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ABSTRACT 

Submarine fans can be highly complex in their internal stratigraphic architecture 

and the way sand and mud are spatially distributed. Previous works have focused on 

predicting the spatial distribution of sand in channel and lobe complexes of high net-to-

gross systems (HNG) for exploration purposes (e.g. King and Browne, 2001; Baas et 

al., 2005; Hempton et al., 2005; Lynds and Hajek, 2006; Mayall et al., 2006). In contrast, 

addressing the spatial distribution of clay content in these types of systems has 

received little attention, even though clay content can be the most significant factor to 

flow behavior in these HNG reservoirs. Similarly, the type of clay minerals and their 

overall fabric can increase reservoir heterogeneity. In order to address this question, 

research of well-established deepwater outcrops is integrated with microscopic 

methodologies (petrography, XRD, SEM) and spectroscopy.  

The Late-Miocene aged Mount Messenger Formation in the Taranaki Basin, New 

Zealand provides well-exposed and previously studied outcrops that allow the 

examination of the distribution and nature of clay minerals in proximal to distal deposits 

associated within a HNG fan system. A new, non-destructive, hand-held near-infrared 

spectroscopy (NIRS) approach was used to identify clay minerals from four distinct 

facies architectures (i.e. slope channel-axis, channel margin, frontal lobe, distal frontal 

lobe); from upper slope-channel to basin-floor. The use of the spectrometer allowed for 

a rapid identification of clay minerals in the field by sacrificing the accuracy of other 

methodologies such as XRD. The main minerals identified by the spectrometer, from 

the most to least common respectively, were chabazite, gmelinite, and illite. Chabazite 
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is a calcium-bearing zeolite which XRD methods did not identify. Instead, XRD analyses 

concluded that zeophyllite—a different type of calcium-bearing zeolite—was only 

present in the distal frontal lobe and channel margin deposits. This brings into question 

the accuracy of spectroscopy versus XRD, yet we acknowledge the potential value of 

spectroscopy in a project-specific basis.  

Clay mineral segregation was difficult to observe in the studied outcrops due to 

the chemically-unstable nature of the volcanic-rich Mount Messenger Formation. Study 

of key samples under SEM indicates that diagenesis has overprinted original detrital 

minerals, and therefore the observed clay minerals are likely authigenic in origin. 

Nonetheless, we were able to hypothesize on the distribution of detrital clay minerals 

based on the location of their precursor counterparts. Hydrodynamic fractionation in 

theses deposits is based primarily on grain shape and size. Micaceous minerals are 

found in the most distal deposits and can provide the necessary cations to form the 

authigenic phases of chlorite, illite and smectite. In summary, understanding the spatial 

distribution of clay minerals as well as precursors of authigenic clay phases can improve 

predictive reservoir-quality models in HNG submarine fans. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background and Significance 

1.1.1 Submarine Fans 

Submarine fans and turbidite systems are major petroleum reservoirs in many 

sedimentary basins worldwide (Weimer and Link, 1991). They are highly complex in 

their internal architecture and in the manner in which sands and clays are distributed 

within them. These deposits are the product of sediment gravity flows, characterized 

by various architectures such as channel-fill, levees, crevasse splays, and lobes; 

channels and lobes being the two architectural elements where most sand-prone 

deposits can accumulate, and are therefore the most promising targets for 

hydrocarbon exploration (Mayall et al., 2006; Saller et al., 2008). Key depositional 

controls on a submarine fan systems are sea-floor gradient and gradient changes, 

shelf sediment storage and shelf-edge delivery system, the type of sediment gravity 

flows, sediment supply and changes in relative sea level (Graham and Bachman, 

1983; Normark and Piper, 1984; Bouma et al., 1985; Ghosh and Lowe, 1993; 

Richards et al., 1998; Normark et al., 2002; Adeogba et al., 2005; Posamentier and 

Walker, 2006; Covault et al., 2011; Burgreen and Graham, 2014). A generic slope 

system deep-water depositional model is displayed in  

Figure 1.1, indicating architectural elements and various parts of the system 

from landward to basinal.  
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Figure 1.1: Generic slope system deep-water depositional model (Wood, pers. 
comm., November 2017). 

 

1.1.2 Architectural Elements 

A hierarchical architectural element classification is used in this study to organize 

stratigraphic and sedimentological observations and express stratigraphic, facies and 

sedimentological relationships at a range of scales. The idea of organizing observations 

in this manner was developed by Miall (1985). In this approach, each element is defined 

by grain size, bedform, composition, lithological sequence and most critically, external 

geometry. Architectural elements sensu stricto are defined based on their three-

dimensional geometry (Hickson and Lowe, 2002) but in this study, it uses the 

approaches of Miall (1985) in conjunction with geometries observed in outcrop to 

describe a depositional setting within a submarine fan system e.g. channels, associated 
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levees, a channel belt, avulsion channels, crevasses, frontal lobes, sediment waves, 

and mass transport complexes (Posamentier, 2003; Posamentier and Kolla, 2003). 

1.1.3 Turbidity Currents 

 

Turbidity currents, which are a type of sediment gravity flow, are one of the main 

processes by which siliciclastic sediment is transported from shelf to deep-water 

submarine fans (Bouma et al., 1985). From a process sedimentology perspective, 

sediment gravity flows are defined by flow types and associated particle support 

mechanisms. Table 1.1 displays the various types of sediment gravity flows with their 

corresponding sediment support mechanism and depositional process, listed by 

increasing sediment concentration, grain size, and transport capacity (Stammer, 2014).  

Table 1.1: Sediment gravity-flow continuum organized by increasing sediment 
concentration, grain size, and transport capacity (Middleton and Hampton, 1973; Lowe, 
1982; Mulder and Alexander, 2001; Stammer, 2014) 

 

Turbidity currents, outlined in red, are supported by fluid turbulence and 

deposited by traction and suspension and are the main transport mechanisms 

considered in this study. Turbidity currents move through non-cohesive Newtonian fluid 

processes, and are characterized by incremental (layer-by-layer) depositional 
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processes, distinguishing themselves from cohesive debris flows which are 

characterized by en masse settling (Mutti and Normark, 1991; T. Mulder and Alexander, 

2001; Haughton et al., 2009; Talling et al., 2012a; Zhang et al., 2017). The turbidity-

current concept was introduced in 1950 by Kuenen and Migliorini (1950) and has since 

evolved into multiple facies models, with scales ranging from individual beds to entire 

submarine fans (Mutti and Normark, 1987; Shanmugam, 1995, 2000; Hickson and 

Lowe, 2002; Normark et al., 2002; Straub and Pyles, 2012; Sumner et al., 2012; 

Marchand et al., 2015; Picot et al., 2016; Spychala et al., 2017).  

Mulder and Alexander (2001) define turbidity currents in which fluid turbulence 

provides the ‘main’ particle support during the flow. Kneller and Buckee (2000) argue 

that the manner of deposition from friction-dominated (i.e. non-cohesive) flows remains 

uncertain, therefore it can be difficult to deduce flow behavior from the sedimentary 

record. Instead, they advocate the broad use of the term ‘turbidity current’ for any 

gravity-driven flow; ‘turbid,’ meaning sediment-laden and not necessarily fully turbulent 

mixture of suspended sediment and water travelling through a less dense fluid. 

However, it is now rather common practice to associate the term ‘turbidity current’ to 

flows in which turbulence is the dominant support mechanism. The deposits of the 

Mount Messenger Formation will be described using the definition of Mulder and 

Alexander (2001) in which fluid turbulence provides the main particle support 

mechanism, but flow types of fully turbulent low-density turbidity flows and mixed mode, 

higher-concentration flows will be further distinguished in this research (Bouma, 1964; 

Lowe, 1982; Mutti, 1992). 
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1.1.4 Basic Structure of Turbidity Currents 

The front, or the ‘head’, of a turbidity current refers to the frontal zone that 

displaces ambient fluid upwards and is generally thicker than the main ‘body’ of the flow 

(Simpson and Manga, 1998; Menczel, 2009; Figure 1.2). Middleton (1993) suggested 

that the head is the ‘locus of erosion’, which at the rear is characterized by a series of 

transverse vortices identified as Kelvin-Helmholtz billows. These billows represent 

interfacial instabilities as the current overruns and incorporates ambient fluid into the 

frontal zone (Simpson and Manga, 1998; Kneller and Buckee, 2000). The body of the 

flow is characterized as having a dense inner (lower) layer near the base of the current 

and an outer (upper) layer that is less dense due to mixing with the ambient fluid. As the 

flow moves downslope, the rate of the body flow into the head region is balanced by 

loss of suspension from a region of intense turbulence and flow separation at the back 

of the head. This ejected material settles back into the flow top according to fall velocity, 

with the coarsest grains returning to the body nearest the head and the finest grains 

returning far behind the head (Pickering and Hiscott, 2015)  

 

Figure 1.2: Schematic diagram of the basic structure of turbidity currents (modified from 
Kneller and Buckee, 2000) 
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1.1.5 High-density vs. Low-density Turbidity Currents 

This research discusses two main modes of turbidite deposition; high-density and 

low-density turbidity currents. It is acknowledged that one flow event may have a 

continuum of sediment concentrations between lower and higher values, however, it is 

believed  that high- and low-density subdivision can be justified in a deposit based 

classification (Sumner et al., 2008; Talling et al., 2012b).  

Low-density turbidity currents are marked by the passage of sediment from 

suspended load to bed load and subsequent deposition by traction sedimentation to 

form the planar laminated sand (Bouma Tb) and ripple-cross laminated sand (Bouma Tc) 

divisions (Lowe, 1982; Haughton et al., 2009; Jobe, 2010; Talling et al., 2012b). Grain 

size populations in low-density turbidity currents tend to be clay- to medium-grained 

sand-sized particles that can be fully suspended as individual grains by flow turbulence 

(Lowe, 1982). Dilute and dissipative flows have a characteristic gradually tapering 

shape that appears in basin plain outcrops, although outcrop availability might be limited 

to observe this geometry (Talling et al., 2007). Contrastingly, high-density turbidity 

currents can range in grain sizes from those of low-density deposits to cobble-sized 

clasts. Bedforms are largely absent (massive, Bouma Ta) because hindered settling 

(resulting from higher near-bed sediment concentrations) leads to rapid deposition, 

potentially high sediment fall-out rates and damping of turbulence (Talling et al., 2012b). 

Planar-laminated sand (Bouma Tb) intervals can form via repeated collapse of traction 

carpets below high-density turbidity currents or via low-amplitude bed-waves (Best and 

Bridge, 1992) beneath low-density turbidity currents, therefore the occurrence of Bouma 

Tb is possible in both low- and high-density turbidites. The boundary between turbidites 

deposited between low-density and high-density flows consequently lies between 
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planar-laminated (Tb) and ripple-cross laminated (Tc) divisions, especially when there is 

a grain-size break observed. 

1.2 Clays in Nature 

There is an abundance of literature on muds, mudstones and shales which tie 

very closely with the study of clay minerals in petroleum systems. Research of clay 

mineral presence and distribution dates back to Weaver (1958). Weaver states that 

clays are distributed in all depositional environments; that there is no consistent 

coincidence between specific clay minerals and specific depositional environments. 

However, there are correlations of clay mineral assemblages to source environments, 

climate, topography and sediment transport mechanisms (Weaver, 1956; Deconinck et 

al., 2003). 

Physical disintegration and chemical decomposition of igneous and metamorphic 

rocks between -5°C<T<25°C leads to the transformation of original minerals into clay 

minerals and soluble elements (Meunier, 2005). Clay minerals present in sedimentary 

rocks can have two origins; they may be detrital, which accounts for 90% of clay 

minerals in the sedimentary system (Potter et al. 1980), or diagenetic. It is often difficult 

to clearly differentiate the origin of clay minerals because diagenetic processes can 

potentially overprint detrital characteristics (Worden and Burley, 2003; Lazar et al., 

2015). Distinguishing between detrital and diagenetic clay minerals and clay fractions 

can be attempted by observing grain fabrics using scanning electron microscopy (SEM) 

(Rothwell, 1991; Hillier, 1994; Kwon and Boggs, 2002). 

The main processes that transport fine-grained sediment into deepwater are 

mass flow, bottom currents, gravity currents and surface currents in combination with 
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pelagic and hemipelagic settling (Johansson and Stow, 1995; Stow et al., 2001; T. 

