depth 

penetration, stacking traces 64x, clipping the airwave, and applying the velocity derived from 

the Common Mid-Point (CMP) survey (Jol and Bristow, 2003).   
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A CMP survey was conducted at Te Puru Domain to ascertain the velocity of the 

electromagnetic signal in the fan-delta sediments. The slope of the reflected surface was 

imaged, providing a velocity of 0.085 m/ns (Figure 4.1).  The derived velocity of the sediments 

was used to condition the signal, minimising noise. 

 

Figure 4.1: CMP survey at Te Puru Domain showing a velocity of 0.085 m/ns from the reflector slope (blue 
line). 

 

Two bores drilled at Te Puru (Section 4.6) provide a ground-truth for GPR analysis of the fan-

deltas.  Radar facies interpretations for fan and fan-delta deposits (Figure 4.2) were sourced 

from the literature (Ékes and Friele, 2003; Roberts et al., 2003) to guide interpretation of GPR 

data collected.   Progradation, infilling, and chaotic debris flow radar facies proved relevant 

for the studied GPR traces. 
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Figure 4.2: Radar facies interpretations from Roberts et al. 2003 and Ekes and Friele 2003. 

 

Topographic profiles of the GPR transects was undertaken using either a Sokkia Total Station, 

Trimble RTK-GPS, or a handheld GPS line used on the LiDAR DTM.   

Seismic data analysis was undertaken with Ekko View Deluxe software to refine the image, 

remove interference and noise, improve the gain, and apply topographic corrections (Jol and 

Bristow, 2003).  These GPR images were analysed for facies signatures which were 

demonstrated using Inkscape software to overlay the interpreted radar facies. 

Unfortunately, due to the study fans being urbanised and a lack of antennae shields for the 

GPR unit, interference from infrastructure impacted the signal and only a few traces provided 

good data.  Another impediment was the presence of clay within the fan-delta and marine 

deposits.  Reflection seismic and additional coring of the fan deltas may provide a better 

method of subsurface profiling in this location in the future.  
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4.4.3 Fan-Delta Volumes 

 

The volumes of the studied fan-deltas have been constructed by utilising GIS morphometrics, 

the cores at Te Puru and those of Naish (1990), GPR, and CHIRP records.  Preliminary volumes 

were estimated using the geometric dimensions of the fan-deltas (Nanninga and Wasson, 

1985).   

A more precise method was later used with additional data from the cores, GPR, and CHIRP 

to increase accuracy of assessed fan-delta volumes.  By identifying the average thickness of 

the deposit at known points and extrapolating it across fan-delta areas using GIS, volumes of 

both the whole fan, the marine, and alluvial portions were calculated.  When combined with 

the radiocarbon dates, sedimentation rates can be derived.  The volume of the alluvial 

sediments derived from analysis was compared with the modelled volumes derived from 

sediment transport calculations over the fan delta progradation timeframe. 

 

4.5 Supporting Data 

 

During work for this thesis I participated in a research project carried out by Tunnicliffe, 

Dickson, and Strachan that was funded by the School of Environment’s Performance-Based 

Research Fund (Tunnicliffe et. al. 2014), therefore, a trove of unpublished data from The 

University of Auckland has been drawn upon to generate results and ground truth GPR 

interpretations.  Sediment cores and CHIRP have enabled reconstruction of the thickness and 

extent of fan-delta deposition.  
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Figure 4.3: Locations of CHIRP and core data. 
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4.5.1 Abrasion 

 

The abrasion rate of cobbles was found in the literature for the rock types identified on the 

study fan-deltas (Adams, 1978; Dravitzki, 1988).  Allison (2014) conducted tumbling barrel 

tests on pebbles of all present lithologies from Te Mata fan delta, with and without sand 

included.  The results of these experiments have been provided by him.  This data was used 

in sediment transport calculations. 

 

4.5.2 Sediment Cores 

 

Sediment cores have been analysed to understand the Holocene evolution of the fan deltas 

and constrain timing of sedimentation.  Three cores drilled just offshore of Te Mata, Tapu, 

and Te Puru by Naish (1990) have also been considered.  

 

4.5.2.1 Te Puru Sediment Cores 

 

Two bores were drilled at Te Puru fan-delta in November 2013 by a sonic-coring contractor, 

Pro Drill Ltd.  The cores were analysed in the field by myself, Tunnicliffe, Dickson, and Allison, 

as they were extracted, photographed, wrapped, labelled, and boxed.  Detailed lab analysis 

was later conducted by all members of the research project team.  The field core log was 

completed by myself, while a draft core log was prepared by Tunnicliffe and Strachan after 

lab analysis and then modified for presentation by me.   

The depth of the marine sedimentation layer from current MSL was identified from the cores 

to calculate the thickness of the overlying fluvial deposits on the study fan-deltas, with the 

reasonable assumption that marine deposition was consistent across the Thames Coast. 
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4.5.2.2 Radiocarbon Dating 

 

To date the terrestrial and marine facies transitions and attain reliable ages of fan-delta 

sedimentation (Chiverrell and Jakob, 2013), six samples were selected from the two cores for 

radiocarbon dating during the lab analysis.  Samples were identified for completeness in 

representative facies zones, retrieved and washed in distilled water.  They were sent to 

Waikato University for analysis.  The location of samples and their ages are presented in the 

core log.  

 

4.5.3 CHIRP Seismic 

 

CHIRP seismic bathymetric surveys were conducted in 2013 by Jon Tunnicliffe, Mark Dickson, 

Brendan Hall, myself (The University of Auckland), and Andrew Gorman (the University of 

Otago) to image the submarine stratigraphy of the Firth of Thames and the studied fan-deltas.  

The filtering and processing was done using GLOBE Claritas software by Gorman and 

Tunnicliffe.   

This data has then been used to define the extent and thickness of the subaqueous fan-deltas, 

and extends the terrestrial fan-delta interpretations.  The CHIRP data has been analysed using 

GIS, Excel, and Inkscape to convert two-way travel time to depth, and to display fan and Firth 

architecture.  Facies layers, deposit thicknesses, and features were identified and traced to 

produce the figures in Section 6.4. 

 

4.6 Sample Locations 

 

The locations of samples collected from the streams and fan-deltas in the methods described 

above are presented in the following figures alongshore from North to South:  Waikawau 

(Figure 4.4), Te Mata (Figure 4.5), Tapu (Figure 4.6), Waiomu (Figure 4.7), Te Puru (Figure 4.8), 

and Tararu (Figure 4.9). 



36 
 

 

Figure 4.4: Location of samples taken at Waikawau (Aerial imagery LINZ, 2012-2013). 
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Figure 4.5: Location of samples taken at Te Mata (Aerial imagery LINZ, 2012-2013). 
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Figure 4.6: Location of samples taken at Tapu (Aerial imagery LINZ, 2012-2013). 
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Figure 4.7: Locations of samples taken at Waiomu (Aerial imagery LINZ, 2012-2013). 
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Figure 4.8: Locations of samples taken at Te Puru (Aerial imagery LINZ, 2012-2013). 
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Figure 4.9: Location of samples taken at Tararu (Aerial imagery LINZ, 2012-2013). 
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5 Results - Erosional 

 

5.1 Introduction 

 

Chapter Five presents the results generated concerning the erosional aspects of the study 

area.  These results primarily focus on characteristics of the catchments and streams feeding 

the studied fan-deltas.  Results illustrate the sediment characteristics, transport rate 

estimates and delivery to the receiving fans.    

 

5.2 Catchment Characteristics 

 

This section outlines characteristics of the study catchments in the Western Coromandel.  

Morphometric parameters are presented, as well as potential sources of sediment and the 

potential for sediment storage within the catchment before deposition on the fan delta. 

 

5.2.1 Morphometrics 

 

The morphometric parameters presented in Table 5.1 were generated using ArcMap 10.2.2 

GIS and are based upon those used by Karymbalis et al. (2010).   

Waikawau has the largest catchment area, perimeter, stream length, and density, but the 

lowest ruggedness and catchment slope.  Te Mata and Tapu share similarities in catchment 

area, crest height, perimeter, and ruggedness, with Tapu exhibiting a greater total stream 

length, relief, density, and catchment slope.  Waiomu is the smallest catchment but is the 

steepest and most rugged.  Te Puru has the most circular catchment and lowest density.  

Tararu has the lowest relief but second most rugged catchment after Waiomu.    
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Table 5.1: GIS-derived morphometric parameters for the study catchments 

 

Catchment 
Morphometrics Waikawau Te Mata Tapu Waiomu Te Puru Tararu 

Catchment Area km² 33 27 26 10 24 15 

Catchment Crest m 710 815 815 718 714 690 

Catchment Perimeter km 40 35 36 21 30 26 

Main Stream Length km 16 13 10 6 11 8 

Total Stream Length km 87 58 64 22 39 26 

Catchment Relief m 701 804 807 710 696 682 

Melton's Ruggedness M 121 154 157 223 142 174 

Catchment Slope Sb 0.08 0.09 0.10 0.13 0.10 0.10 

Catchment Circularity Cirb 0.26 0.29 0.26 0.30 0.34 0.30 

Catchment Density Db 2.61 2.13 2.44 2.15 1.60 1.72 

 

5.2.2 Hypsometry 

 

The hypsometry of all the catchments has been presented in Figure 5.1 which shows the count 

of pixels in an 8 m DEM (Geographx, 2012) by elevation in meters above mean sea-level.  This 

presents a direct comparison between the hypsometry of the different study catchments.  