Mulder and Alexander, 2001; Aplin and Macquaker, 2011a). The rate of settling (i.e. 

deposition of sediment) is governed mainly by particle size (Stokes 1851; Rubey 1933; 

Dietrich, 1982; Furguson and Church, 2004; Stammer, 2013), which is determined by 

flocculation of clay minerals. Floccules may be formed by several modes of particle 

interaction. Adhesion between the oxygen planes of basal surfaces is known as face-to-

face (FF) association; adhesion between broken-bond surfaces at the sides of the 

plates is known as edge-to-edge (EE) association and adhesion between broken bonds 

surfaces at the edges of the plates and the oxygen planes of the basal surfaces is 

known as edge-to-face association (EF) (Hillier, 1995; Velde 1995; Figure 1.3).  

 

Figure 1.3: Modes of platy clay particle associations in suspension and modes of clay 
flocs (modified from Van Olphen, 1977). Clay flocculation modes are dependent on the 
balance of repulsive and attractive forces, controlled by the chemistry of the solution 
and the van der Waals interaction energy of the particles (Hillier, 1995; Velde 1995). 
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The likelihood of formation of the different types of associations depends on the 

balance of repulsive and attractive forces, controlled by the chemistry of the solution 

and the van der Waals interaction energy of the particles (Hillier, 1995; Velde 1995). It 

must be noted that in nature, additional coatings on the particles may also have a 

control on the mode of adhesion and not so much the particles themselves (Hillier, 

1995). The way various morphologies of flocculated clay minerals impact their 

deposition in various architectural elements is a question that is of interest within this 

research and will be further investigated. 

1.2.1 Clays and Clay Mineral Implications to Petroleum Extraction  

Clay minerals and other fine-grained sediments play important roles within the 

petroleum system. Fine-grained materials affect an abundance of processes, including 

but not limited to drilling (Aplin and Macquaker, 1999), reservoir performance (Johnston, 

1952; Worthington, 2002; Aplin and Macquaker, 2011; Wooldridge et al., 2017) pore 

pressure variation, and seal capacity (Aplin and Macquaker, 2011; Cardona et al., 

2016).  

Clay-sized particles and clay minerals control porosity in subsurface reservoirs 

by occluding pores and pore throats, thereby affecting permeability – a key factor in the 

extraction of petroleum from a reservoir. Porosity and permeability in sandstones 

generally decreases with increasing stratigraphic depth, but a significant number of 

deeply buried sandstones have unusually high porosity and permeability (Bloch et al., 

2002). Such anomalously high porosity and permeability have most commonly been 

linked to the presence of authigenic clay minerals, which inhibit the growth of porosity-

occluding quartz cement (Ehrenberg, 1997; Worden and Morad, 2003; Ajdukiewicz et 
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al., 2010). Although chlorite is the most common clay mineral associated with inhibiting 

quartz overgrowth, illite has also been observed to preserve porosity at deeper depths 

(Ehrenberg and Nadeau, 1989; Ehrenberg, S.N. & Nadeau, 1989; Pittman et al., 1992; 

Ehrenberg, 1993; Bloch et al., 2002; Storvoll et al., 2002). On the contrary, clay 

minerals can drastically reduce permeability by transport of fine particles into pore 

spaces or clay swelling by chemical reactions with formation fluids (Weaver, 1956; 

Worthington, 2002; Worden and Morad, 2003; Wilson et al., 2014; Higgs et al., 2015; 

Wooldridge et al., 2017). In order to predict reservoir properties affected by clay 

minerals in the subsurface, the origin and spatial distribution of detrital-clay coated 

grains needs to be understood. 

1.3 Scientific Objective 

The purpose of this study is to investigate if there is any preferential spatial 

distribution of clays in a high net-to-gross submarine fan system by employing standard 

fieldwork techniques combined with a new method—hand-held spectroscopy, as well as 

established microscopic methodologies (petrography, XRD, SEM) in world-class 

outcrops of the Taranaki Basin, New Zealand. Using these analytical techniques, this 

research attempts to answer if clay particles are more prone to be deposited in 

architectural elements associated with low-energy conditions, such as levees or distal 

frontal lobes, or alternatively, if there are no preferential spatial trends in clays. 

Regarding the alternative, as clay-floccules can be sand-sized, thus they behave 

hydrodynamically as sand grains, ergo being deposited in channel fill. This study will 

also verify/calibrate the measurements taken using the hand-held spectrometer, with x-

ray diffraction (XRD) analysis and propose that under certain time-sensitive conditions 
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spectroscopy might be a viable substitute for traditional XRD methods; e.g. as an on-

site tool to quickly recognize clay markers or zeolite-rich layers while drilling during 

hydrocarbon exploration. As with any new method, its shortcomings must be 

acknowledged, but it is also possible to recognize the potential for spectroscopy 

techniques to work in conjunction with XRD methodologies. 
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CHAPTER 2  

GEOLOGIC BACKGROUND 

2.1 Geologic Overview 

The Taranaki Basin is located off the west coast of the North Island, New 

Zealand and has an area of approximately 100,000 square km (Thrasher and King, 

1996; Masalimova, 2013). The basin primarily lies in the subsurface offshore beneath 

the continental shelf and includes the northwestern South Island, the Taranaki 

Peninsula and coastal areas north of the peninsula. During the mid-Cretaceous, the 

basin developed areas of superimposed sub-basins, depocenters and uplifts until 

present day. Basin fill sediments are of Cretaceous to Quaternary age and can be 

described as one transgressive-regressive cycle (King and Thrasher, 1992; 

Masalimova, 2013), which is now currently exposed onshore on the Taranaki Peninsula 

and the northernmost South Island. The Taranaki Basin is the primary petroleum-

producing basin of New Zealand, with an estimated 1678x106 bbl of recoverable 

petroleum hosted within sandstones, fractured limestones, and volcaniclastic reservoirs 

(Killops et al., 1994).  

Basin crustal movement and surface structure are linked to plate boundaries of 

the Australian plate in the west and Pacific plate to the east. The subducting plate 

boundary created a north and northeast trending fault and fault system, the Taranaki 

Fault, on the eastern margin of the Taranaki Basin. The Taranaki Fault is a major, east-

dipping reverse fault that vertically offsets basement by 6km and extends more than 



 13 

250km (Knox, 1982; Thrasher and King, 1996), therefore the main structural event to 

exposed subsurface outcrops used in this research (Figure 2.1). 

 

Figure 2.1: (A) Map showing Taranaki Basin faults, structural provinces, and major 
urban centers of the northern portion on the South Island and southern portion of the 
North Island. (B) Cross section between A to A’ showing subsurface faulting and stratal 
relationships from basement to Pliocene based on seismic data and wells drilled in the 
area (King et al., 1996; modified from Rotzien 2013). 
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The Miocene-aged Wai-iti Group is a marine, regressive, clastic-dominated 

succession comprised of shelf, slope and basin floor mudstones and siltstones 

(Manganui Formation), volcaniclastic and sandstone-dominated turbidite sequences 

(Moki and Mount Messenger Formation), slope siltstones (Urenui Formation), deep-

water volcaniclastics (Mohakatino Formation), and basin floor marls (Ariki Formation) 

(King and Thrasher, 1996). The Mount Messenger Formation (MMF), specifically the 

lower portion of the formation, is the primary focus of this research. It has a maximum 

thickness of 600m and was deposited in lower to mid-bathyl water depths by turbidity 

currents and fluidized mass flows (Browne et al., 2005). During this time, siliciclastic 

sediments were derived from the northern part of the South Island and the western part 

of the North Island (Nodder et al., 1990; Thrasher and King, 1996; Rotzien et al., 2014). 

Volcaniclastic materials were coevally sourced from the active Mohakatino backarc to 

the north  (Nodder et al., 1990; Thrasher and King, 1996; Rotzien et al., 2014). The 

Mount Messenger Formation is divided into two parts - the Lower Mount Messenger 

Formation (LMMF) and the Upper Mount Messenger Formation (UMMF). They are 

distinguished upon sedimentary structure, location within the stratigraphic column, and 

bulk architectural fabrics (King et al., 1993; Rotzien et al., 2014). LMMF sediments were 

sampled for this study because they were most accessible along coastal outcrops.  

2.2 Regional Structural Setting 

The Taranaki Basin has undergone a complex tectonic history from the mid-

Cretaceous time to the present. Its present configuration is associated with the evolution 

of the Pacific-Australian plate boundary (Masalimova, 2013). The basin is broadly 

divided into two structural regions, the Western Stable Platform and the Eastern Mobile 



 15 

Belt (King, 1991; King and Thrasher, 1996). The Western Stable Platform lies seaward 

and has remained relatively quiescent since the Cretaceous, and is characterized by 

‘layer cake’ and progradational deposition. The basin’s western edge is bounded by the 

western platform/continental shelf break and Cape Egmont Fault Zone (Manley and 

Lewis, 1998). The Eastern Mobile Belt has undergone complex tectonic events, differing 

in age, origin and style associated with the Kaikoura Orogeny (Suggate et al., 1978). It 

is divided into two structural sectors with disparate stress regimes; the northern sector 

which is currently under extension and the southern sector which is primarily under 

compression. The Eastern Mobile Belt also contains a Miocene-aged volcanic arc 

(Figure 2.2) towards the north that contributed to sediments found in the Mount 

Messenger Formation. 

 Following the basin’s initial Cretaceous development within a synrift setting, it 

evolved as a passive margin (King and Thrasher, 1992).  Parts of the basin have 

experienced one or more types of deformation at different times, and resultant patterns 

of faulting are complex, particularly east of the basin near the Taranaki Fault. Basement 

blocks, which are buried at depths of 500 to 2500m (King et al., 1993; Masalimova, 

2013), were overthrusted along the Taranaki Fault in the early Miocene and were 

emplaced into deepwater settings (King and Browne, 2007; Masalimova 2013), leaving 

the basement surface to the east to form the eastern margin of the Taranaki Basin.  

2.3 Stratigraphy 

The Mount Messenger Formation interfingers with the volcaniclastic strata of the 

Mohakatino Formation and is bounded down-section by the Manganui Formation and  
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Figure 2.2: Late Miocene paleogeography. Sediment from the Mount Messenger 
Formation was transported from the south and south-east to the basin-floor. In the 
north, the Mount Messenger Formation interfingers with northern- derived volcaniclastic 
basin-floor fans of the Mohakatino Formation (Modified after King and Thrasher, 1996)
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up-section by the Urenui Formation (Figure 2.3) (Browne et al., 2000b)(King et al., 

1993; Rotzien et al., 2014). It is part of the Wai-iti Group (Figure 2.4), which formed as a 

result of high rates of sediment supply caused by tectonism during the Neogene (King 

and Thrasher, 1996; Browne and Slatt, 2002). Large volumes of clastic detritus infilled 

the foredeep along the Eastern Margin, creating a north to northwest trending wedge of 

Wai-iti Group sediments. Detritus provenance appears to be low-grade schists and 

phyllites from the Eastern Province terranes (King and Thrasher, 1996) with greater 

proportions of heavy minerals than older sediments. This is due to increased uplift and 

erosion of surrounding basement areas in the Early Miocene (King and Thrasher, 1992, 

1996).  

The Mount Messenger Formation is deposited via turbidity currents and 

comprises basin floor fan sandstones that are principally well sorted, and fine- to 

medium-grained with variable proportions of broken shell and fine carbonaceous debris 

(Browne and Slatt, 2002; Browne et al., 2005; Arnott, 2007; King et al., 2007). The time 

of deposition occurred during the transition from compression to extension and rapid 

subsidence phase during the late Miocene in the Taranaki Basin (King and Thrasher, 

1996; Masalimova, 2013). The formation is divided into two parts, the Upper Mount 

Messenger and the Lower Mount Messenger Formation. The lower part has been 

interpreted as 600m of at least five coalescing lobe complexes (outer fan) separated by 

mass transport deposits, a transitional zone (middle fan) and three submarine channels 

(inner fan) (SPODDS Field Guide, 2012; GNS Field Guide, 2015). This represents a 

prograding cycle including highly channelized and deeply erosive flows in the upper 

portion of the Lower Mount Messenger Formation that bypassed the channels and 
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deposited sediments in compensational lobes in the lower part of the Lower Mount 

Messenger Formation. As sediment input ceased, non-erosive flows started to back-fill 

the channels and reduced the sediment supply to the lobe (King and Thrasher, 1996; 

Helle, 2003a; Masalimova, 2013). The Upper Mount Messenger Formation is 

approximately 450 m thick and interpreted as five channel-levee avulsion cycles with 

thalweg, channel margin and levee architectural elements, deposited on steeper fans at 

the base of slope (King and Thrasher, 1992, 1996; Browne et al., 2000b; Browne and 

Slatt, 2002; Masalimova, 2013)  

The Mohakatino volcaniclastic formation is derived locally from the Mohakatino 

Volcanic Centre, a submarine volcanic arc located about 50 kilometers west and 

northwest of the Taranaki coast, deposited by deepwater turbidity currents, mass flows 

and debris flows (Utley, 1987; King et al., 1993). Both thin- and thick-bedded 

volcaniclastic sandstone lithofacies are present along with a wide range in grain sizes 

from mud to very coarse sand. The Mohakatino Formation is deformed by submarine 

mass wasting and constitutes many of the MTDs found along the coast (Helle, 2003a; 

Rotzien et al., 2014; Sharman, 2014)
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Figure 2.3: Cretaceous-Cenozoic stratigraphic framework for Taranaki Basin (not to scale). Figure shows age, lithology, 
chronostratigraphy of formations, lithology and relative sea level. Wai-iti Group is highlighted in green and the Mount 
Messenger Formation is highlighted in red (Rotzien et al., 2014)
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Figure 2.4: Simplified Miocene to Pliocene stratigraphy from the Wai-iti Group of the 
Taranaki coast, North Island, New Zealand (modified from Rotzien et al., 2014). Red 
box outlines Lower Mount Messenger Formation, the primary focus of this study 
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CHAPTER 3  

DATA SET AND METHODOLOGY 

3.1 Dataset 

The dataset used to conduct this study of clay mineral nature and distribution in 

deepwater submarine fans consists of 195 Halo spectrometer points and 18 hand 

samples (of those, 18 rock chips and 5 thin sections were made) collected from the 

Upper Mount Messenger Formation. Outcrops were logged at 2 cm: 1 m and were 

described based on lithology, grain size, fossil content, and sedimentary structures. 

Stratigraphic architecture was also documented at each outcrop.  Paleocurrent data 

were collected from ripple laminations where available but overall was very limited. 

Samples were collected for each sedimentary structure observed.  

Table 1: Breakdown of depositional environment with data 

Depositional Environment Halo Points Hand Samples Thin Section 

Slope Channel Axis 29 1 1 
Channel Margin 14 5 1 
Frontal lobe 149 10 2 
Distal-lobe 3 2 1 

TOTAL 195 18 5 
 

Outcrops were chosen based on previous field guides created by the Geological 

and Nuclear Sciences of New Zealand, and Stanford Project of Deepwater Depositional 

Systems. Five locations (Figure 3.1)  were visited along the western coast of the North 

Island, New Zealand in November of 2015.  
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.  

Figure 3.1: Field location map of the western coast of the North Island. Map modified 
from NZMS 260 Q18 Tongaporutu Edition 1 Department of Lands & Survey, New 
Zealand 
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These locations include: 

Location 1: Mohakatino River (Latitude:  38° 44' 7.85" S, Longitude: 174° 36' 33.3" E), 

Location 2: Rapanui Stream (Latitude: 38° 44' 5.51" S, Longitude: 174° 36' 31.5" E), 

Location 3: Tongaporutu River (Latitude: 38° 49' 2.88" S, Longitude: 174°34' 58.6" E), 

Location 4: Pukaearuhe Beach (Latitude: 38° 53' 32.41"S, Longitude: 174° 30' 58.1"E), 

Location 5: Wai-iti Beach (Latitude: 38° 55' 10.85" S, Longitude: 174° 28' 32.9" E) 

 

The analyses and methods used for this research are: 1) Spectroscopy; 2) 

Transmitted light microscopy; 3) X-Ray Diffraction (XRD) analysis; and 4) Scanning 

Electron Microscope (SEM) in both Ar-milled and broken samples. These methods are 

described below. 

3.2 Methodology 

3.2.1 Visible and Near-Infrared Spectroscopy  

Spectroscopy is the study of energy as a function of wavelength that has been 

emitted, reflected, or scattered from a solid, liquid, or gas (Hunt, 1977, Hunt, 1982; 

Clark et al., 1990). A handheld spectrometer, the ASD TerraSpec Halo mineral 

identifier developed by ASD Inc. was granted use for fieldwork in New Zealand. The 

Halo has a spectral range of 350 – 2500 nm wavelength (visible-infrared 400 - 750 nm, 

near-infrared 750 - 2500 nm; Figure 3.2) and spectral resolutions of 3 nm in the 700 nm 

range and 9.8 nm in the 1400 nm range. 

Spectra were collected at each outcrop based on variation in sedimentary 

structures at the outcrop. A fresh surface was abraded by eroding 1 inch deep into the 

outcrop before collecting spectra to avoid surficial weathering and wet rock. 
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Infrared absorption is caused by the transfer of electromagnetic energy into 

chemical bond vibration, and absorption features may be related to specific molecular 

structures (Bishop et al., 1994; Viscarra Rossel et al., 2006; Kerr et al., 2011). Chemical 

bonds involving OH, N, CO3, Cl, F, SO4 and various cations generate specific 

absorption features, and spectra for minerals can be predicted from their crystal 

chemistry (Kerr et al., 2011). The spectra from each reading is then internally ‘best 

fitted’ using the USGS spectral library.  

 

Figure 3.2: A schematic of an electromagnetic spectrum. Visible-infrared wavelengths 
are approximately from 400 – 750 nm and near-infrared is from 750 nm – 2500 nm. 

 

3.2.2 Thin Section Petrography 

The use of thin sections will help in the identification of composite grains (e.g., 

flocs, fecal pellets, and intraclasts) and evaluation of the effects of cementation, 

dissolution, and bioturbation on grain size and grain type (Lazar et al., 2015). Rock 
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samples were sent to Wagner Petrographic (Lindon, UT) for preparation of thin 

sections. These were prepared according to the following specifications: 

o 20 μm thickness 

o Polished thin section without cover glass for SEM analysis 

o Clear epoxy vacuum impregnation 

Five thin sections were created to represent each architectural element (1 slope 

channel axis, 2 channel margins, 1 frontal lobe, 1 distal frontal lobe). Analysis of facies 

were conducted with a petrographic microscope capable of observing in 2.5x, 10x, 20x, 

and 40x using plane or cross-polarized light, and a digital camera attached. Each thin 

section created represents one architectural element following the interpretations from 

the SPODDS and GNS field guide. Clay mineral speciation is not apparent in thin 

section, but grain size analysis, grain-to-grain relationships, composition and diagenetic 

features are determined from thin section analysis. JMicroVision v1.27 was used to 

create quantitative measurements (length to width ratios used for eccentricity; Figure 

3.3). Grain eccentricity, therefore sphericity is used to compare grain shape with 

samples from each architectural element.  

3.2.3 Scanning Electron Microscopy (SEM) 

SEM allows for higher magnification beyond thin-section analysis. It gives a 3-

dimensional view into pores, allows for identification of the smallest minerals, and allows 

for grain-to-grain relationships within pores. The TESCAN MIRA3 LMH Schottky field 

emission scanning electron microscope in the Geology and Geological Engineering 

department at the Colorado School of Mines was used for these analyses. The SEM is 
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also equipped with a Bruker XFlash 6/30 silicon drift detector for energy-dispersive x-

ray spectrometry (EDS)  

 

 

Figure 3.3: Demonstration of JMicroVision v1.27 used on a thin-section image to 
measure grain orientation, eccentricity and grain size 

 

3.2.4 X-Ray Diffraction 

X-ray diffraction data were collected from whole rock samples and clay separates 

for mineral identification at the X-Ray Diffraction Laboratory, Colorado School of Mines 

according to methods from Moore and Reynolds (1989). For bulk mineralogical 

analysis, samples were crushed with a mortar and pestle to <0.2 mm grain size. 

Random powder mounts were analyzed from 4 to 60 2 at a continuous scan rate of 
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1.00/minute using CuK radiation. Oriented samples were also prepared using the 

Millipore method (Moore and Reynolds, 1989) and analyzed from 2 to 30 2 at a 

continuous scan rate of 1.20/minute. Suspected smectite was identified in the air-dried 

diffraction patterns which lead to ethylene glycol-solvation (Figure 3.4B), giving a strong 

001 reflection at about 5.2 2 versus 6 2 in air-dried conditions.  

 

Figure 3.4: A) Oriented XRD samples air-dried, B) Oriented ethylene-glycol solvated 
sample.
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CHAPTER 4 

FACIES DESCRIPTIONS AND ARCHTECTURAL ELEMENTS 

Five exposures of the Mount Messenger Formation were examined and their 

facies described based upon lithology and sedimentary structures, to the third-order 

element scale defined by Hickson and Lowe (2002). Figure 4.1 displays an ordering 

example of generalized facies and facies associations that comprise architectural 

elements.  

 

Figure 4.1: Generalized facies and facies association scheme that comprise 
architectural elements. first-order elements are the smallest-scale lithologic units 
(Bouma Ta-Te units), ranging up to fifth, sixth- or higher at the largest scale (hence the 
scheme is open ended). Third-order forms the basis for depositional elements (i.e. 
channel-fill, channel-levee, frontal lobe, distal frontal lobe) in deep-water settings 
(modified from Hickson and Lowe, 2002) 
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First- and second- order architectural elements are the smallest scale; first-order 

defined as lamina and beds deposited under constant hydraulic conditions and second-

order corresponding to sedimentation units representing sediments deposited by a 

single gravity flow event (Ghosh and Lowe, 1993; Hickson and Lowe, 2002; 

Masalimova, 2013). Second-order architectural elements is the scale of which facies in 

this study are described. Third-order architectural elements, or facies association, will 

be the scale at which elements (i.e. channel-levees, frontal lobes, distal frontal lobes, 

etc.) are interpreted based on cycles of regularly stacked, contrasting facies forming 

depositional elements in deep-water systems. 

4.1 Facies 

Three main lithologies: sandstone, siltstone and conglomerate were noted in 

outcrop that compose a variety of facies. A sandstone is defined by a lithified body of 

rock containing grains that have material between 0.0624 and 2mm and a sand: mud 

ratio of 9:1 (Folk, 1974). A siltstone can be further broken down using the nomenclature 

of Lezar et al. (2015) to a coarse mud (coarse silt) ranging from 32 to 62.5 m, and 

medium mud (fine to medium silt) ranging from 8 to 32m. Although muds carry a range 

of grain sizes, these cannot be differentiated at the outcrop, nor can they be 

differentiated adequately in thin section petrography. Typically, laser particle size 

analysis is required to differentiate grain sizes in mudstones. In this analysis, siltstones 

are grouped under the single term of siltstone and not differentiated into various grain 

sizes. Lastly, the conglomerate is defined by fragments of older sedimentary rocks of 

gravel size and larger (Folk, 1974).  All facies are listed in Table 4.1 in order of 

increasing to decreasing energy, respectively. 
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 Table 4.1: Facies observed in outcrop and their associated characteristics, as well as interpreted sedimentary process 
responsible for their deposition. 

Abbreviation Facies Name Lithology Sedimentary Process Sedimentary Structures Biogenic 
Structures 

Lf1 Mud-clast 
conglomerate 

Medium-grained 
sandstone matrix with 

mudstone clasts 

Tractional flow, high-
density turbidity current  

Massive to imbricated Shell fragments, 
wood-chip 

debris 

Lf2 Thick-bedded clean 
sandstone 

Fine- to medium-
grained sandstone 

 High-density turbidity 
current 

Wavy- to planar cross-
stratification, climbing cross-
stratification, dish structures, 

planar laminations,  

None 

Lf2a Large-scale cross-
stratification 

Fine- to medium-
grained sandstone 

 High-density turbidity 
current 

Climbing cross-stratification, 
dish structures  

None 

Lf2b Planar-to-wavy 
laminations 

Medium-grained 
sandstone 

 Waning/waxing flows, 
low-density turbidity 

currents 

Planar and wavy laminations  None 

Lf3  Structureless 
sandstone 

Fine- to medium-
grained sandstone 

 High-density turbidity 
current Structureless None 

Lf4 Alternating siltstone 
and sandstone 

Muddy siltstone and 
fine- to medium-

grained sandstone 

 Waning and/or waxing 
flows in high- or low-

density turbidity currents 

Planar laminations, small 
scale ripple-laminations 

Chondrites 
burrows 

Lf5 Climbing-ripple 
cross-lamination 

Fine-grained 
sandstone to siltstone  

Flow expansion thus 
leading to sediment fallout  

Climbing-ripples cross-
lamination 

None 

Lf6 Bioturbated 
mudstone 

Mudstone   Tail-end turbidity current, 
hemi-pelagic settlement, 

hindered settling 

Bioturbation Chondrites 
burrows 

Lf7 Draping mudstone Mudstone  Tail-end turbidity current, 
hemi-pelagic settlement, 

hindered settling 

Massive to undulated None 
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4.1.1 Lf1: Mud-clast Conglomerate 

Description: The mud-clast conglomerate bed is consistent in thickness, roughly 

40-50 cm thick, and is both clast-supported and matrix-supported. The matrix that 

supports the clasts is a clean, fine- to medium-sand with shell debris and wood 

fragments (2-5 cm in length) scattered amongst the clasts. Mud-clasts are composed of 

silt to mud sized material, averaging 5 cm but found up to 30 cm length (a-axis). Clasts 

are weakly imbricated sub-parallel to bedding, rounded to well-rounded with low 

sphericity, and are tan/grey in color (Figure 4.2). The base of the mud-clast bed has an 

undulating and erosive contact, overlying and underlying a massive thick-bedded (1-5 

m), clean, medium-sized sandstone (Lf2).  