Note that the bunching of histograms around 20 m elevation contour bands is an artefact of 

the original topographic contour information used to digitise the DEM.    
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Figure 5.1: Hypsometry of all study catchments. 

 

Figure 5.2 presents the hypsometry of the catchments by the percentage occurring in 10 m 

elevation blocks.     

Waikawau is the only catchment with a significant portion of terrain at lower elevations, 

increasing its potential for storage before delivery to the fan-delta.  Te Mata and Tapu also 

exhibit low-elevation proportions, although not to as great an extent as Waikawau.  Waiomu 

catchment has a more even spread of elevation.  Te Puru has a large proportion of its 

catchment at high elevations, with a small amount of low relief land, limiting the potential for 

sediment storage thereby increasing the delivery to the fan-delta.  Tararu has a catchment of 

moderate to high relief with only a small proportion at low elevations, so potential for 

sediment delivery to the fan-delta is high, although not as pronounced as Te Puru. 
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Figure 5.2: Hypsometry of all study catchments 
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5.2.3 Potential Sediment Sources 

 

Understanding the potential sources of sediment for the fan deltas is crucial to understanding 

morphological and sedimentological controls.  Sources of sediment are crucial to sediment 

budget enquiries. 

 

5.2.3.1 Landslides 

 

Figure 3.2 shows the size and location of three large slips, and local faults identified by GNS 

in their geological maps (Edbrooke, 2005; GNS 2013).  The areal extent and proximity to 

streams of these slips is presented in Table 5.2, along with small landslides in the lower 

Waiomu and Te Mata streams identified in field observations during the study period.  Whilst 

the landslides’ positions vary with regards to distance to the trunk stream all occur on a 

tributary, except for the small Te Mata slip which is directly on the trunk stream, increasing 

the potential for sediment delivery through the system to the receiving fan.   

 

Table 5.2: Landslide size and position relative to stream 

Catchment Te Mata Te Puru Tararu Waiomu Slip Te Mata Slip 

Area m² 245095 511858 795066 3067 18294 

Proximity to trunk m 108 98 0 9 0 

Proximity to trib m 0 0 0 0 140 

 

In September 2013 a small debris-flow event occurred at Waiomu Stream (Figure 5.3).  

Although the Waiomu slip pales in size comparison to the landslides describe by GNS in the 

Te Mata, Te Puru and Tararu catchments (Table 5.2) it provides insight into sediment 

generation and delivery to the study catchments and fans.   
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Figure 5.3: Waiomu Slip and its entry into Waiomu Stream September 2013. 

 

The Waiomu slip first appeared after an intense storm and consisted of predominantly fine 

grained and organic material on the surface (Figure 5.3).  
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Figure 5.4: Waiomu Slip June 2014. 

After successive storms the slip became larger, the fine material stripped back revealing large 

clasts, more debris was deposited into the trunk stream, and the slip now has frequent 

running water (Figure 5.4). 

A large slip on an outer bend of the Te Mata Stream has been progressively eroding into the 

hillside, supplying sediment (and trees) to the stream (Figure 5.5).  The landslide has 

temporarily dammed the stream periodically, although it cuts through the slip toe to maintain 

its course. 
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Figure 5.5: Te Mata Slip May 2014. 

Figures 5.5 and 5.6 show the increase in sediment supply to the channel over the space of a 

month.  Note the scale of the slips, and high degree of lateral connectivity between the 

channel and valley wall.  Also of note is the movement of the large trees and logs from May 

to June, which could not be located downstream. 
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Figure 5.6: Te Mata Slip June 2014. 

 

As well as the primary active landslide another has initiated slightly upstream sometime 

between May and June 2014.  The toe can be seen in Figure 5.6 in the upper-right panel, 

which was not evident in the May image.   

An aerial view taken using a drone is presented in Figure 5.7, which demonstrates the 

configuration of the stream and series of landslides at Te Mata.  The most recent slips can be 

seen in the right of the image.  Note the buildings to the left, and people in the lower centre 

for scale. 
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Figure 5.7: Aerial view of a series of landslips on Te Mata Stream. 

The largest fans occur at the base of the catchments that have experienced the largest 

landslides, although they are not directly proportional.   

 

5.2.3.2 Faulting and Folding 

 

Contributing to sediment delivery to the streams and subsequent fans are faults and folds 

present across the study area (Figure 3.2) which distort and weaken the bedrock, increasing 

erodibility.  While the structural geology can influence hillslope instability, landslide 

development and sediment generation, it is not a required control.    
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Figure 5.8: Faulting and folding structures at Te Mata Stream, May (Left) and June 2014 (Right). 

 

Figure 5.8 shows the influence of faulted and folded bedrock on sediment delivery.  A series 

of landslides have occurred in the lower Te Mata catchment where the bedrock is deformed 

and weakened (Figure 3.2).  The right panel demonstrates the removal of the blocks of 

weakened rocks on the valley wall from rainfall over the May-June period in 2014.      

 

5.2.4 Potential for Storage 

 

The potential for storage in the catchment can interrupt the delivery of sediment generated 

to the receiving fan-deltas.  Storage of sediment within catchments impact the sediment 

budget and may influence the resulting architecture and volume of the fan-deltas.  The results 

presented in this section have been derived from DEMs and aerial photographs.  Figure 5.9 

presents a map of surface slope across the study catchments.  The local slope with regards to 

the channel network are a key driver of the potential source and within catchment storage 

for sediment.  The slope map correlates reasonably well with the hypsometry results 

presented above.  
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Figure 5.9: Slope gradient map (%) of the study catchments. 
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Waikawau and Tapu catchments are the only two in the study area with significant zones of 

low slope gradient along the trunk stream.  These low-slope zones can promote floodplain 

development, sediment accumulation and storage within the catchment, delaying the 

delivery of sediment to the fan-deltas at the downstream boundary, as seen at Waikawau in 

Figure 5.13.  Te Mata displays some small low slope pockets along the trunk stream, with the 

steep slopes consigned to the catchment crest. 

Waiomu, Te Puru, and Tararu catchments do not exhibit areas of low slope within the 

catchments prior to their fan-deltas.  Te Puru has steep slopes abutting the channel network 

indicating high connectivity.  Waiomu has its steepest zones in the upper catchment while 

Tararu has steep slopes near the stream outlet.  These three catchments demonstrate a low 

potential for storage, signifying a high delivery of sediment to the fan-deltas.     

Channel bars are rarely present in the study catchments and not generally apparent in aerial 

imagery due to their small size.  This indicates that the potential for within-channel storage is 

negligible.  

 

5.3 Stream Characteristics 

 

5.3.1 Stream Long Profile 

 

Figure 5.10 presents the long profiles of all 6 study streams for direct comparison, derived 

using an 8 m DEM in ArcMap 10.2.  The trunk stream was traced from the crest to fan.  The 

six studied streams vary from short and steep to longer more gentle gradients. 
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Figure 5.10: Long profiles for all study streams. 

 

The study streams are presented along with the slope of their sediment accumulation zone in 

the lower reaches in Figure 5.11.  This provides more detail to the long profiles and reflects 

links with the hypsometry presented in Figure 5.1. 
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Figure 5.11: Long profiles of all study streams with the slope of the lower accumulation zone given. 
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Waikawau Stream demonstrates the closest example of the study streams to the classic 

graded profile with a low-relief accumulation zone at the end of its course with the lowest 

slope.     

Te Mata Stream shows concavity and the second lowest accumulation slope of the streams. 

Tapu Stream produces a long profile with a significant step before continuing towards the 

coast.   

The long profile for Waiomu Stream has a convex shape for the first third of the stream length 

and the steepest slope near the outlet. 

Te Puru Stream demonstrates knickpoints in its long profile as well as a steep path with only 

minor flattening out at the end.  The steep stream path and knickpoints reflect the local slopes 

presented in the slope map earlier.   

Tararu Stream is also a steep stream lacking concavity and a low-relief accumulation zone.  

 

5.3.2 Stream Cross Sections 

 

This section presents the cross-section profiles of the study streams.  The data demonstrates 

the differences that exist across streams concerning width, depth, and elevation.  These 

characteristics influence sediment transport capacity and as such have been used to assist in 

generating sediment transport equations in section 5.5.  Note that for presentation purposes 

the channel widths are not to scale in Figure 5.12.  
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Figure 5.12: Cross-section profiles of the study streams with normal flow depth. 
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Waikawau Stream has a wide, shallow stream and floodplain which relates to its long profile 

with a generous accumulation zone at the fan end. 

Te Mata stream has a narrow, shallow low-flow channel, with two steps activated at higher 

flows.  Flash-flood events are constrained within bedrock valley walls. 

Tapu Stream has a wide, rectangular channel, with increased discharges rising up the channel 

banks.  