Interpretation: The mud-clast conglomerate is interpreted to be part of the Ta 

Bouma division (Postma et al., 2014). It is derived from erosion or disruption of the 

underlying or laterally adjacent beds during deposition of the host sandstone 

(Johansson and Stow, 1995). They are developed in areas associated with erosion of 

underlying sediments, transported in a base-of-flow high-concentration traction carpet, 

and are not incorporated into the overlying fully turbulent part of the flow that is 

associated with channel scours and channel fill. The size, rounding, abundance, and 

elongated shape of the clasts suggest a short transport distance. This facies is 

interpreted to be associated with channel scours and fills found abundantly throughout 

the Mount Messenger Formation.  

4.1.2 Lf2: Thick-bedded clean sandstone 

Lithofacies Lf2 is found in individual beds of up to ~50cm thick, averaging about 

1m, however beds can amalgamate up to 4 m. Grain sizes in this lithofacies are fine- to 
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medium–grained sand with no obvious distinction of grading within the sandstone beds. 

Distinguishing between depositional events is difficult to determine since deposits are of 

 

Figure 4.2:  Photograph showing the mud-clast conglomerate facies, found below a 
massive sandstone unit. 

 

such similar grain-size. Sedimentary structures observed in the sandstone beds include 

large-scale cross stratification, dish structures, and planar laminations (Figure 4.2). 

Some portions of the outcrop were observed to be massive and structureless.  

Sedimentary structures are further used to classify to Lf2a, containing large-scale 

cross stratification and Lf2b, containing planar lamination and stratification. 
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4.1.3 Lf2a: Large-scale cross stratified sandstone 

Description: Large-scale cross stratified sandstone average 2 m bed thicknesses, 

and are composed of medium grained sands. Wavy laminations (Lf2b) and cross-

stratifications are present (outlined with dotted line in Figure 4.3). Climbing cross-

stratifications are found up to 20 cm in height but package of Lf2a can be found to be up 

to 10m in height. Stacked Lf2a facies are laterally continuous up to several 100 meters. 

Erosional bases bounding these stacked sequences vary from only slightly erosive (<10 

cm)  to highly erosive (up to 10 m in relief). Figure 4.3 shows one such slightly erosive 

base, with about 20 cm maximum relief. Mudclasts of Lf1 are found at some erosional 

bases of Lf2a while other erosive bases are sand-on-sand contacts. Water escape 

structures such as dishes sedimentary structures are abundant near the top of some 

sedimentation units. 

Interpretation: Large scale cross-stratification is interpreted to be deposited from 

high-density turbidity currents. The abundance of the dune cross-stratification deposits 

suggests that while flows were rapidly collapsing, suspended-load fallout rates were 

somewhat below those required to suppress bed-load movement. Settled out grains 

were then reworked along the bed by turbulent flows to form the dune-like bedforms 

(Masalimova, 2013). Flows were eroding into underlying sand deposits creating sand on 

sand erosive contacts that are difficult to identify, except in a few unique undulating 

surfaces. Flows were quasi-steady over significant periods of time during periods of 

climbing dune-scale bedforms formation (Jobe et al., 2012). Observed water-escape 

features such as dish structures were consistent with interpreted high sedimentation 

rates (Lowe and LoPiccolo, 1974; Mattern, 2002) for the Mount Messenger Formation 

and overall Miocene time. 
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Figure 4.3: Figure showing Lf2a and Lf2b (100 cm pole in photo for scale). Climbing 
cross-stratification facies (Lf2a) are overlying wavy lamination facies (Lf2b) separated 
by an undulated amalgamation surface. 

4.1.4 Lf2b: Planar-to-wavy laminations 

Description: Planar and wavy laminations, <1 cm thick laminations were found at 

the base of new events or directly beneath amalgamation surfaces (Figure 4.3). 

Laminations found in the medium-grained sandstone beds were very faint and did not 

differ in grain size or composition compared to the host units.  

Interpretation: Planar-laminated coarser-grained sand intervals (Tb) are difficult 

to classify because they have the potential to be formed by both low-density and high-

density turbidity currents (Talling et al., 2012b). Medium-grained planar and wavy 

laminations in the Mount Messenger Formation are interpreted to have been deposited 

by bed-load transport or a by a traction-carpet (Lowe, 1982). These beds would be 
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Figure 4.4: Image showing stratal relationships between mud-clast conglomerate facies (Lf1) and the large-scale cross 
stratification (Lf2a) sandstone facies.
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considered Tb units under the naming scheme of Bouma (1962) Tb or would be S2 

turbidite deposits under the Lowe (1982) classification. Distinguishing between a high-

density and low-density turbidite deposit may be very difficult to determine 

unambiguously but based upon observation of consistent grain size, thickness of the 

deposits and sedimentary structures, it is likely that Lf2b was deposited by a series of 

high-density turbidity currents. 

4.1.5 Lf3: Structureless sandstone 

Description: Lithofacies Lf3 consists of fine- to medium-grained tan- to light-

brown sandstone. It is distinguished by the lack of obvious sedimentary structure, and 

typically occurs in outcropping bed thicknesses that range from 0.5 m to 3 m.  

Interpretation: This structureless facies is interpreted to be the result of a 

combination of rapid deposition by sediment fallout and/or due to heavy bioturbation. 

Burrows were not observed in this facies, but bioturbation is a common process 

resulting in the obliteration of sedimentary structures and often individual burrows are 

obscured due to the intensity of the processes.  

4.1.6 Lf4: Alternating Siltstone and Sandstone 

Description: Lithofacies Lf4 consists of interbedded fine- to medium-grained sand 

and siltstone. Sandstone beds are 2 to 100 cm thick, alternating with siltstones of 

approximately 10 to 60 cm in thickness (Figure 4.5). Sandstone:siltstone ratios are 

approximately 70:30 sandstone to siltstone. The entire unit varies from  1 to 5 m thick, 

and it both fines and thins upwards. Lf4 commonly grades into overlying mudstone of 

lithofacies Lf6 (described below). Sandstone units found in Lf4 contain wavy 

laminations, planar laminations and small-scale ripple cross-laminated is non-erosive, 
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and appears to be infilling underlying topography. Sandstone beds are laterally 

continuous and are able to be traced tens to hundreds of meters but thinner beds (<4 

cm) do pinch out laterally. Interbedded siltstones (Bouma’s Tde) are sparsely bioturbated 

with Chondrites burrows.  

Interpretation: The alternation of siltstone and sandstone within Lf4 represents 

deposition from waning stages of high- and low-density turbidity currents. The thinness 

of the beds suggest that beds were deposited either toward the tail-end of an event 

(Talling et al., 2012), towards the downslope ends of high-density flows, or as a result of 

flow collapsing due its encountering an obstacle or barrier (Masalimova, 2013). 

Bioturbation in the siltstones indicate a period of quiescence to allow bottom fauna to re-

establish themselves between flow events. 

 

Figure 4.5: Photograph of lithofacies Lf4. Outcrops show alternating siltstone and 
sandstone at the Rapanui stream. See Figure 3.1 for location. 
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4.1.7 Lf5: Climbing-ripple cross-lamination 

Description: Lithofacies Lf5 consists of 20-70 cm thick packages of climbing-

ripple, cross-laminated fine sandstones and siltstones (CRCL) (Figure 4.6) but some 

packages of up to 2 meters thick can be found in outcrop. Within these deposits, 10 to 

30 cm thick packages of fine-grained planar laminationed sandstones and siltstones are 

also found.  

Interpretation: CRCL (Bouma’s Tc) are developed almost exclusively in very-fine 

to fine grained sand (Stanley, 1974; Southward and Boguchwal, 1990; Jobe 2010). 

These lithofacies are deposited by bed-load transport in a lower-flow regime, 

unidirectional current (Raudkivi; 1963, Jobe 2010) and requires high suspended-load 

fall out rate. These conditions are met in non-uniform flows where turbulence intensity 

decreases over a relatively short distance and results in the abrupt loss of sediment 

load capacity (Hiscott, 1994; Kneller, 1995; Jobe, 2010). Climbing occurs when 

suspension sedimentation reduces or suppresses the reattachment point erosivity, and 

the angle of climb reflects the interplay of suspended-load fallout rate and bedload 

transport rate according to:  

 

where  is the angle of climb, R is the suspended load fallout rate, H is the observed 

ripple height, and jb is the bedload transport rate (Allen, 1970; Jobe, 2010; Jobe et al., 

2012). The majority of the CRCL lithofacies were found at Pukearuhue Beach, which 

has been interpreted by Browne and Slatt (2002) as proximal levee deposits on the 

base-of-slope apron. Jobe (2010, 2012), in extensive research into the CRCL at this 

particular outcrop and has concluded some CRCL structures are deposited inside and  
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Figure 4.6: Photograph taken at Pukearuhue Beach displaying lithofacies Lf5 climbing-
ripple cross-lamination and their stratal relationships with bioturbated mudstones and 
planar-laminated beds. Location shown in Figure 3.1. 

 

Figure 4.7: Photograph taken at Pukearuhue Beach outcrops displaying channel 
geometries (marked with dotted line). CRCL were observed inside the channel 
geometry as well as outside the channel, therefore supporting facies architecture 
(slope-break and proximal levees) interpretations. 
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outside a channelized geometry (Figure 4.7). The implications for the observation by 

Jobe will be discussed in the following sections (section 4.4). 

4.1.8 Lf6: Bioturbated Mudstone 

Description: Lithofacies Lf6 is a silty, heavily bioturbated mudstone containing 

layers of very-fine to fine sandstone. Chondrites burrows are found throughout the 

facies (Figure 4.8). Lf6 is found at the base of sedimentary units. Its average thickness 

is 10-15 cm as it thins towards the top of the facies unit, and laterally continuous for 

100s of meters. In some areas of the beds, planar lamination is present but often it is so 

heavily burrowed that previous sedimentary structures were not preserved.  

Interpretation: Lf6 deposition of bioturbated mudstone packages represent 

prolonged pauses in sand deposition due to either regional reductions in sand input or 

shifts in the locus of sand deposition (Masalimova, 2013). Deposition occurred during 

intervals of low-energy silt and clay sedimentation between major sand cycles. The 

Chondrites trace fossil is a highly branched burrow system occurring in black, laminated 

carbonaceous sediment deposited in chemically reducing conditions (Bromley and 

Ekdale, 1984; Föllmi and Grimm, 1990). Chondrites are known to live in environments 

ranging from shallow marine settings to water depths of over 3000 m (Ekdale and 

Berger, 1978) and are indicative of interstitial anoxic conditions within the sediment 

(Bromley & Ekdale, 1984; Manley and Lewis, 1998). Masalimova (2013) also interpreted 

the Lower Mount Messenger Formation to have Ophiomorpha and Scolicia burrows 

although none were seen by this author.  
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Figure 4.8: Photograph of Chondrites burrow in Lf6, taken at the Pukearuhue Beach 
outcrop. Location shown in Figure 3.1. 
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4.1.9 Lf7: Draping Mudstone  

Description: Lithofacies Lf7 is composed of thin, silty mudstones which are 

laterally continuous in outcrop for tens to hundreds of meters in outcrop. Often times Lf7 

contained planar and wavy laminations, analogous to Bouma (1972) Tde facies. 

Thickness of the silty mudstones vary but overall are typically less than 20 cm with fine- 

to very-fine sand interbedded at the mm scale.  