Waiomu Stream’s main channel is narrow and deep, although higher flows activate the bar, 

with extreme events flowing through a chute channel below the valley wall. 

The cross-section profile of Te Puru Stream is characterised by a relatively deep active 

channel.  Pool and riffle sequences are common in Te Puru Stream.  Flood events are confined 

within the steep bedrock walls. 

Tararu Stream exhibits a shallow active channel confined within its valley setting.  There is 

only a minor bar, potentially due to flood-management efforts to keep the channel clear on 

this urbanised fan.  
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Figure 5.13: Photographs of the study stream channels. 
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5.3.3 Hydrology 

 

This section reviews the hydrology in the study catchments.  The data has been sourced from 

the NIWA WRENZ (2012) website (Table 3.1) or directly from the Environmental unit at 

Waikato Regional Council which has a gauging station at Tapu Stream.  Corrections for 

catchment size have been undertaken to extrapolate the Tapu data to the other study 

streams (Table 5.3). 

Figure 5.14 presents the precipitation and water level recorded for April 2014 where Ex-

Tropical Cyclone Ita hit the Coromandel.  The water-level data shows a rapid rise in stream 

level during intense rain events, indicative of the flashy regime present in the study area. 
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Figure 5.14: Precipitation and water-level data from Ex-Tropical Cyclone Ita (Waikato Regional Council). 

Water level at Tapu Stream fluctuates regularly from its base flow depth of ~20 cm, exceeding 

1.5 m at an average of once per year over the last 42 months (Figure 5.15). 

 

Figure 5.15: Water level at Tapu gauging station. 

 

Figure 5.16 shows the discharge recorded at Tapu Stream over a three and a half year period.  

The flashy regime is demonstrated here where flows of up to 80 cumecs have been recorded, 

far in exceedance of the base-flow of ~1-5 cumecs.  These large flows are likely to mobilise 

and transport sediment towards the fan deltas. 

 

Figure 5.16: Stream discharge at Tapu gauging station. 
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Figure 5.17 shows the ranked flow distribution for Tapu Stream based on the data presented 

in Figure 5.16.  Whilst discharges can be very large, these floods occur about 3 % of the time.  

This hydrograph has been used to analyse the frequency and duration of high flows likely to 

mobilise stream bed sediments.  

 

Figure 5.17:Ranked daily mean flow hydrograph of Tapu Stream (from 2011 to 2014). 

 

The hydrology data gathered from Tapu Stream has been used to scale the discharges for the 

other studied streams in Table 5.3.  Ex-Cyclone Ita produced high discharges across the 

catchments, which although not reaching the maximum flows recorded,  were well below the 

peak flows estimated during the ‘weather bomb’ in 2002. 

Table 5.3: Scaling of discharge by catchment area. 

 

 Waikawau Te Mata Tapu Waiomu Te Puru Tararu 

Catchment size km² 33 27 26 10 24 15 

Flow cumecs (Ita) 73 60 58 22 53 34 

Flow cumecs (max) 101 83 80 31 73 47 

Peak cumecs (2002) 340 330 275 145 345 260 
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5.4 Sediment Characteristics 

 

Results of the sediment analysis of stream materials are presented in this section, including 

size proportions, cumulative Φ of the sediment calibre, and lithology.   

 

5.4.1 Proportions 

 

The proportions of sizes of clastic material in the streams is presented in Figure 5.18.  

 

Figure 5.18: Sediment size proportions.  

 

Waikawau Stream consists of predominantly sand-sized particles, with some pebble and 

cobble clasts and few boulders.  Te Puru is dominated by boulders, likewise Waiomu Stream.  

Te Mata Stream has quite an even spread of size classes, as do both Tapu and Tararu although 

slightly coarser. 

5.4.2 Finer Fraction 

 

The pebble to silt fraction of stream sediments have been entered into GRADISTAT (Blott and 

Pye, 2001) for analysis.   

The fine fractions of Waikawau River sediments are poorly sorted, sandy medium gravel with 

a mean Φ of -0.96 and median on -0.72 Φ. 
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Te Mata Stream consists of sediment which is classed as medium sand, although granules and 

fine pebbles are present.  Samples were all poorly sorted and either sandy gravel or gravelly 

sand.  The cumulative percentage of fine sediment in Te Mata Stream provides a mean of 0.76 

- -2.29 φ.   

Tapu Stream fine sediments are poorly or very poorly sorted sandy gravels, with mean Φ of -

0.55 and -0.31. 

Waiomu Stream fine samples are poorly sorted sandy gravel and gravelly sands, with mean Φ 

sizes of 0.50 and -0.93. 

Te Puru Stream fine sediments consist of poorly sorted gravelly sand or sandy gravel with 

mean Φ of -0.50, 0.23, and 1.80. 

Tararu Stream consists of poorly sorted, sandy gravel with a mean Φ of -0.64. 

The finer fraction has been combined with the coarse samples for presentation in Figure 5.18 

to give an envelope of stream surface sediments.  

 

5.4.3 Coarse Fraction 

 

The coarse fraction of stream sediments obtained using Wolman sampling are presented in 

this section.  They have been combined with the finer fraction to demonstrate the envelope 

of stream sediment distribution across the study area in Figure 5.19. 
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Figure 5.19: Cumulative grain size distribution of stream surface sediments. 

 

Waikawau Stream coarse sediment is relatively fine, with a median grain size of -4.5 Φ.  Not 

a lot of gravel was present in the stream bars to sample, the majority being sand.  

Te Mata Stream gravels consist of median clast sizes of between -5 and -6 Φ. 

Tapu Stream gravels exhibit downstream fining, when combined the median clast size is -5.25 

Φ. 

At Waiomu Stream the left bank has the largest boulder sediments; while upstream has 

coarser gravels than downstream.   

Te Puru stream is very coarse and poorly sorted.  Boulder bars dominate in this bedrock-

controlled stream.  The median clast size varies between -5 and -7.5 Φ. 

Tararu Stream gravels are coarse but more moderately sorted than Te Puru or Waiomu 

Streams.  The median clast size is ~-5.5 Φ. 

 

5.4.4 Waiomu Debris Flow Sediment 

 

Here the sizes of sediments within the small debris flow at Waiomu are presented (Figure 

5.20).  The clasts present are mostly boulder, sand, cobble, with some pebbles.   
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The fine fraction sampled a few days after initiation of the event produced very poorly sorted 

gravelly muddy sand, with a mean Φ of 1.06. The second fine-fraction sample taken in May 

of 2014 produced very poorly sorted sandy gravel with mean Φ sizes of -1.45, -1.99, and -

2.10. 

This indicates a lot of the finer material was washed into the trunk stream of Waiomu.  

 

Figure 5.20: Distribution of sediment size at Waiomu Slip. 

 

By May 2014 the overlying finer and organic materials of the initial debris flow had been 

transported to the trunk stream, exposing the coarse fraction which was then sampled using 

the Wolman technique.  Large boulders are present and the deposit is poorly sorted.  The 

median clast size is -5.4 Φ. 

 

5.4.5 Composition 

 

The lithology of clasts in the different study streams vary, although the dominant rock type is 

andesite (Figure 5.21).  Te Mata and Waikawau have the highest proportion of greywacke 

gravels. 
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Figure 5.21: Lithological composition of study stream sediments. 

 

Waiomu Stream comprises mostly clasts of andesite and dacite, with noticeable quartz crystal 

rocks.  The andesitic and dacitic rocks are quartz bearing, which is evident in Tararu Stream 

as well.  

Te Puru stream has the greatest proportion of andesite cobbles, and the most highly-

weathered clasts. 

The ‘weathered’ classification refers to clasts that are so highly weathered they are not able 

to be reliably identified, although they are of volcanic origin. 

 

5.4.6 Pebble Abrasion 

 

A study into the abrasion of New Zealand river pebbles (Adams, 1978), provides abrasion rates 

for similar lithologies found in the study catchments.  These results are presented in Table 

5.4. 
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Table 5.4: Pebble abrasion rates from Adams, 1978. 

Lithology Location Average abrasion 

coefficient kmˉ¹ 

Andesite New Plymouth 0.0013 

Rhyolite Mayor Island 0.0015 

Quartz Tangimoana Beach 0.00021 

Argillite Wellington 0.014 

 

A study of the abrasion rates of gravels on Te Mata fan delta has been undertaken, yielding 

better insights into the breakdown of local rocks and sediments (Allison, 2014) which is 

presented in Table 5.5.   

 

Table 5.5: Te Mata pebble abrasion rates from Allison, 2014. 

 

  Andesite Dacite Greywacke 

% weight loss 9.30 12.92 10.91 

per km 0.79 1.09 0.92 

b-axis loss 0.021 0.031 0.030 

per km 0.002 0.003 1.832 
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5.5 Sediment Transport 

 

Channel width-depth ratios (Figure 5.22) were derived from the cross-sectional profiles 

presented earlier.  The values for width and depth relate to different geomorphic units within 

channel activated at varying flow stages (per data presented in the Hydrology section).   

 

 

Figure 5.22: Channel width:depth ratios for different flow stages. 

 

The width:depth, flow stages, flood duration, slope, sediment calibre distribution, and base 

level were entered into Gary Parker’s bedload transport spreadsheet (2014) to calculate the 

bedload transport capacity of each study stream (Figure 5.23). 
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Figure 5.23: Computed bedload transport rates with error estimates (1σ) based on variation of flow 
frequency, grain size, and other transport parameters of the study streams. 

 

Tapu and Tararu Streams have the highest sediment transport capacity and lowest margin of 

error.  Waiomu, the smallest catchment, has the lowest sediment transport but a high 

variance.  
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Figure 5.24: Annual bedload sediment transport rates and error estimates (1σ) of the study streams. 

The transport of bedload m³/second was extrapolated to a value for cubic meters per year 

(Figure 5.24).  The general pattern of volume and variance persists at this longer timescale.  

Tapu Stream is able to transport the most sediment, followed by Tararu, Waikawau, Te Puru, 

Te Mata, and Waiomu. 

An insight into sediment transport mechanisms in the study streams is depicted in the series 

of three photos (Figure 5.25), taken at a point bar at Waiomu Stream following sequential 

monthly storm events in the first half of 2014.    

Figure 5.25: Waiomu point bar in April, May, and June 2014. 
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The first recorded storm over the study period, in April, shows poorly sorted sediment of sand 

to boulder size.  The next recorded storm the following month shows the same location 

although much coarser with a dearth of finer material.  The last photograph in the series 

shows the same location but with finer pebbles and sand present again. 

This indicates a pulsing of sediment, where subsequent storms strip and deliver finer 

sediments alternately, rather than general floodplain stripping in storm events and deposition 

in calm conditions. 

5.6 Land Use 

 

The predominant land use of the study catchments is natural forest (Figure 5.26), which is 

regenerating following clearance for forestry, gum-digging, and gold mining.  The majority of 

this natural forest is indigenous and in the Conservation Estate.  Nearer the coast and in 

Waikawau catchment, pockets of low-producing grassland and woody vegetation exist for 

livestock farming.  Alongside the trunk streams of Waikawau and Tapu, high-producing 

grassland can be found, also used for pastoral farming.  Planted forest can be found in small 

extents around the study area, with a large plantation in the upper-Te Mata catchment.  

Settlements are concentrated on the fan-deltas at the coast. 

The widespread clearance of native forest for extraction industries has released sediments 

from the steep hillslopes and induced gullying (Byrami et al., 2002).  The pasture land-uses 

may be still contributing to contemporary erosion while regenerating forest assists in soil 

stabilisation (Hume and Dahm, 1991; Marden et al., 2006; Phillips et al., 2005).  
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Figure 5.26: Land uses in the study catchments. 
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6 Results - Depositional 

 

6.1 Introduction 

 

This chapter presents the results generated concerning the depositional aspects of the study 

area.  The focus is on the characteristics and processes associated with the six fan-deltas, the 

storage component of the sediment budget. 

 

6.2 Fan Characteristics 

 

Here the characteristics of the fan deltas are presented, including 3D models, fan 

morphometrics, and sediment analyses. 

The LiDAR-derived DTMs of the fan-deltas are presented here as 3D models which show the 

elevation, geomorphology, and extent of the fan-deltas, as well as their relationship with the 

stream outlet and abutting bedrock ranges.  These 3D models are displayed with their 

associated Hillshade models of the fan-deltas in plan view to provide scale and greater detail 

of the geomorphology of the fan surface. 
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Figure 6.1: Waikawau fan-delta Hillshade (upper) and DTM (lower) (underlying data © Waikato Regional 
Council & NZ Aerial Mapping Ltd 2012-2013). 

 

Waikawau fan delta is small and of low slope, with a fringe of intertidal area (Figure 6.1).  The 

feeder channel is broad and flat.  
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Figure 6.2: Te Mata fan-delta Hillshade (upper) and DTM (lower)  (underlying data © Waikato Regional 
Council & NZ Aerial Mapping Ltd 2012-2013). 

Te Mata has a small apex and terrestrial fan, but a significant intertidal zone extending out 

into the Firth in a roughly triangluar shape (Figure 6.2).  The stream is confined within the 

bedrock before opening out at the fan-delta. 
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Figure 6.3: Tapu fan-delta Hillshade (upper) and DTM (lower) (underlying data © Waikato Regional Council 
& NZ Aerial Mapping Ltd 2012-2013). 

Tapu has an elongate fan-delta which is smeared southerly against the cliffed coast (Figure 

6.3).  The northern arm extends toward the south with gravel concentrated in its northern 

side, a large sandy intertidal area occupies the southern and central portion.  The feeder 

stream is straight and confined.   
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Figure 6.4: Waiomu fan-delta Hillshade (upper) and DTM (lower) (underlying data © Waikato Regional 
Council & NZ Aerial Mapping Ltd 2012-2013). 

Waiomu fan-delta is small but steep with an intertidal fringe that extends furthest near the 

channel outlet.  A concentration of sediment deposition occurs in the apex zone (Figure 6.4).  

The feeder channel is steep and confined.    
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Figure 6.5: Te Puru fan-delta Hillshade (upper) and DTM (lower)  (underlying data © Waikato Regional 
Council & NZ Aerial Mapping Ltd 2012-2013). 

Figure 6.5 presents the 3D DTM of Te Puru which exhibits a classic fan-delta shape.  Sediment 

deposition is concentrated in the fan apex, thinning seawards.  Note the two lobes of 

sediment deposition around the intertidal area; the engineered fan channel has been 
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prevented from flowing to its paleo/secondary channel to the south.  The feeder channel is 

steep and tightly confined within bedrock.  

 

Figure 6.6: Tararu fan-delta Hillshade (upper) and DTM (lower) (underlying data © Waikato Regional 
Council & NZ Aerial Mapping Ltd 2012-2013). 

Tararu also produces a classic fan-delta morphology, although progradation is concentrated 

around the intertidal area of the stream mouth (Figure 6.6).  Sediment accumulation is 
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concentrated in the fan apex.  The feeder channel is steep and tightly confined within its 

valley.   

 

6.2.1 Fan-Delta Morphometrics 

 

The morphometric parameters derived in ArcMap 10.2.2 from Lidar data and bathymetry 

from NIWA are presented in Table 6.1.  The area of the subaerial and total fan-deltas, heights, 

lengths and slopes vary across the fan deltas.  Waikawau is the smallest, lowest, and flattest.  

Te Mata and Tapu have the same fan slope, although Tapu is larger and higher.  Waiomu is 

the steepest fan-delta.  Te Puru is the largest and highest fan-delta, with Tararu the second 

largest and highest although slightly steeper than Te Puru.  

Table 6.1: Fan-delta morphometric parameters. 

 

Fan-Delta Morphometrics Waikawau Te Mata Tapu Waiomu Te Puru Tararu 

Subaerial Fan Area km² 0.20 0.24 0.32 0.16 0.56 0.47 

Total Fan Area km² 4.29 4.41 8.15 8.78 33.25 18.10 

Fan Apex m 3.73 4.24 4.93 7.25 8.41 7.73 

Fan Length m 3668 2511 2905 2805 4754 3902 

Fan Slope 0.0010 0.0017 0.0017 0.0026 0.0018 0.0020 

 

 

6.2.2 Fan-Delta Surficial Sediments 

 

Surficial sediment analysis was conducted on the coastal sections of the fan-deltas, 

representing the modern, active portion.  Proportions, calibre, and lithology are presented 

here.  
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6.2.2.1 Proportions 

 

The proportions of different sediment classes are presented in Figure 6.7 along with shell.  

Similar relationships exhibited in Chapter Five persist, with the addition of silt and shell, which 

reflects the coastal environment.   

 

 

Figure 6.7: Proportions of sediment classes on the study fan-deltas. 

 

Waikawau has the least boulders and most pebbles.  Tapu consists of the most sand of all fan-

deltas.  Tararu has the greatest proportion of silt and shell.  Te Puru and Waiomu have the 

largest material although Waiomu has more silt present. 

 

6.2.2.2 Coarse Fraction 

 

The gravel portion analysed using the Wolman technique is presented in this section, and 

combined with the fine fraction to generate the envelope of sediment size distribution across 

the fan-deltas (Figure 6.8). 
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Figure 6.8: Cumulative grain size distributions of fan-delta surface sediments. 

 

The northern transect of Waikawau consists of finer gravels than the southern.  Waikawau 

fan-delta is finer than the others studied with a median grain size of -3 to -4 Φ. 

Te Mata fan delta has a range of clast sizes across the delta as transects show a wide variance.  

Overall, the median gravel size is -5 Φ. 

Coarse material is concentrated on the northern side of the Tapu fan-delta as the southern 

portion is mostly sand and finer materials.  In contrast to the sandy southern portion, the 

gravels of north Tapu are coarse with a median clast size of -5.5 Φ.   

The coarse fraction Waiomu fan-delta is more moderately sorted than others.  The median Φ 

size is -5.5 to -6. 

Te Puru fan-delta has a wide distribution of gravel sizes across the delta.  Overall, the median 

gravel clast size is -5 Φ.  Boulders greater than -8 Φ were not included in measurements.  