Interpretation: Deposits of Lf7 represent a series of waning overlying low-density 

turbidity currents. Interbedded laminae could be attributed to a pulses of events, 

resulting in deposits of fining-upwards laminae at the millimeter scale. 

4.2  Outcrop Descriptions and Depositional Environment Interpretations 

Outcrop locations are interpreted to be on the scale of fourth-order architectural 

elements, schematically drawn in Figure 4.9. This scale is represented by higher-order 

depositional elements in deepwater systems, such as lobes, channels, and other large-

scale depositional architectures (Mutti and Normark, 1987; Clark and Pickering, 1996). 

The original strata in outcrop locations has been uplifted and tilted to the southeast, 

depositing older strata to the northeast and younger strata to the southwest.  

This sub-chapter addresses the interpreted depositional environment at each 

outcrop utilizing observed lithofacies and drawing heavily from previous work on the 

Taranaki Basin coastal outcrops by a number of authors, including King et al., 1994; 

King and Thrasher, 1996; Browne and Slatt, 1997; Browne et al., 2000; Browne and 

Slatt, 2002; Helle, 2003; Grain, 2008; Jobe, 2012; Masalimova, 2013; Rotzien et al., 

2014. Outcrop locations are shown in Figure 3.1 from north to south, distal to proximal 

in the submarine system. 
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Figure 4.9: Illustration showing A) conceptual model of fourth-order sequences within a 
third-order aggradational and progradational succession exposed along the northern 
Taranaki coast. Original depositional dip was to the northwest, and strata have since 
then been uplifted and tilted down to the southwest. B) Paleodepositional perspective of 
the oldest fan to the youngest slope within the cycle (modified from Browne et al., 
2000b) 
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4.2.1 Location 1: Mohakatino River 

The outcrops at Mohakatino River (Figure 4.12) are approximately 5-8 m of 

Lower Mount Messenger Formation (LMMF). A 5 meter thick portion of this outcrop was 

described and is shown in Figure 4.10. Here the LMMF is composed of stacked 

packages of thick-bedded sandstone with planar and/or wavy laminations and dune-

scale climbing stratification (Lf2, Lf2b, Lf2a), to thinner alternating mudstone and 

sandstone (Lf6 and Lf2b), topped with packages of draping mudstone (Lf7). Basal 

contacts of units are typically flat with little or no evidence of erosion (although some 

local areas of shallow (<1m) erosion are present). Sedimentation units are very 

continuous and can be traced 400-600m along the coast, but individual beds within the 

package can be truncated by internal erosion or amalgamation. Sediments here were 

deposited from collapsing, high-density turbidity currents forming massive, thick-bedded 

sandstones. Flat basal contacts indicate that the flows were non-erosive, supporting 

high-density flow collapse.  Bed-load transport of sediment was also occurring as 

indicated by the presence of planar and undulating laminations. The collapsing flows, 

evidenced by the absence of fining-upward grain size trends, lateral continuity of beds, 

and the lack of erosion into underlying beds. The stacked sedimentation cycles at this 

outcrop represent the most distal portion of the system, specifically, interpreted as 

stacked lobes in a lobe complex. This interpretation is based on the relative abundance 

of sandstone, the lack of conglomerates, and the predominance of sandstone with little 

mud content (Browne et al., 2000b). Masalimova (2013) describes a single lobe 

complex in the LMMF to consist of up to 10 separate lobes, but during this field session, 

such a stacking of lobes was not observed. Individual lobes were probably initiated by 

abrupt up-system avulsion and deposition of energetic, collapsing flows into an area 



 45 

local depositional low. As lobes built up, flows became diverted into areas of lower 

topography (compensational stacking) therefore preserving mud layers along the 

abandoned depositional paths. Small channel geometries (Figure 4.12C) were observed 

at the top of sedimentation units which have been interpreted as deepwater distributary 

channels eroding through older lobes as deposition progrades further basinward. These 

small channels filled as flow activity decreased and lobe deposition backstepped to fill 

these feeder channels.  

Three Halo spectrometer points and two hand samples were taken at location 1 

(indicated by symbols in described Figure 4.10). Sample S8 is taken at the top of a 

sedimentation unit and sample S10 is taken in a feeder containing mudclasts.  

4.2.1 Location 2: Rapanui Stream 

The LMMF at the Rapanui Stream outcrop contains lobe architectures similar to 

the Mohakatino River location, but also contains channel architectures that show 

erosion into the underlying units (Figure 4.13). These outcrops are basal LMMF but are 

stratigraphically higher than outcrops at Mohakatino (Location 1). Erosion into the 

underlying units are from channels, clearly visible and accessible at the 15 meters 

walking-distance of outcrop along the stream inlet.  

The base of the outcrop begins with draping mudstones with interbedded 

laminations of lower very-fine to upper very-fine sandstones and bioturbated mudstones 

(Lf7, Lf6). Mudstone rip-up clasts (Lf1) are imbricated along the base of the channels, 

which erode into underlying units. Massive, medium-grained sandstone (Lf3) infill the 

channel until another erosive, mud-clast rich gravity flow occurs. Figure 4.13 shows  
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Figure 4.10: Distal  frontal lobe deposits (Mohakatino River) stratigraphic column 
displaying 2 stacked lobes. The column also shows sedimentray structures, lithology 
and facies. Location shown in Figure 3.1. 
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Figure 4.11: A) Large scale perspective of outcrop of the Mohakatino outcrop showing overall stratigraphic relationship 
between units. 
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Figure 4.12 B) Close up of the top portion of lobe 1, and lobe 2 with facies relationships 
annotated on photo. C) A shallow erosive surface outlined in dotted white line is 
interpreted to be a distal distributary channel. Hand samples are outlined in orange 
squares with labels posted. 

mud-clasts and the underlying massive sandstone have an irregular contact, indicating 

sand was not yet fully lithified when the next flow event occurred. Channel erosion is 

relatively shallow and levee build-up is not as prominent, therefore indicating flows were 

relatively unconfined. The amount of erosion was a maximum of 70 cm, but could 

possibly be deeper because strata dipping into the subsurface does not expose the 
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channel thalweg. Figure 4.14 displays the detailed log and description of the Rapanui 

Stream outcrop. These units are interpreted as deepwater distributary channels on the 

basis of erosion into underlying lobe architectures, sharp basal contacts and coarse 

lags at the base of each package. Such occurrence of channel facies associations 

suggest that the overall system was prograding basinward.  

Samples were taken at these exposures to compare marginal vs. axial 

distributary channel sedimentology and to assess the presence of clay mineral species 

and other clay-sized fractions. Five hand samples were taken at 1 m increments and 

Halo spectrometer points were taken every 0.5 m from the marginal extent of the 

channel toward the axis until it dipped into the subsurface (See Figure 3.1 for outcrop 

locations).  

 

Figure 4.13: Rapanui distributary channel. Dotted white line indicates the distributary 
channel. Facies are indicated along the channel fill. Red box indicates S17 sample 
location along the margin of the channel.  
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Figure 4.14: Proximal channel margin (Rapaui Stream) stratigraphic column indicating 
lithology, facies and sedimentary structures. Red box indicates location of sampling 
used for micro-analysis. 

 



 51 

4.2.2 Location 3: Tongaporutu River 

Outcrops at the Tongaporutu River (Figure 4.4) expose approximately 10 m of 

middle section of the LMMF. Of this 10 m, 2 m is described and illustrated in Figure 

4.15. These units are primarily composed of thick-bedded sandstones (Lf2) that have 

dune-scale cross-stratification (Lf2a) and planar-to-wavy laminations (Lf2b). Extensive 

but shallow scours are filled with mud-clast conglomerates (Lf1) at the base, but 

occurrences of erosion decrease towards the top of the outcrop. Erosional surfaces can 

be traced laterally up to 300-500 m and can show up to 4 -10 m of erosion (Masalimova, 

2013); significantly deeper than erosional surfaces from distributary channels in the 

Mohakatino River outcrops. Amalgamation surfaces are prevalent in this outcrop, 

making it difficult to determine specific bed boundaries since many of these contacts are 

sandstone on sandstone amalgamation with virtually no mudstone present.  

Sediments composing the Tongaporutu outcrops were deposited under 

conditions of high sedimentation from rapid collapsing gravity flows. Within these flows, 

sediment was commonly transported as bed-load material to produce stacks of 

climbing, dune-like bedforms and undulating to flat-lying laminations. These beds are 

interpreted to represent the proximal frontal lobe or channel-lateral lobe (due to 

crevassing) deposits. Deposition is occurring in a largely unconfined setting as 

evidenced by the extensive lateral continuity of the unit, the inferred high sedimentation 

rates associated with the unit’s deposition, and the lack of erosional channel margins or 

surfaces bounding these units. Six hand samples and eighty Halo spectrometer points 

were also taken at this location. 
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Figure 4.15: Frontal lobe (Tongapurutu River) stratigraphic column indicating lithology, 
facies and sedimentary structures. Red box indicates location of sampling used for 
micro-analysis. 
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4.2.3 Location 4: Pukearuhue Beach 

Pukearuhue Beach outcrops expose the uppermost portions of the Upper Mount 

Messenger Formation and have been interpreted to be channel-levee and overbank 

deposits at the base-of-slope apron and base of slope channel deposits (Browne and 

Slatt, 2002; Jobe, 2010; Jobe et al., 2012). Outcrops at this location can reach over 50 

m in height, and they transition upward into the overlying Urenui Formation. Outcrops 

display mud-rich, fining upward cycles of alternating thin- to medium thick interbeds of 

fine-to very fine-grained sandstone and siltstone. The stratigraphic position and 

depositional architecture suggest deposition on a series of coalescing fan aprons at the 

base of slope.  

 Three meters of section were described in these outcrops (Figure 4.16), across 

which were collected five hand samples and fourteen Halo spectrometer 

measurements. The described outcrop consists of packages of planar laminated beds 

and silty- to fine-sand CRCL (Lf5) capped with 10 – 15 cm of bioturbated mudstones 

(Lf6). The  basal portion of the section shows planar laminations (Bouma’s Tb), 

deposited during supercritical flow conditions, subsequently transitioning to waning 

flows (Bouma’s Tbc), leaving the deposition of climbing ripples. Calcareous concretions 

and shell hash were commonly seen along the tops of the mudstones, left devoid of 

sedimentary structures due to bioturbation. Shallow channel geometries (<2 m erosion) 

contain CRCL in-channel and out-of-channel fill (Figure 4.7), indicating some flows were 

still confined. Large-scale surfaces of truncation are commonly observed throughout the 

50 m outcrop exposure. 
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The thick-bedded nature of the base of each cycle is the product of an upslope 

avulsion, and the decrease in sand content upwards signifies an increase in channel 

confinement post-avulsion.  

 

Figure 4.16: Distal channel margin from the base of a slope apron (Pukearuhue Beach) 
stratigraphic column indicating lithology, facies and sedimentary structures. Red box 
indicates location of sampling used for micro-analysis. 
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4.2.4 Location 5: Wai-ti Beach 

Outcrops at Wai-iti Beach are massive siltstones, stratigraphically youngest and 

most depositionally proximal to all outcrops studied. Benthic microfauna indicate that 

water depths during deposition were middle to upper bathyal in the lower parts of the 

formation and uppermost bathyal, near the top of the formation (King et al., 1993). 

These units are characterized by large erosional scour surfaces that are filled with 

medium- to thick-bedded turbidites which represent the margins and thalwegs of 

channels. Channel widths were on the scale of tens of meters, with erosional relief at a 

maximum of ten meters. The channel margin is exposed, as well as the channel base in 

several places. The channel fill is primarily a thick-bedded, partly amalgamated, 

sandstone facies (Lf2). The basal incision is lined with thin sandstone-siltstone (Lf7) 

beds which may represent waning flow deposits of the initial downcutting event, or 

passive backfilling following initial flow bypass (King et al., 1993).  

This location is interpreted to be a slope channel, evidenced by the frequency 

and magnitude of erosional surfaces, the coarser grain sizes relative to other outcrops 

along the system, and by nearby seismic reflection profiles which all indicate a 

prograding continental-slope depositional environment for these units. Twenty-nine Halo 

spectrometer points and one hand sample were taken at the base of one of the slope-

channel architectures at the Wai-iti Beach outcrop (Figure 4.18). 
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Figure 4.17: Stratigraphic column from the slope channel axis (Wai-iti Beach) indicating 
lithology, facies and sedimentary structures. Red box indicates location of sampling 
used for micro-analysis. See Figure 3.1 for location 
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Figure 4.18: Photograph of channel axis exposed at Wai-iti Beach. Location of hand-
sample S15 is shown. See Figure 3.1 for location.Yellow line indicates traced channel 
surface. 