 

6.2.2.3 Fine Fraction 

 

The fine fractions of sediment was analysed using GRADISTAT and is presented in this section. 
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The fine fraction of Waikwau fan-delta varies across the backshore (moderately sorted slightly 

gravelly sand), with poorly sorted sandy very fine gravel on the beachface and foreshore.  The 

mean Φ classes are 0.72, -0.47, and -1.75 respectively. 

The fine fraction at Te Mata fan-delta is poorly to very poorly sorted sandy gravel with a mean 

Φ between -1.37 and 0.02. 

The southern sandy portion of Tapu fan-delta has rather similar beachface and foreshore 

sedimentary enviornments, with poorly sorted gravelly sand, although the beachface has a 

mean Φ of 0.92 whilst the foreshore’s is 0.13. 

The northern side of the Waiomu fan-delta consists of poorly sorted gravelly sand, although 

the beachface is slightly coarser than the foreshore, with mean Φ of 0.72 and 0.56 

respectively.  The southern side has a beachface with moderately sorted slightly gravelly sand 

(mean 0.78 Φ) and foreshore with poorly sorted gravelly sand (mean 0.75 Φ).   

At Te Puru fan-delta the fine-sediment fraction becomes less well-sorted across the upper 

beachface, lower beachface and foreshore environments whilst becoming coarser, with 

moderately sorted slightly gravelly sand, poorly sorted gravelly sand, and very poorly sorted 

sandy gravel respectively.  The mean Φ associated with each is 0.90, 0.02, and -0.76.  

Tararu fan-delta consists of poorly sorted, fine gravelly medium sand, with a mean Φ of 1.25. 
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6.2.2.4 Composition 

 

The lithologic composition of fan-delta sediment is presented in Figure 6.9.  

 

 

Figure 6.9: Lithology of the study fan-delta sediments. 

 

Similarities with stream sediments presented in Chapter Five exist, with the dominant rock 

type being andesite.  Again Waikawau and Te Mata have the most greywacke clasts, although 

less than occurs in the streams, reflecting the higher attrition rates.  Tararu has the greatest 

proportion of shell.  Quartz clasts are most dominant on the fans that have had significant 

extraction mining activity in their catchments. 

 

6.2.3 Sediment Cores 

 

To investigate the Holocene evolution and environment of the fan-deltas, two bores were 

drilled in Te Puru reserves.  Radiocarbon dating was used to date Holocene boundaries and 

constrain ages of sedimentation and fan development.  The sedimentary results presented 

here are also used to ground truth GPR and CHIRP data. 

Cores were drilled just offshore Tapu and Te Puru by Naish (1990), providing an insight into 

the composition and evolution of the subaqueous fan-deltas. 
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6.2.3.1 Te Puru Sediment Logs 

 

Figure 6.10 presents the two core logs drilled 165 m apart at Te Puru fan-delta in November 

2013.  The upper portion of both cores consist of generally interbedded layers of sand and 

gravel identified as progradational fan and fluvial facies.  The sorting is very poor, with clay to 

boulder sized material often occurring within the same deposit, indicative of chaotic debris-

flow facies. 

A clear bounding surface between the marine and terrestrial deposition exists as 

demonstrated in Figure 6.11 where the transition from a marine environment to that of a 

progradational fan delta is identified by the change in sediment texture and colour.   

Whilst the marine sequence is dominated by greenish grey clay with some intact shells and 

shell hash, periodic strata of sand and gravel are present, indicating deposition of fan 

materials – either from debris flow events or stripping of fan sediments offshore by intense 

storms.    
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Figure 6.10: Te Puru core logs showing representational facies, sediment texture, and radiocarbon ages BP. 
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Figure 6.11: Photographs of the marine/terrestrial transition at TPFR1 (upper) and TPD2 (lower). 
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The base of core TPD2 exhibits a terrestrial sediment signature of fan facies (Figure 6.12) 

indicating the presence of an alluvial fan at Te Puru prior to Holocene sea-level rise flooding 

the Firth of Thames.  Core TPFR1 had very large hardwood at its base which may also be a 

terrestrial signature and was sampled for radiocarbon dating. 

 

Figure 6.12: Base of TPD2 core showing a return to terrestrial sedimentation. 

 

6.2.3.2 Radiocarbon Dating 

 

Figure 6.10 presents the location and radiocarbon age of samples selected for dating.  The 

basal ages of ~6600 yr BP correlate with the Holocene highstand indicating there was 

negligible sedimentation during the Post-Glacial Marine Transgression flooding and rapid 

infilling of the structural graben with marine sediments occurred over 3500 years during the 

highstand while sea level in the Firth of Thames was ~2 m higher than present.  Once sea level 

fell towards its current position ~3100 yr BP fluvial sedimentation overlaid the Firth of Thames 

marine sediments, prograding out as fan deltas. 
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6.2.3.3 Subaqueous Fan-Delta Cores 

 

Naish (1990) cored numerous locations in the Firth of Thames but of particular interest to this 

study are those just offshore of Te Mata (Core 26), Tapu (Core 23), and Te Puru (Core 37) fan 

deltas.   

Similarities between these cores and the two terrestrial Te Puru cores exist, particularly the 

interbedding of sand, gravel, and mixed sediments referred to as ‘Delta fan gravel facies’.  

These fan delta sediments are also interbedded with muds and shell and overly muddy ‘Firth 

of Thames facies’.  Tapu delta fan facies are 3 m thick, whilst the Te Puru deposit is 3.5 m 

thick, indicating a thinning of the fan delta deposits northwards. 

Thin ‘delta fan gravel facies’ units are also recorded in cores further offshore within the 

muddy ‘Firth of Thames facies’. 

 

6.3 Ground Penetrating Radar 

 

Ground Penetrating radar was carried out extensively across the studied fan deltas but 

unfortunately due to the interference from urbanisation and presence of clay material the 

signal was often obscured.  A few more promising traces are presented here.  

Waiomu fan-delta (Figure 6.13) demonstrates seaward progradation (blue lines) and infilling 

(light blue), interpreted as channel migration across the prograding fan or ponding on the 

backshore.  The small mounded radar facies (green) within the infilling are interpreted as 

boulders, potentially delivered to the fan via debris flow.  The loss of signal delineates the fan-

delta/marine environment boundary. 

 

 

Figure 6.13: Interpreted dip GPR trace at Waiomu. 
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Figure 6.14 presents the interpreted GPR trace in the dip direction of Te Puru fan-delta.  

Progradation is demonstrated by the blue lines, while the light blue lines indicate infilling from 

either backshore-ponding or avulsed channels. Green lines designate chaotic mounded facies, 

interpreted as boulders and debris flow deposits. 

 

 

Figure 6.14: Interpreted dip GPR trace at Te Puru. 

 

Across the strike of Te Puru fan-delta (Figure 6.15) channel infilling following avulsion of the 

channel across the fan is interpreted (light blue), and mounded boulder deposits as debris 

flow signatures (green).  The marine clay boundary is evident in a sudden loss of radar signal. 

 

 

Figure 6.15: Interpreted strike GPR trace at Te Puru. 
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6.4 CHIRP 

 

CHIRP transects are presented in this section with facies interpretations and inferred 

thicknesses of the deposits.  In all traces the coarse fan delta front can be seen, with a broad 

prodelta extending out into the Firth, overlying Holocene marine mud sedimentation.  In 

some traces the boundary of the mud deposit and pre-transgression alluvial plain is clear.   

Waikawau fan delta is represented by Chirp Lines 1 and 3.  Progradation and a clear fan delta 

foreset face is evident in both traces.  Line 1 (Figure 6.16) exhibits a second fan face ~800 m 

seawards, which may be a stepped fan toe, slumping, or previous fan-toe position. 

 

 

Figure 6.16: Waikawau CHIRP Line 1. 

 

Te Mata and Tapu are represented by CHIRP Line 10 (Figure 6.17), although the delta front of 

Tapu is less clear than the others due to the oblique line off the northern side of the delta.  Te 

Mata fan delta sediment layers can be seen in the middle of the transect.   

 

 

Figure 6.17: CHIRP Line 10 from Tapu across Te Mata. 
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Waiomu fan delta exhibits a steep short delta front with some progradation evident (Figure 

6.18).  The marine mud deposit is disrupted at the end of the trace, potentially due to 

antecedent topography or faulting.  The marine layer appears more stratified, possibly due to 

the proximity of the larger Te Puru fan delta. 

 

Figure 6.18: Waiomu CHIRP Line 4. 

 

Te Puru fan delta has a thick prodelta fluvial deposit extending out into the Firth (6.19).  The 

delta front is large and thick with some progradation evident.  The upper bounds of the 

marine deposit are stratified indicating interbedding of fan and Firth sediments.  

 

 

Figure 6.19: Te Puru CHIRP Lines 6 and 7. 

 

Tararu CHIRP traces are highly complicated, showing paleochannels of the Kauaeranga or 

Waihou/Waikato rivers which have been infilled by both marine and fan sediments.  The 

broad fan-delta front can be seen prograding into these paleochannels.  The northern side of 

Tararu fan delta has a terraced morphology as opposed to sloped (Figure 6.20).  The 

sediments here appear deformed as the Hauraki Fault runs directly through Tararu.  
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Figure 6.20: CHIRP Line 20 at Tararu. 

 

 

6.5 Fan Thickness 

 

Based upon the GIS, core, GPR, and CHIRP results presented above, areas of equal average 

thickness of the fluvial coarse deposit have been delineated, calculated, and displayed in 

ArcGIS.  The terrestrial component of the fan-deltas is well constrained due to the high-

resolution lidar representing the geomorphology.  The subaqueous fan-delta extents are 

known to the CHIRP seismic profiles, but error increases away from the transects and 

shoreline, however, these outer zones are thinner deposits so the impact on volume 

calculations is minimised.  

In the images demonstrating the thickness of fan-delta sediment deposits the map symbology 

is as follows: terrestrial fan zones are illustrated by block colour, intertidal and subaqueous 

bedload of the fan-deltas are depicted with large dots, and the suspended load pro-delta is 

presented with fine dots.  Average sediment deposit thickness for each area is given in the 

legend with its respective symbol.   
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Figure 6.21: Estimated sediment deposit thickness of Waikawau fan-delta. 

 

The zones of equal average thickness for Waikawau fan delta are presented in Figure 6.21. 

The apex zone of Waikawau averages 8.57 m thickness of alluvial deposit, the thinnest of all 

studied fan deltas.  This pattern extends throughout the other zones.  The subaqueous delta-

front has an average thickness of 3.97 m.          
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Figure 6.22: Estimated sediment deposit thickness at Te Mata fan-delta. 

 

Te Mata has a narrow apex and broad intertidal area, with deposit thicknesses of 9.58 m and 

5.01 m respectively (Figure 6.22).  The fan-delta front is interpreted to be between 4.4 and 

3.81 m thick. 
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Figure 6.23: Estimated sediment deposit thickness at Tapu fan-delta. 

 

Tapu is an elongate fan-delta which is evident in the terrestrial and intertidal areas being 

pressed along the cliffed coastline and backing ranges (Figure 6.23).  At the apex, the average 

thickness is 11.14 m, this decreases to 5.47 m on the foreshore, and the delta front averages 

a thickness of 3.85 m. 
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Figure 6.24: Estimated sediment deposit thickness at Waiomu fan-delta. 

 

Figure 6.24 shows the assessed thickness of the fluvial fan deposit at Waiomu, this fan-delta 

being thicker than those previously presented.  At the apex sediment accumulation is 11.45 

m thick, and the average thickness of the delta front is 3.63 m.      
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Figure 6.25: Estimated sediment deposit thickness at Te Puru fan-delta. 

 

Figure 6.25 presents the thickness of fluvial sediment deposits in the Te Puru fan-delta.  Te 

Puru has the thickest terrestrial fan deposits with values between 13.05 and 7.65 m, and 

intertidal to subaqueous bedload deposits are 5.41 – 4.84 m thick, the latter being the thickest 

delta front of all study fan-deltas.  
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Figure 6.26: Estimated sediment deposit thickness at Tararu fan-delta. 

 

The thickness of fluvial sediment deposits at Tararu fan-delta are presented in Figure 6.26. 

The thickness of sediment accumulated in the apex is 11.64 m.  The delta front, or limit of 

fluvial bedload deposition is 3.69 m thick.   

 

6.6 Fan-Delta Volumes 

 

The volumes of the fan deltas were preliminarily calculated by estimating the average 

thickness of the fluvial deposit and multiplying it over the area of the whole fan-delta based 

on morphometrics and the cores.  The volumes derived are presented in Figure 6.27 plotted 

against the modelled volumes of fluvial sedimentation based on the sediment transport rates 

generated in Chapter 5.  
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Figure 6.27: Modelled vs assessed fan-delta volumes based on fan geometry. 

 

The zones of equal thickness derived in section 6.6 were multiplied by their area to calculate 

more precise fan-delta volumes.  These results are plotted against the modelled volumes 

expected from the sediment transport calculations over the 3 ka sedimentation period in 

Figure 6.28.   

Two fan deltas, Waiomu and Te Puru, have an assessed volume in excess of the model 

expectation, which indicates a susceptibility to debris flows providing quantities of sediment 

to the fans in extreme events.  Tararu sits just above the linear line, which indicates the 

sediment delivered from the stream largely deposits on the fan, although this fan delta has a 

long and extensive history of urbanisation and management.  The volume of Te Mata fan-

delta matches the rate of sediment transport from the stream calculated over 3 ka, reflecting 

the high degree of armouring on the fan-delta surface (Allison, 2014).  Tapu has the fan-delta 

with the smallest assessed volume compared with its sediment delivery from the stream, this 

reflects the sandy nature of the majority of the coastal delta which is more readily mobilised 

by wave, current, and tidal action than the larger clasts present on other fan deltas.  

Waikawau also has a smaller fan delta than expected based upon calculated sediment 

transport rates, this could be due to the potential for storage within the accumulation zone 

of the lower catchment prior to reaching the fan, the finer calibre of the sediments, and that 

the mouth is regularly dredged to allow for a small boat harbour and ramp.    
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Figure 6.28: Modelled vs assessed fan-delta volumes based upon detailed thickness calculations. 

 

Assessing the volume of fan-deltas is confounded by error in estimates, although this is 

reduced due to the fact that the majority of the volume of sediment is stored within the upper 

landward portions of the fan where error is less due to good data coverage (Figure 6.29). 

 

 

Figure 6.29: Error expected in fan volume calculations. 
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7 Discussion 

 

7.1 Introduction 

 

Chapter Seven discusses the results of this study of fan-delta systems along the Thames Coast.  

The contributions from the feeder catchments, characteristics of the fan-deltas, and the 

effects of the receiving basin are considered for their impact upon assessed volumes of the 

fan-deltas and the sediment budget framework.  How these factors are influenced and in turn 

may inform environmental and hazard management will be discussed.  

 

7.2 Catchment Contributions 

 

The catchments feeding the studied fan-deltas have different characteristics contributing to 

variation in the sediment budgets.  Geology, configuration, roughness, and slope all affect the 

sediment transport of the fluvial feeder system (Fryirs and Brierley, 2013).  These sediment 

transport contributions to alluvial fans and fan-deltas are described in the literature (Harvey 

et al., 2005; Van Dijk et al., 2012; Nemec and Steel, 1988), however, not for explaining 

morphological, areal, and volumetric differences in fan-deltas occurring on the same fault 

scarp and receiving basin.   

The studied fan-deltas of the Thames Coast all occur within a 30 km stretch of coastline yet 

exhibit more variation than fan-deltas along rift basins across the globe, such as those in Italy, 

California, Greece, and East Africa (Gawthorpe and Colella, 2009), and Turkey (Kazanci, 2009).    

A study using a morphometric approach to catchment and fan-delta relationships which occur 

over >100 km along the Gulf of Corinth, Greece, (Karymbalis, 2007; Karymbalis et al., 2010), 

is used here for comparison with the Thames Coast fan-deltas.  Both studies show a positive 

relationship between catchment area and fan slope, where larger more fluvial catchments 

had lower slope fan-deltas with more mobile shorelines at their outlet, as opposed to smaller 

rugged catchments dominated by debris flow which produced steeper fan deltas; this is 

evident at Waikawau and Waiomu respectively (Tables 5.1 and 6.1; Figure 5.11).  However, 

the low-slope fans are not the largest as seen in Greece, with the largest catchments of 
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Waikawau and Te Mata having the smallest fan-deltas.  In fact, the general relationship of 

larger catchments forming larger fan-deltas (Dade and Verdeyen, 2007; Karymbalis, 2007) 

does not hold on the Thames Coast (Tables 5.1 and 6.1). 

Geology influences the fan-delta source material in both structure and lithology (Colella, 

1988; Dade and Verdeyen, 2007; Nemec and Steel, 1988).  For the Thames Coast this is 

evident in Figure 3.2 where the Hauraki Fault produces the structural graben which the 

studied fan-deltas deposit into from their catchments on the footwall (Chick, 1999; De Lange 

and Lowe, 1990; Hochstein and Nixon, 1979; Naish et al., 1993).  Numerous smaller faults 

associated with the Hauraki Depression and Coromandel Ranges cross the catchments 

providing localised zones of weakness in the bedrock, increasing erodibility (Figure 5.9).  The 

dominant lithology in the study area is Neogene andesite with subgroups of dacite and 

rhyodacite (Adams et al., 1994; Hayward, 1974; Suggate et al., 1978) which is prone to mass-

wasting (Moon and Simpson, 2002) and landslides, contributing to sediment production 

(Figures 5.3 and 5.4).  The Mesozoic greywacke basement (Skinner, 1972) is exposed in the 

northern-most catchments of Waikawau and Te Mata with some in the lower reaches of Tapu; 

the greywacke is more prone to attrition (Allison, 2014) contributing to the smaller sediment 

calibre of those sites (Figure 5.19).  Quaternary alluvial sediments form the fan-deltas at the 

coastline, while Waikawau and Tapu streams are the only two with this alluvial sedimentation 

mapped within their catchments (Figure 3.2), providing insights into potential storage (Fryirs 

et al., 2007). 