 

4.3 Summary and Discussion 

Facies analysis suggests that the Mount Messenger Formation was deposited as 

the result of high- and low-density turbidity currents transporting sediments sourced 

from the northern portion of the South Island, New Zealand. The formation is divided 

into two members, the Lower and Upper on the basis of bulk architectural fabrics, 

sedimentary structures and stratigraphy. The Lower Mount Messenger Formation is 

interpreted as basin floor fans, and the Upper Mount Messenger Formation as a series 

of stacked channel-levee complexes that coalesced forming fan aprons, located at the 
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base of slope setting in upper to mid-bathyal water depths. As sedimentation reduced, 

non-erosive flows started to back-fill the channels and reduced sediment supply to the 

lobe complexes. The Upper Mount Messenger Formation displays channel thalweg, 

channel margin and levee architectural elements. All channel margins dip to the 

southwest, suggesting that the evolution of the upper part of the formation was 

determined by one sinuous, meandering channel (Rotzien et al., 2014). 

The underlying Mohakatino and Mount Messenger Formation has been 

interpreted to represent an upward-shoaling succession deposited during a regression 

phase (King et al., 2007). Sequence stratigraphically, the Mohakatino to the Urenui 

succession has been interpreted to represent a complete lowstand systems tract (King 

et al., 1993) deposited over about 2.2 Ma from 10.4 – 8.2 Ma (Crundwell, 2004; Rotzien 

et al., 2012).  

Samples taken from these outcrops originate from varying sedimentological 

processes and from different architectural elements along the system – from slope 

channel to distal frontal lobe (see  Table 4.1 for summary). Samples were collected to 

observe clay mineral and clay-particle transport relative to transport distance and 

sedimentological processes active during deposition of these depositional elements. 
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CHAPTER 5 

MICRO-SEDIMENTOLOGY OF THE MOUNT MESSENGER FORMATION 

One hand sample per field location were collected and used for rendering sub-

samples for microscopic analysis.  These samples are described in Table 5.1. Each 

sample was used to generate a thin section, a rock chip for scanning electron 

microscope (SEM) analysis, and crushed samples used to produce a bulk oriented air-

dried sample that was ethylene glycol coated and analyzed using x-ray diffraction. 

Samples were obtained through deposits interpreted to represent channel axis, channel 

margin (2X), proximal frontal lobes and distal frontal lobes. 

Table 5.1: A table listing samples which were analyzed (petrographic, XRD, SEM), the 
architectural element from which the sample originated, and the field location.  

Sample Lithofacies Lithology Architectural 
Element 

(Proximal to 
distal) 

Field Location 

S15 Lf2: Thick-bedded 
clean sandstone 

Medium-grained 
sandstone 

Channel axis Wai-iti Beach 

S17 Lf1: Mudclast 
conglomerate 

Medium-grained 
sandstone  

Proximal Channel 
Margin 

Rapanui 
Stream 

S16 Lf5: Climbing-
ripple cross-
lamination 

Fine-grained 
sandstones and 

siltstones 

Distal Channel 
Margin 

Pukearuhue 
Beach 

S9 Lf2: Thick bedded 
clean sandstone 

Medium-grained 
sandstone 

Frontal lobe Tongaporutu 
River 

S8 Lf7: Draping 
mudstone 

Fine-sand and 
silty mudstone 

Distal frontal lobe Mohakatino 
River 

 

Samples were chosen for microscale analysis based on integrity of the sample 

(many samples were very delicate) and to accurately represent the dominant lithology in 
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each architectural element. Priority was given to samples taken from muddy or silty 

portions of the architectural element to ensure adequate clay material for analyses.  

Halo spectrometer readings were taken at the outcrop where variability in 

lithology and sedimentary structures were observed. The results of these readings have 

been categorized in this study by architectural element, and are shown in Figure 5.1 

and Figure 5.3. 

5.1 Mineralogy of the Mount Messenger Formation 

The Mount Messenger Formation has a very-fine grained composition and 

therefore a visual estimation of mineralogy at hand-sample scale is difficult and often an 

inaccurate estimate of mineralogical composition. Infrared spectroscopy was used at 

outcrop locations for quick, on-site analysis of mineralogy. In the lab, x-ray diffraction 

(XRD) was carried out on corresponding samples to cross-reference x-ray diffraction 

derived mineralogy with the Halo spectrometer analysis. Petrographic analysis also 

allows for identification of mineralogy and textural relationships. When thin section 

petrography is integrated with XRD analysis, mineral assemblages are often revealed 

that are not obvious at first glance when interpreting diffraction patterns.  

5.1.1 Spectrometer mineral identification 

The main minerals identified using the Halo spectrometer are listed in Figure 5.1. 

Pie charts shown represent the distribution of minerals found within interpreted 

architectural elements. The most frequent minerals found within the Mount Messenger 

Formation are chabazite (34%), illite (24%), gmelinite (17%), and mixed layer 

illite/smectite (12%) (Figure 5.3). Percentages are number of readings and not weight 

percent. 
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Figure 5.1: Pie charts displaying frequency of minerals identified using the Halo 
spectrometer. Each pie represents an architectural element, labeled from the field 
location shown on the present-day map. General sediment source direction is from the 
south-southwest. 
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Figure 5.2: Depositional model of Mount Messenger Formation deposition during the late Miocene. Yellow squares 
represent samples that have been taken for microscale analyses. 
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Data analyses show that all architectural elements contain ferrihydrite except the 

distal frontal lobe element. Goethite is found in the proximal depositional elements -- the 

slope-channel axis, slope-channel levee (<10%) and in the proximal frontal lobe (16%) 

and Goethite is completely absent in the distal frontal lobe element. Additionally, 

dioptase (8%) is absent in all depositional elements except in samples from the slope-

channel axis. Gmelinite is found in small amounts (<10%) in the slope-channel levee.  

 

 

Figure 5.3: Pie chart with mineral assemblages (%) identified within the Mount 
Messenger Formation using the Halo hand-held spectrometer. 
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5.1.2 Petrographic minerals and textural descriptions 

S15 – Slope channel axis 

This sample is composed of siliceous and argillaceous medium-(500-250m) to-

fine sand (250-125m), and is classified as a fine-to-medium grained sandstone (Folk, 

1974). It is well-sorted and texturally immature, evidenced by the angularity (sub-

angular to angular) of the grains. Occasional micaceous grains of biotite are present but 

not in high amounts relative to other samples (1 in 20 grains). The biotite grain labeled 

in Figure 5.4D is bending around an altered plagioclase grain, indicating compaction 

and suggesting that the biotite is detrital in origin. Figure 5.4A and Figure 5.4B give a 

visual representation of the well-sorted grain distribution and shape. Figure 5.4C and 

Figure 5.4D are labeled with plagioclase, both polycrystalline and monocrystalline 

quartz, biotite and rutile minerals. Grain alteration is apparent by the weathered, 

disintegrated look of the grains, a character that is especially visible in cross polarized 

light (Figure 5.4D). Many of the grains in Figure 5.4C are coated with clay rims, 

suspected to be composed of chlorite although these coatings could be zeolites given 

the volcanic provenance of the sediments. The petrographic resolution for differentiation 

of clay minerals and zeolites is not possible due to their small grain sizes.  Such 

identification would likely require higher magnification such as a scanning electron 

microscope.  
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Figure 5.4: Thin section photo from S15 – the channel axis at Wai-iti Beach. Left-sided 
photos are plane polarized light and right-sided photos are cross polarized light. 
Orientation of sample is up from bottom to top of image. A and B) are used to show well 
sorted, texturally immature fabric of grains. Grain orientation is seen here with dark 
bands of VRF and oriented, elongated rutile. C) labeled chlorite infilling between pores, 
plagioclase grains appear “dissolved”. D) Biotite grain is bending around a plagioclase 
grain; Plg= Plagioclase, Chl= Chlorite, Z= Zeolite, Rut= Rutile.  

 S16 & S17 – Distal and proximal channel margins 

S16 (Figure 5.5) is the distal channel margin, which grain sizes range from 

coarse silt (31- 62.5m; Folk, 1974) to very-fine sand (62.3-125m; Folk, 1974), angular 

to sub-angular, matrix supported and poorly sorted. The matrix in this sample is difficult 

to determine, but is suspected to be chlorite (Figure 5.5E; outlined in yellow dotted line) 

from the alteration of biotite. Another alternative are zeolites by alteration of volcanic 
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material. Grain orientation of micas, quartz and plagioclase grains is present in this 

sample, indicated by the double-headed arrow in Figure 5.5D. Alteration evidenced by 

grain replacement of plagioclase (dissolution texture of plagioclase grain, indicated by 

red arrow; Figure 5.5F) to finer material is prevalent in 80% of grains. 

S17 (Figure 5.6) is the proximal channel margin, composed of siliceous 

argillaceous material with grain sizes ranging from very-fine silt (3.9 - 7.8m; Folk, 

1974) to coarse silt (31 - 62.5m; Folk, 1974) with a dark, volcanic-rich matrix. Grain 

orientation (Figure 5.6D) is also present in this sample, evidenced by alignment of 

micaceous minerals and by dark, organic-rich compacted slivers. This sample is the 

finest grained sample of all samples and has the most clay content surrounding the 

grains relative to all other samples. 

 

S9 – Frontal lobe 

Sample S9 (Figure 5.7) is composed of siliceous, fine- to medium-sized grains 

(125 - 500m; Folk, 1974) with very little matrix material between grains. Porosity is 

highest in this thin section due to lack of matrix material and equant, well-sorted angular 

grains. Minerals present in this sample are monocrystalline quartz, polycrystalline 

quartz, chert, and plagioclase. A red colored mineral coats the edges and fractures of 

some of the grains, which is suspected to be caused by post-depositional weathering. 

Micaceous minerals are not as common in this thin-section, and there is no obvious 

grain alignment (Figure 5.7B).  
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Figure 5.5: Thin section photo from S16 – the distal channel margin at Pukearuhue 
Beach. Left-sided photos are plane polarized light and right-sided photos are cross 
polarized light. Orientation of sample is up from bottom to top of image. A and B) A 
visualization of grain fabrics; a compacted burrow filled with organic matter; OM= 
organic matter; C-F) Grain alignment observed from micaceous minerals; altered 
chlorite, Chl, outlined in yellow dotted line; red arrow indicating plagioclase, Plg, grain 
altered at the edges; Qtz = Quartz, Bt = Biotite, Z= Zeolite. 
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Figure 5.6: Thin section photo from S17 – the proximal channel margin at Rapanui 
Stream. Left-sided photos are plane polarized light and right-sided photos are cross 
polarized light. Orientation of sample is up from bottom to top of image. A and B) Used 
to give a visualization of grain fabric with volcanic and organic matrix; OM= organic 
matter, thought to be filling a compacted burrow. C- F) Higher magnification photos 
indicating grain orientation, grains are overall are significantly smaller in all varieties of 
minerals; Bt= biotite, Plg= plagioclase, Musc= muscovite. 
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Figure 5.7: Thin section photo from S9 – the frontal lobe at Tongaporutu River. Left-
sided photos are plane polarized light and right-sided photos are cross polarized light. 
Orientation of sample is up from bottom to top of image. A and B) Used for visualization 
of grain fabric and relationships. C-F) Higher magnification shows grain coats of 
hematite or ferrihydrite; grain coats seem to predate compaction; Qtz= quartz, Ct= 
chert, PS= pore space, Musc= muscovite; Plg= plagioclase.  

 



 70 

S8 – Distal frontal lobe 

This sample is composed of siliceous and argillaceous very-fine sand (62.5-

125m; Folk, 1974) to fine silt (3.9-062.5m; Folk, 1974) or what is termed a coarse 

mudstone using the nomenclature of Lazar et al., (2015). Grains are texturally 

immature, evidenced by rugose edges of grains. Bedding is continuous planar (Lazar et 

al., 2015; Error! Reference source not found.), alternating between laminae of fine silt a

nd very fine sand with a silty and clayey matrix. Geometry of bedding contacts are 

slightly wavy but difficult to definitively determine in thin section. A high degree of 

mineral alignment, possibly indicative of fluid transport, is seen in this sample relative to 

other samples. 

Minerals present in this sample are labeled in Figure 5.8F. Detrital micaceous 

material composed of muscovite and biotite are found in high amounts in this sample, 

adding to the high degree of mineral alignment. Plagioclase is also present, 

distinguished by carlsbad twinning. Areas of dark brown are suspected to be authigenic 

chlorite which have replaced volcanic grains by degradation and compaction.  