Morphometric parameters (Cavalli et al., 2013; de Scally and Owens, 2004; Karymbalis et al., 

2010; Melton, 1958; Rowbotham et al., 2005) examined over the steepland study catchments 

(Tables 5.1 and 6.1) identified ruggedness and catchment circularity as the main contributors 

to larger fan-delta sizes (Waiomu, Te Puru, and Tararu), while total stream length, catchment 

density and slope contributed to smaller fan-deltas (Waikawau, Te Mata, and Tapu).               

Potentially the greatest catchment characteristic contributing to geomorphological, areal, 

and volumetric fan-delta size is local slope on the stream network (Benda et al., 2005; 

Montgomery and Foufoula-Georgiou, 1993; Oguchi, 1997).  Figure 5.2 clearly demonstrates 

the variation of hypsometry across the study catchments and how this effects the sediment 

budgets.  Figure 5.9 shows the trunk streams of Waikawau and Tapu have significant 

occurrences of low slope, allowing for floodplain development and potential storage within 
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the catchment.  Te Mata has fewer low-slope pockets along the stream.  This is in stark 

contrast to Te Puru where steep slopes occur right on the channels, increasing sediment 

connectivity and delivery.  Waiomu and Tararu also exhibit steep slopes proximal to channels, 

although concentrated in the upper and lower portions of the catchment respectively.           

 

7.3 Fan-Delta Characteristics 

 

The studied fan-deltas represent the depositional storage from the contributing catchment 

sediment delivery (Karymbalis, 2007; Pelpola and Hickin, 2004).  Their characteristics 

influence the degree to which the sediment budget may be considered closed, as represented 

in sediment volume (Beylich and Brardinoni, 2013). 

The morphometrics of the studied fan-deltas vary along the Thames Coast (Table 6.1) with 

the largest being Te Puru and Tararu, which also have the highest apices.  The fan-delta with 

the smallest total area also has the lowest slope, namely Waikawau.  The steepest fan-delta 

occurs at Waiomu.  Morphologically the fan-deltas vary considerably from small, regular, fan-

shaped at Waiomu, to triangular at Te Mata, and elongate at Tapu.    

Coastal processes operating on the Thames Coast play a role on the fan-delta characteristics 

and potentially impact the sediment budget.  Whilst normal wave conditions are low due to 

the semi-enclosed nature of the Firth of Thames reducing fetch (Allison, 2014; Dravitzki, 

1988), extreme storm events can mobilise coarse coastal sediments (Schneider, 2010).  Fan-

delta exposure to wave action increases northwards as fetch from the predominant south-

westerly direction increases and all fan-deltas are open to westerly and northern wind waves 

(Dravitzki, 1988).  The maximum tidal range is 3.2 m so intertidal areas of the fan-deltas are 

subjected to this diurnal gentle action.  Longshore currents operate along the Thames Coast 

meaning finer sediments may be entrained and removed from the fan-deltas (Healy, 2002; 

Naish, 1990).  

Sediment distributions vary between the six studied fan deltas, from predominantly sandy 

Tapu to the coarser Te Puru (Figure 6.8).  Dravitzki (1988) described fining and sorting of the 

gravel sediments away from the fluvial mouth, however, whilst this is generally true on the 

contemporary fan-deltas they also contain a large proportion of sand near the channel 
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(Allison, 2014).  Lobes and ridges of coarser sediment material also exist where paleo/flood 

channels and debris flows have occurred (Figure 6.5).    

Interbedding of fan-delta sediments with Firth of Thames sediments (Naish, 1990; Naish et 

al., 1993) is a source of uncertainty in calculations of volume, where losses or gains to the 

fluvial sediment budget are a possibility. 

 

7.4 Fan-Delta Volume 

 

Sediment transport calculations (Parker, 1990; Wilcock and Crowe, 2003) from the studied 

streams have produced modelled estimates of fan-delta volumes over 3 ka (Figure 7.1).  This 

indicates production and delivery of sediment to the fan-deltas (Beylich and Brardinoni, 2013; 

Parker, 1999).  

Thickness estimates of the fluvial sediment deposits on the fan-deltas have been 

reconstructed from GPR (Bristow and Jol, 2003; Dickson et al., 2009; Ékes and Friele, 2003; 

Pelpola and Hickin, 2004; Roberts et al., 2003), CHIRP and core data.  The thickest portions of 

the fan-deltas are comprised of bedload material, contributing the most to overall fan-delta 

volume, with suspended load deposited as a thin drape distal of the fan toe (Figures 6.20 to 

6.25).   

Assessed volumes (Figure 7.1) of the Thames Coast fan-deltas have been calculated by 

multiplying the thickness of fluvial sediment deposits derived from data across geomorphic 

zones.  This proved more accurate than estimating the volume for the fan-deltas as a whole 

(Nanninga and Wasson, 1985).  
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Figure 7.1: Modelled vs assessed fan-delta volumes. 

 

7.5 Synthesis 

 

This study has produced results concerning both the erosional and depositional environments 

of six fan-deltas along the Thames Coast.  In keeping with previous work at this location 

(Allison, 2014; Dravitzki, 1988; Naish, 1990) the catchment characteristics appear to be the 

main contributor of sediments, and therefore geomorphological variation exhibited by the 

fan-deltas.    

Figure 7.1 shows that the assessed sediment volume of the fan-deltas deviates from the 

expected volume derived using a model based upon sediment transport from the catchments 

(Figure 5.24).  The fan-delta that exhibits an assessed volume near its modelled volume is Te 

Mata, potentially due to the high degree of gravel armouring on the surface (Allison, 2014) 

mitigating entrainment of the bedload by coastal processes.  Tararu has a fan-delta slightly 

smaller than its modelled volume, although this site is close to the town of Thames so has a 

long history of urbanisation and land management, as well as a complicated stratigraphy due 

to the proximity of the Kauaeranga and Waihou deltas.  Waikawau and Tapu fan-deltas have 

assessed volumes well short of the model.  Both their feeder streams have exhibited within-

catchment storage (Figure 5.9), which may be reducing the delivery of sediment to the fan-

deltas.  Additionally, Tapu has a relatively sandy fan-delta composition (Figure 6.8) which may 

increase sediment movement off- and alongshore, whilst Waikawau has the finest stream 
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sediment distribution (Figure 5.19) which may elevate the transport capacity modelled.  The 

two fan-deltas with assessed volumes exceeding those modelled are Waiomu and Te Puru.  

This could indicate a dominance of debris flow dynamics contributing large quantities of 

sediment in extreme events, which fits with examinations of their catchment characteristics 

(Table 5.1; Figure 5.2).  Moreover, Te Puru stream has very coarse sediment which would 

require intense flow stages to mobilise and transport (Figure 5.23).     

 

7.6 Sediment Budget 

 

This study has been undertaken guided by a systems framework using a sediment budget 

approach to unravel components of the fan-delta system to elucidate the main drivers of 

geomorphological variation exhibited by six fan-deltas located in what would first appear a 

similar setting.  The simplified system and its components are presented in Figure 7.2.  

The source of sediment has been identified as landslide and debris flow due to the steepland 

nature of the Coromandel Ranges and high degree of lateral and longitudinal connectivity 

(Benda et al., 2005; Benda and Dunne, 1997; Jordan and Slaymaker, 1991; Meade, 1982).  The 

impact of Polynesian (Hogg et al., 2002; Hume and Dahm, 1991) and European (Byrami et al., 

2002; Harding et al., 2000; Hume and Dahm, 1991; Marden et al., 2006; Napier et al., 2009; 

Phillips et al., 2005) settlement has released and altered sediment sources.   

Sediment transport through the fluvial system has been calculated using catchment 

characteristics such as slope, hydrology, channel geometry, sediment calibre, distribution and 

attrition (Brewer and Lewin, 2009; Garcia and Parker, 1991; Parker, 1990; Wilcock and Crowe, 

2003).  The bedload transport rates calculated and presented in Figure 5.23 have been 

extrapolated out to estimate the long-term delivery over the known 3 ka of fan-delta 

progradation.  

Delivery of sediment (Beylich and Brardinoni, 2013; Croke et al., 2013) to the fan-deltas is a 

key component of the sediment budget of the Thames Coast fan-deltas.  Slope along the 

channel network controls whether transport is interrupted and stored within the catchment, 

continues to the fan-delta, or is flushed rapidly and episodically by debris flow (Figure 5.9). 
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The storage of fluvial sediment within the fan-deltas is the final component of the system 

(Beylich and Brardinoni, 2013; Maroukian and Karymbalis, 2004; Pelpola and Hickin, 2004).  

The Thames Coast fan-deltas have been prograding out into the Firth of Thames over the last 

3 ka since sea-level fell and stabilised (Figure 6.10), constraining the study period of 

sedimentation.  The fan-deltas are the storage system for the bedload sourced from the 

catchments, while the Firth is the ultimate sink for finer sediments entrained and removed by 

coastal processes.         