 

Grain Eccentricity 

Eccentricity of minerals were measured using JMicrovision v1.25. Tracing around 

30 grains per thin-section along grain edges with a calibrated measurement tool was 

used to find the sphericity of the grain. This is calculated by using a length to width ratio 

- a perfect ellipse would be 0, with increasing numbers in this case representing 

elongated minerals. A comparison between eccentricity of minerals will be discussed 

below. 
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Figure 5.8: Thin section photo from S8 – the distal frontal lobe at Mohakatino Beach. 
Left-sided photos are plane polarized light and right-sided photos are cross polarized 
light. Orientation of sample is up from bottom to top of image. A and B) Grains at this 
scale are bimodal in size. C-F) Higher magnification photos show grain orientation (D), 
micaceous minerals attributing to grain alignment. Overall grain size is too fine to 
observe for grain coatings; Bte = biotite, Musc = muscovite, OM = organic Matter, Qtz = 
quatz, VRF = volcanic rock fragments 
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5.1.3 X-ray diffraction mineral identification 

The same five samples chosen for discussion in thin-section and SEM have been 

used for XRD for consistent sample analyses. XRD mineral identification is from packed 

powder mounts (red graphs), air-dried (AD) oriented 2m-sized fractions (green 

graphs), and ethylene glycol solvated (EG) oriented 2 m-sized fractions (blue graphs). 

XRD is used in this research to cross-reference mineralogy identification results from 

the Halo spectrometer and for SEM integration to deduce more robust interpretations of 

mineralogy. Zeolite identification via XRD is also a popular technique because zeolites 

are frequently present in the clay-sized fraction (Moore and Reynolds, 1989), therefore 

would be unobservable in thin-section. Indications of zeolite presence are sharp 

reflections in the clay mineral range, roughly below 12.0 2 (Treacy, 1986; Moore and 

Reynolds, 1989). 

 Below are a series of stacked XRD graphs for ease of comparison between 

various prepared samples with numbers annotated to its corresponding interpretation. 

Priority is given to clay mineral identification during XRD interpretation, followed by non-

clay mineral interpretation. Common occurrences of clay minerals and non-clay 

minerals found in all or almost all samples (identified in thin-section and XRD) are listed 

below. Minerals unique to a particular sample will be discussed separately. 

 

1) Comparing AD to EG prepared samples indicates smectite is present in the 

sample when there is a shift in peak along 2 and peak breadth. The glycol-

treated preparation gives a strong 001 reflection at ~5.22 (16.9Å), which in the 

air-dried condition, shifts to about 6 (15.0Å), seen in this graph.  
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2) Positive identification of chlorite is provided by peaks at 6.2 and 18.8 2. These 

are the chlorite 001 and 003 reflections. Peaks at 12.5 and 25.0 can be 

confused with either chlorite, kaolinite or a mixture of both and would therefore 

need further sample preparation and analysis. XRD patterns of chlorites show 

low intensities of d(001), d(003), and d(005) peaks relative to the d(002) and 

d(004) reflections for all samples that contain chlorite. This is an indication of a 

high Fe content (Moore and Reynolds, 1989) 

3) Illite is positively identified at ~8.7 2 (10.1Å) 001 and ~17.8 2 (5.0Å) 002. It 

is unaffected by EG therefore peaks appear at the same intensities in the AD 

versus the EG diffraction pattern.  

4) Quartz is particularly useful because it is the most common of the silica minerals 

in sedimentary rocks. It has peaks at 20.8 and 26.6 2,and can be used as an 

internal standard for accurate and precise measurements in d values (Moore 

and Reynolds, 1989).  

5) Muscovite is identified using Materials Data Jade 2010. Intense peaks are 

identified at 8.9 2 (10.0Å) and 17.6 2 (5.0Å). 

6) Plagioclase feldspar is identified using Materials Data Jade 2010. Two useful 

peaks in the plagioclase series not found in the alkali series are at 22.0 and 

24.9 2 but overall, feldspars are complicated because they have many 

reflections that interfere with many other peaks (Moore and Reynolds, 1989) 

 

The frontal lobe and both channel margin samples had a unique peak at ~7.6 

2, d 12Å. Jade 2010 identified the unique peaks as zeophyllite, which is known to be 
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a calcium aluminosilicate (Merlino, 1972), although only one peak was identified. Three 

peaks for the identification of a mineral is ideal to confidently determine mineralogy 

(Moore and Reynolds, 1989). Comparisons will be broken down between like 

architectural elements (channel margins) and between similar lithologies, discussed in 

the next chapter. 

 

5.2 Morphology and fabric of the clay minerals and clay-sized elements in the 

Mount Messenger Formation 

Clay fabric refers to the spatial distribution, orientations and particle-to-particle 

relationships (Bennett and Hulbert, 1986). This study heavily relies on the observations 

regarding detrital clay minerals because the scientific objective involves the 

hydrodynamic fractionation of varying clay types. SEM allows for three-dimensional 

views of clay morphology, thereby distinguishing between detrital versus diagenetic clay 

minerals, and textural variations between architectural elements. 

 Grain morphologies throughout all samples of rock chips showed no clear 

indication of grain alignment at the <5m scale. This character tends to be problematic 

when trying to investigate at the clay mineral scale (<2m) since one objective is to 

identify detrital grain alignment in clay minerals. Instead, clay minerals appear to be 

formed via diagenesis, evidenced by their grain morphology. This is evidenced by clay 

mineral growth, illite or smectite, around an authigenically formed mineral (Figure 5.14A,  

Figure 5.14C, Figure 5.15D). Another problem when looking for detrital clay minerals 

would be the disruption of original structure from bioturbation. Evidence of bioturbation  
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Figure 5.9: XRD diffraction pattern for the channel axis, S15. Main minerals present are smectite, illite, muscovite, quartz 
and plagioclase. 
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Figure 5.10: XRD diffraction pattern for the frontal lobe, S9. The frontal lobe is lacking or low in smectite, as indicated in 
the ethylene-glycol solvated diffraction pattern. Chlorite is also lacking or found in low amounts in this sample.
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Figure 5.11: XRD diffraction pattern for the distal channel margin, S16 -- Main minerals identified are smectite, chlorite, 
illite, quartz, muscovite and plagioclase. Anomalous minerals in this sample is zeophyllite. 
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Figure 5.12: XRD diffraction patterns for the proximal channel margin, S17 -- Main minerals identified are smectite, 
chlorite, illite, quartz, muscovite and plagioclase. The anomalous mineral identified is zeophyllite.  
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Figure 5.13: XRD diffraction pattern for the distal frontal lobe, S8 -- Main minerals identified are smectite, chlorite, illite, 
quartz, muscovite and plagioclase. The anomalous mineral identified is zeophyllite.
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is seen in outcrop and in thin-section, and may cause depositional grain relationships to 

not be preserved.  

When changing to the 100m scale, grain alignment could be seen in the 

channel margin (Figure 5.14B) and distal frontal lobe deposits (Figure 5.14F), primarily 

due to the high amounts of micaceous minerals in the sample. A higher degree of 

preferential alignment of clay minerals was expected when comparing between higher 

flow regime elements (channel axis, frontal lobe) and lower flow regime elements 

(channel margin, distal frontal lobe), but instead only larger, micaceous minerals 

followed this hypothesis. Floccules of clay minerals were also sought after in SEM, but 

differentiating between a detrital clay floccule and a diagenetically formed clay was 

difficult due to the fact that a detrital floccule could have been overprinted by diagenetic 

processes over time. 

Another use for SEM was to identify zeolites based on crystal morphology and 

electron dispersive spectroscopy (EDS) spectra. The Halo spectrometer data identified 

chabazite, a calcium hydrous aluminosilicate, to be the most abundant mineral in 

outcrops. During SEM investigation, euhedral grains similar to analcime was present in 

the frontal splay and channel margin. This is supported by electron dispersive 

spectroscopy, identifying Na as part its chemical makeup. XRD data indicates the 

presence of zeolite (zeophyllite) in the channel margin and distal frontal lobe, but 

showed no indication of analcime or those identified with the spectrometer (chabazite 

and gmelinite). 
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Figure 5.14: SEM images from all architectural elements. A) Frontal lobe (S9) - 
authigenic illite (or smectite forming) around an authigenic analcime mineral. B) 

Channel margin (17) – grain alignment from micaceous minerals. C) Channel axis (S15) 
– authigenic Illite or smectite forming around a mica grain. D) Distal frontal lobe (S8) – 

authigenic illite or smectite forming around a mica grain. E) Channel axis (S15) - 
euhedral grain suspected to be chabazite or some form of zeolite. F) Distal frontal lobe 

(S8) – grain alignment from micaceous minerals 
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5.3 Observations and interpretations regarding the micro-sedimentology and 

processes active in the Mount Messenger Formation 

Integrating XRD and thin-section analysis has helped determine the Mount 

Messenger Formation (MMF) mineralogy to be altered volcanic and sedimentary rocks 

characterized by quartz, sheet silicates (muscovite, biotite and chlorite) and feldspars. 

Clay minerals identified within the MMF are smectite, illite, chlorite and minor amounts 

of kaolinite.  

Table 5.2: A table displaying comparison elements, the sample number, lithology, and 
distance apart. Architectural element 1 is proximal in the system to architectural element 
2 

  Comparison Sample Lithology 
Distance 

apart 
Architectural 
Element 1 

Channel 
Axis S15 Medium-grained sandstone 

8km 
Architectural 
Element 2 

Proximal 
Frontal lobe S9 Medium-grained sandstone 

          
Architectural 
Element 1 

Channel 
Margin S16  Very fine-grained sandstones 

12km 
Architectural 
Element 2 

Channel 
Margin S17 medium-grained sandstone 

          
Architectural 
Element 1 

Channel 
Margin S16 Very fine-grained sandstones  

18 km 
Architectural 
Element 2 

Distal 
Frontal Lobe S8 Fine-sand to silty mudstone 

 

Comparisons of clay fraction amounts using intensity peaks of an architectural 

element relative to another architectural element are used for this study. Absolute 

comparisons of intensity peaks between architectural elements cannot be used since 

the amount of clay mineral fraction in each sample varies and is not consistent during 
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analyses. Comparisons are made based on similar interpreted architectural elements 

and like lithologies explained below: 

 

Channel axis (S15) vs. Frontal lobe (S9) 

Samples from the channel axis and proximal frontal lobe (Figure 5.2; Table 5.2) 

are interpreted to have been deposited by high-density turbidity currents. Thin-section 

show the channel axis deposit is texturally more immature than the proximal frontal lobe 

sediments. Grains are angular to sub-angular compared to the frontal lobe, which are 

more rounded likely due to further transport and increased grain-to-grain collision. The 

frontal lobe is lacking in clay minerals (Figure 5.7, Figure 5.10), which can serve as a 

protective coating during grain-to-grain collision and hereby preserving the angularity of 

grain edges.  

Mineralogical variations are significantly different in both samples. The proximal 

frontal lobe deposit is composed of quartz, plagioclase and small amounts of muscovite 

and biotite. In comparison, the channel axis deposit has a similar mineralogy, but with a 

much higher amount of micas, likely causing the prominent grain orientation in the 

channel axis samples. High eccentricity of grains in the channel axis sediments support 

this observation, as an average of 3.20 (standard deviation = 2.16) compared to an 

eccentricity of 2.92 (standard deviation =2.49) in the proximal frontal lobe. Figure 5.15 

displays a dominance of low eccentricity (high sphericity) in the histogram in both 

architectural elements.  

XRD analyses from the frontal lobe (Figure 5.10) showed minor clay mineral 

content compared to the other architectural elements, particularly lacking chlorite and 
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smectite. Winnowing or reworking of sediments in the proximal frontal lobe could have 

transported clay sized fractions more down-dip or to areas with lower hydraulic energy. 

Relative clay mineral abundances as indicated by intensity peaks, show very little 

chlorite in the frontal lobe when compared to the channel axis (Figure 5.9). 