 

 

Figure 7.2: Conceptual model of Thames Coast fan-delta systems. 

 

7.7 Management Implications 

 

The results generated in this study can be used to inform management practices for the fan-

deltas, particularly in light of the hazards posed to settlements by flood- and debris flow- 

prone catchments.      

Debris flows are likely to continue to occur in susceptible catchments during extreme 

precipitation events (Davies and McSaveney, 2008; McSaveney and Davies, 2005; Welsh and 

Davies, 2011).  Although some engineering works have been undertaken (“Thames Coast 
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Project,” n.d.) which should direct debris-flow deposits, evacuation remains the prudent 

mitigation strategy to protect human life.   

Flooding is apt to be part of life in settlements at the base of steep, flashy catchments prone 

to intense orographic precipitation and ex-tropical cyclones (Collen and Hessel, 1982, 1981; 

Lawgun and Тоопg, 1985; Leslie et al., 2005; Munro, 2002; White, 2003).  The raised bridges, 

levees, cleared channels, and enforced banks may provide some protection to infrastructure, 

however some homes and holiday parks are still within the flood zone which would require 

rapid evacuation.  A potentially unintended consequence of channel engineering is the 

increasing speed of flood discharge through the settlements. 

Clearing and confining the channels (Davies and McSaveney, 2006) may be changing 

deposition patterns on the contemporary fan-deltas, as evident by the greatest progradation  

at the stream mouths (Section 6.2).  With increased speed of flows through the fan-delta 

settlements, sediment is likely to remain in suspension longer thereby travelling further 

offshore rather than depositing within the fan-delta. Confining the channel within enforced 

steep banks removes the constructional fan process of avulsion, meaning sediment is only 

able to deposit and accumulate near the mouth, rather than through secondary channels and 

across the fan surface.  While this is preferable for residents and building owners, it bears 

keeping in mind for sea-level rise vulnerability.   

 

7.8 Summary of Contributions 

 

This thesis has achieved its aims and objectives presented in Section 1.4.   

The geomorphology of the Thames Coast fan-deltas varies along the coast and has been 

examined using morphometrics and high-resolution lidar DTMs (Section 6.2), with the 

contributing catchment characteristics also displaying variation across the study area as 

demonstrated with morphometrics and DEMs in Section 5.2.  The characteristics of the 

catchments influence the variation exhibited by the fan-deltas, but a larger catchment area 

does not produce a larger fan-delta.  Rather, it is the catchment and localised slope, 

ruggedness, circularity and density that have the greatest effect on fan-delta geomorphology.    
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The sedimentology of the contributing streams and fan-deltas affect the sediment budget and 

geomorphological variation of the Thames Coast fan-deltas.  Composition and calibre 

influence the sediment transport, attrition, and delivery to the fan-deltas, and also the 

reworking of the deposits in the fan-delta system (Figure 7.2). 

The bulk sediment delivery to the fan-deltas over the late-Holocene has been quantified 

(Section 5.5).  The time frame of fluvial fan-delta progradation overlying the Firth of Thames 

marine facies is 3 ka, with sediment delivery from the streams over this period calculated for 

the six study catchments:  Waikawau 3.74 + 10⁷ m³, Te Mata 1.30 + 10⁷ m³, Tapu 6.72 + 10⁷ 

m³, Waiomu 6.14 + 10⁶ m³, Te Puru 2.92 + 10⁷ m³, and Tararu 6.52 + 10⁷ m³.   

Subaerial and subaqueous fan-delta volumes have been calculated by multiplying the average 

thickness of sediment deposits across geomorphic zones of the fan-deltas (Section 6.6).   The 

total sediment volumes (Section 6.7) for the fan-deltas are: Waikawau 1.36 + 10⁷ m³, Te Mata 

1.38 + 10⁷ m³, Tapu 2.01 + 10⁷ m³, Waiomu 2.24+ 10⁷ m³, Te Puru 9.26 + 10⁷ m³, and Tararu 

5.08 + 10⁷ m³.     

The comparisons between late-Holocene sediment delivery and the assessed volumes of the 

Thames Coast fan-deltas is presented in Figure 7.1 and discussed in Section 7.5.  Te Mata has 

a fan-delta volume comparable to the sediment delivered over the late Holocene, potentially 

due to armouring of the fan-delta surface.  Tararu has a fan-delta slightly smaller than 

modelled, although this fan-delta has a long history of land management.  Waikawau and 

Tapu both have fan-delta volumes less than expected by modelling sediment transport, these 

sites have areas of low slope along their trunk streams allowing for within catchment 

sediment storage as well as finer sediment distributions permitting greater re-working of 

deposits.  Waiomu and Te Puru both have fan-delta volumes in excess of their modelled 

sediment transport, indicating susceptibility to debris flows delivering vast quantities of 

sediment to the fan-deltas in extreme events.  

Architecture has not been widely represented due to limitations of the GPR results, although 

insights were gained into debris flow and avulsion facies (Section 6.4).  However, fluvial and 

debris flow dynamics have been identified through morphometrics (Table 5.1), hypsometry 

(Figure 5.2), long profiles (Figure 5.11), and the comparisons between sediment delivery and 

fan-delta volume (Figure 7.1). 
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7.9 Limitations of the Study 

 

A limitation of this study was the small number of GPR traces that provided a clear image of 

the stratigraphy and fan-delta architecture due to the signal interference caused by 

urbanisation and the presence of clay in the fan and marine sediment deposits.  This was 

despite numerous surveys in many locations across the studied fan-deltas, site selection to 

minimise interference, and manipulation of the GPR sampling parameters to get the best sub-

surface imagery.  

The study catchments are regarded as steep and flashy, prone to intense rainfalls and rapid 

flooding, but are relatively benign ~85 % of the time.  The coastal environment of the Thames 

Coast has low-energy hydrodynamics but is occasionally exposed to waves generated by 

northerly ex-cyclones.  Therefore rare, extreme events achieve most of the geomorphic work, 

and the streams and fan-deltas are otherwise relatively steady.  This study has been 

undertaken during reasonably calm conditions, so the complete story of the contemporary 

sediment budget for the Thames Coast fan-deltas has not been captured, particularly with 

regards to sediment generation, delivery to the fan, and re-working of fan-delta sediments.  

However, the long-term late-Holocene scale of enquiry is less sensitive to the occurrence of 

single extreme events.   

Lidar data only covered the coastal strip and lower streams of the study area, limiting the 

detail of DEM and geomorphic analysis across the catchments, although the 8 m DEM 

provided adequate resolution for examination of morphometrics, catchment slope, 

hypsometry, and long profiles.       

Although a high degree of care and precision has been attempted, sources of error within the 

study have been accounted for and minimised where possible.  The most notable and 

susceptible method to error is the calculation of fan-delta sediment volumes.  The boundaries 

of the depositional fan-delta geomorphic unit, the inferred thickness of sediment, and 

extrapolation across the fan-delta area all contribute to potential error in assessed fan-delta 

volumes; however, the error increases as the sediment deposit thins meaning the majority of 

the calculated fan-delta volume is contained within a low margin of error.      
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8 Conclusions 

 

8.1 Introduction 

 

This chapter summarises the thesis by providing conclusions gathered from the results and 

discussion of the geomorphological variation exhibited by the Thames Coast fan-deltas.  

These are the key findings of meeting the aims and objectives of the study.  

Recommendations for future work in this area are also made. 

 

8.2 Conclusions 

 

 The sediment budget approach has been successful in describing the 

geomorphological variation exhibited by the Thames Coast fan-deltas.  By tracing the 

movement of sediment from sources, via transport, delivery potential, deposition, and 

storage of the fan-delta system the geomorphic controls can be identified.   

 Catchment characteristics influence fan-delta geomorphology, with slope, 

ruggedness, circularity and density having the greatest effect on fan-delta size.  

Contributing catchment area has less impact on fan-delta geomorphology.   

 Late-Holocene sediment transport from the streams is highly variable across the 

catchments with a complex suite of factors controlling bedload transport rates.  No 

single driver is apparent.  

 The volume of fluvial sediment deposition within the fan-deltas has been calculated.  

There is no direct relationship between catchment size and assessed fan-delta volume.  

 Comparisons between the sediment delivery over the late-Holocene and the volume 

of fluvial sediment in the fan-deltas are made.  The drivers of deviation of assessed 

fan-delta volumes from their sediment delivery are catchment slope and the potential 

for either within-catchment sediment storage or debris flow deposits, with armouring 

of the fan-delta surface minimising reworking of sediments by coastal processes.      
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8.3 Recommendations 

 

The GPR method was insufficient for representing the sub-surface stratigraphy at many sites 

due to the infrastructure interference and clay presence.  Shielded antennae for the Pulse 

Ekko GPR unit could solve this issue.  For future studies of the Thames Coast fan-deltas, the 

sub-surface stratigraphy and fan architecture could be better resolved with seismic surveying 

and further sonic coring across sites. 

The sediment budget approach could be refined in this area by utilising ¹⁰Be dating of quartz 

material throughout the catchment; Waiomu would be an excellent catchment for this 

method due to its small size and high sediment delivery. 
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