 

Distal Channel margin (S16) vs. Proximal Channel margin (S17) 

S16 is a very fine-grained sandstone (deposited more proximal to source area) at 

Pukearuhue Beach (Figure 3.1), a channel margin at the base of the slope. S17 is a 

medium-grained sandstone sampled from Rapanui Stream (Figure 5.2) at the flanks of 

a shallowly developed lobe distributary channel, located further paleo-basinward from 

S16. Textural differences in thin-section show a finer grain size in S17 with a higher 

degree of grain alignment (eccentricity of 6.79 average (standard deviation = 9.84) 

relative to S16 (eccentricity of 5.29 average (standard deviation = 6.23)) (Figure 5.5; 

Figure 5.6). Dark, compacted organic-rich laminations add to the grain alignment in 

S17. Grain size and differences in degree of laminations between both samples are 

likely due to differences in transport distances and sediment transport capacity. The 

location of S16 is interpreted to be from the base-of-slope, transitioning from the 

channel mouth to the frontal lobe. The lack of confinement leads to flow collapse and 

sedimentation along the margins of the channel.  

The diffraction patterns from XRD suggest a higher amount of smectite in the 

proximal channel margin (Figure 5.12) compared to the distal channel margin (Figure 

5.11; using illite peak for comparison), but a slightly lower amount of chlorite (using illite 

peak for comparison). Illite amounts seem similar (using quartz peak for comparison).  
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Distal Channel margin (S16) vs. Distal frontal lobe (S8) 

Deposits from the distal channel margin and distal frontal lobe are both believed 

to have been deposited in a lower-flow regime; in areas of lateral expansion of the 

current. Textural characteristics observed in thin-section from both S16 and S8 are 

similar – they both are predominantly fine- to silt-sized grains with high degrees of grain 

alignment. Eccentricity values for the channel margin is an average of 6.79 (standard 

deviation = 9.84) and the distal frontal lobe is 11.78 (standard deviation – 27.36), the 

highest of all measured elements. This is likely due to the micaceous minerals, 

evidenced by counts of high eccentricity grains in Figure 5.15. 

Comparing XRD diffraction patterns for clay minerals seems to have similar clay 

mineral amounts between both distal channel margin (Figure 5.11) and distal lobe 

(Figure 5.13). 

5.3.1 Interpretation 

The hydrodynamic transport of minerals by turbidity currents from a submarine 

channel to the distal portions of the lobe have a distinct textural and mineral 

assemblage that is a function of the grain shape, size and density (Stokes, 1851; 

Beckett et al., 1997; Pyles et al., 2013; Stammer, 2014). This trend is observed for the 

Mount Messenger Formation when comparing the channel axis, channel margin, frontal 

splay of a lobe and distal portion of a lobe. Fractionation of minerals by high-density 

turbidity currents in the channel axis and frontal lobe resulted in deposition of rounder 

and larger grains such as quartz and plagioclase. A lack of clay minerals in the channel 

axis and frontal lobe were also noticed compared to the channel margin and distal 

frontal lobe. This is evidenced by smaller intensity peaks in chlorite and smectite. Finer 
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sized grain fractions are interpreted to have been winnowed out, with finer particles 

transported to distal portions of the system. 

 

 

 

Figure 5.15: Eccentricity of traced grains (n=30 per architectural element) of the channel 
axis, channel margin, frontal lobe and distal frontal lobe. Higher eccentric grains are 
deposits of lower-flow regimes -- the distal frontal lobe and channel margin. Most 
spherical grains (perfect circle e=0) originate from deposits of higher-flow regimes -- the 
channel axis and channel margin. The table below lists the average and standard 
deviation per architectural element.  
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The furthest transported grains carried are angular, high eccentricity, with lower 

settling velocity compared to rounder grains of the same shape and size. In the case of 

the Mount Messenger Formation, these grains are of micaceous aluminosilicates of 

biotite and muscovite, and potentially zeolites. These minerals have a higher potential 

for cation exchange reactions compared to the quartz-rich proximal deposits of the 

channel axis and frontal lobe. The Fe-rich chlorite identified in XRD could have derived 

from the reaction of ferromagnesian minerals (like biotite; De Ros et al., 1994), volcanic 

rock fragments (Surdam and Boles, 1979; Remy, 1994), or with alteration of feldspars 

(Morad and Aldahan, 1987) with Fe- and Mg-rich pore waters. Deposits that have been 

furthest transported (and therefore high amounts of micaceous minerals) are seen to 

have higher peak intensities, hereby increased clay content in chlorite and illite by >50% 

and >20% respectively.  
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CHAPTER 6 

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

6.1 Discussion  

Particle settling velocity is primarily controlled by grain size, grain density 

(Stokes, 1851; Ferguson and Church; 2004), and grain shape (Briggs et al., 1962; 

Barrett, 1980; Hallermerier, 1981; Dietrich, 1982; Winklemolen, 1982; Goldberry and 

Richardson, 1989; LeRoux, 2004; Ferguson and Church; 2004; LeRoux, 2005). This 

section will discuss how these controls relate to our deposits proximally to distally within 

the system, and discuss the difficulty of assessing detrital clay mineral content within 

this context. This chapter will also discuss the ambiguity of Halo spectrometer readings 

compared to mineral identification using traditional analytical methods such as thin-

section, SEM and XRD. 

6.1.1 Grain Size Distribution 

Segregation of grain sizes in turbidite lobes commonly decreases toward their 

lateral and distal margins (Bouma, 1964; Luthi, 1981; Pyles et al., 2013). This pattern 

generally results from lateral expansion of the current after it exits the confinements of a 

channel and enters the non-confined region of the lobe. This change in conditions leads 

to a spatial decrease in flow velocity and therefore decrease in shear stress and 

sediment transport capacity (Pyles et al., 2013; Stammer, 2014b).  

Samples from the Mount Messenger Formation turbidite deposits follow this grain 

size segregation trend, with grains deceasing in size in deposits from channelized to 

unconfined lateral and distal facies associations in the system. Experiments have 
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shown that adding a small amount of fine-grained sediment to a turbidity current 

increases flow velocity and run-out distance because the fines allow the current to 

maintain excess density over longer distances (Gladstone et al., 1998; Stammer, 2014).  

The clay-sized fraction (<2m) observed in outcrop sample, thin-section, SEM 

and XRD analyses might have facilitated transport of grains to the distal portions of the 

Mount Messenger system, but a secondary factor that may have assisted grain 

transport is the short distance from source-to-sink on the active margin. Fan sizes in this 

Mount Messenger of this region are at least 25 km long which is similar in scale to small 

submarine fans found along other tectonically active margins (e.g., Covault et al., 2007; 

Shumaker, 2016).  

Turbidity currents are also proven effective in fractionating minerals on the basis 

of grain shape, resulting in spatial variations in the composition and texture of their 

deposits (Pyles et al., 2013; Stammer, 2014). Pyles (2013) and Stammer (2014) 

observed that angular grains are necessary in maintaining excess density of the current, 

which sustains velocities and increases run out distance.  Such high amounts of 

micaceous minerals provide the angularity needed for further transport. High amounts of 

micas are observed in the channel margins and distal frontal lobe deposits from the 

Mount Messenger. These minerals show the highest eccentricity of all the studied 

samples for turbidity current deposits.   

The high amounts of micaceous minerals in deposits can have diagenetic 

implications. For example, the smectite to illite reaction requires potassium, which 

implies an outside source for this element insufficiently present in smectite (Bjorlykke, 

1998; Meunier, 2005). This potassium can either be derived from the dissolution of 
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detrital minerals such as micas (biotite, muscovite) and potassium feldspars, or from 

brines (Nadeau et al., 1985; Awwiller, 1993; Hill and Milburn, 2003; Meunier, 2005). 

When looking at MMF samples using the SEM, it was concluded that the majority 

of the clay minerals deposited were authigenic in origin. This poses a problem because 

one of the original scientific objectives of this research was to observe if detrital clay 

minerals were uniquely distributed in the MMF architectural elements due to physical 

processes of primary sediment transport.  Unfortunately, in the MMF, the majority of 

clay minerals were found to be growing on the surfaces of larger grains and therefore 

were likely not detrital in nature.  

6.1.2 Spectrometer reliability 

The Mount Messenger Formation interfingers with the Mohakatino Formation, a 

volcanic arc to the north. Volcanic glass is seen within deposits of the MMF, and is an 

element that is susceptible to high reactivity in the presence of fluids (Surdam and 

Boles, 1979; White and Houghton, 2006; Berger et al., 2009). It has the propensity to 

disappear during burial (Meunier, 2005). Zeolites are also a common mineral found 

amongst volcaniclastic sedimentary deposits. They are commonly observed with 

alkaline feldspars (albite, adularia) and illite/smectite layers (Ming and Boettinger, 2001; 

Meunier, 2005; Hartman and Fogler, 2007).  

The Halo spectrometer identified two types of zeolites; chabazite and gmelinite, 

both which come in various forms of calcium, sodium and potassium – calcium by far 

the most common. XRD patterns identified zeophyllite and ajoite, but did not match 

spectrometer readings of chabazite and gmelinite. Zeophyllite is a calcium bearing 

aluminosilicate, similar to chabazite which may have been mistaken in the spectral 
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absorption patterns from the Halo spectrometer. This brings in to question the accuracy 

of remote spectrometry, especially since the presence of chabazite and gmelinite were 

dominant in its readings. Caution must be taken since there are limitations in these 

portable spectrometry tool capabilities. Often times, minerals identified using 

spectroscopy (based on crystal structure) have a mixed-layer structure or a solid-

solution which would produce a wide range of spectra. Since the spectrometer is 

dependent on a spectral library of mineral crystal structure, the library must contain a 

robust coverage of all end member possibilities. 

Since we have not identified any minerals that match the spectrometer in XRD, 

we are not confident that the spectrometer should be used as an indication for clay 

mineralogy 

6.1.3 Petroleum system implications 

Understanding porosity and permeability are vital to the success of a reservoir's 

development. Likewise ability to predict these variables figure strongly in to accurate 

calculations of reservoir rock volume in both exploration and development phases of a 

basin's development. Due to grain packing, a rock composed of well-rounded, well-

sorted grains possesses higher primary porosity and permeability than a rock with 

poorly-sorted, angular grains(Paxton et al., 2002; Worden and Morad, 2003; Dutton and 

Loucks, 2010). Using flow processes (i.e., suspensional, tractional, confined or 

unconfined) in gravity-fed systems to understand spatial distribution of minerals can 

prove insightful for textural and compositional prediction within a deposit, and 

subsequently can lead to pre-drill refinement of knowledge of the reservoir. 
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6.2 Conclusions 

1) Turbidity currents of the Mount Messenger Formation hydrodynamically 

segregate sediments based upon the high- or low-density nature of the 

current, which leads to differences in grain shape and grain size in these 

different deposits. This process has implications for clay mineral amounts and 

altered clay mineral types.  High density turbidity currents are noted to deposit 

high amounts of quartz and plagioclase and have been noted to have less 

amounts of clay i.e. in the frontal splay. Low-density turbidity currents have 

the propensity to deposit micaceous minerals of biotite and muscovite which 

are also smaller in grain size compared to those of high-density deposits. The 

higher amounts of micaceous minerals as provide the necessary cations for 

clay mineral formation of chlorite and illite, seen in the MMF deposits. 

 

2) Clay mineral segregation was difficult to observe due to the highly chemically 

reactive nature of the MMF volcaniclastic constituents. SEM examination of 

growth patterns in sample pore spaces indicate that the clay minerals in the 

MMF are dominantly authigenic in origin.  

 

3) Using spectroscopy as an additional analytical method would ideally benefit 

those needing rapid mineral identification. However, our results have shown 

that remote spectroscopy is unable to identify the minerals that were identified 

as present using XRD analysis of hand-sized outcrop samples.   
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6.3 Recommendations 

In future works when looking at clay mineral distribution, precursor mineralogy 

should be taken into consideration. Highly chemically reactive volcaniclastic material 

pose a challenge when wanting to study detrital grain composition in rocks. Additionally, 

using the spectrometer tool in tandem with traditional XRD analyses might be useful 

when an understanding of on-site general mineralogy is necessary. However, one must 

be cautious as the tool does not have the resolution to determine elemental 

percentages in solid-solution minerals. 
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APPENDIX A 

HAND SAMPLE IMAGES 

Figure 5.16: Hand sample of S15 from A) side view, red box indicating where thin 
section was created, B) top view, red arrow indicating towards outcrop.  
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Figure 5.17: Hand sample of sample S16 from Pukearuhue Beach. Black arrows 
indicate direction towards outcrop. A) side view, red box representing thin section 
location. Condrities burrows are faintly visible. Contact represented by dotted white line. 
B) Top view, arrow indicating toward outcrop. C) Side view, black arrow indicating way
up.
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Figure 5.18: Hand sample of S17 from Rapanui Stream. A) Side view, red box indicating 
thin section location. B) Side view, black arrow indicating way up. C) Top view. 


