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Abstract 

 

The Hindon Maar Complex, located near Hindon, 25 km NW of Dunedin, consists 

of four volcanic craters infilled by lake sediments and mass flow deposits. The 

maars form part of the Waipiata volcanic group, which was active from 25–9 Ma. 

Drilling of Maar 1, Maar 3 and a sediment-filled depression between the inferred 

locations of Maar 2 and Maar 3 revealed up to 10 m of laminated biogenic lake 

sediments underlain by siliciclastic mass flow deposits. This project describes the 

siliciclastic deposits from these drill-cores and from limited outcrops of Maar 2. 

Physical properties, stratigraphic logs, X-ray fluorescence spectrometry, Also XRD, 

SEM and optical petrography are used to create a facies analysis and infer the 

processes of initial sedimentation into the maar craters following the maar-forming 

eruptions.  

A total of 10 facies are identified within the Hindon Maar complex. Facies 1–6 

show the progression of crater wall stabilisation from rockfalls which occurred 

weeks to years after the initial eruption to the formation of organic rich lake-

sediment units which would have been deposited hundreds of years post eruption. 

Facies 1–6 have a high proportion of mica, quartz and schist grains, indicating 

extensive incorporation of the country rock. Nonconsolidated mottles are found 

throughout facies 2–5 and are interpreted as the remnants of weathered pyroclastic 

materials which were sourced from failures in the upper crater walls or tephra ring.  

Facies 1 is a laminated carbonaceous lake sediment consisting almost entirely of 

organic matter. Facies 2 is a nonconsolidated laminated silty clay formed by debris 

flows. Facies 3 is a consolidated silty fine sand with discrete gravel lenses and 5% 

mottles formed as a result of mass flows. Facies 4 is a fine gravel breccia comprising 

up to 35% mottles, which is formed by mass flows originating in the upper crater 

or tephra ring. Facies 5 is a poorly consolidated fine gravel breccia which formed 

as a result of turbidity currents. Facies 6 is loose schist and quartz grains of fine 

gravel to medium pebble size, formed by rockfalls into the early lake.  

Facies 7 is a silty clay which is geochemically and mineralogically different to all 

other facies. Facies 7 exhibits convoluted bedding and is an example of a slump 

deposit occurring locally in Maar 3. Due to its significant differences to all other 

facies, it is assumed to have had a different parent material. 
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Facies 8–10 are found in the area of a major gravity anomaly associated with Maar 

3. These deposits are composed of silt and clay sized particles and have elevated 

Fe. They have high magnetic susceptibility and density and are interpreted as 

weathered pyroclastic material of the tephra ring. 

The infilling of Maar 1 occurred initially as a series of coarse-grained mass flows 

into the crater (Facies 6 and Facies 5). Once the crater wall began to stabilise and 

the occurrence of rockfalls decreased, Facies 4 was deposited, resulting from high 

crater wall collapse. This was followed by furthered, small cater wall collapse of 

Facies 3. Facies 2 was later deposited once crater wall failures halted, and resulted 

from the erosion, rather than the collapse, of the crater wall. Once the crater wall 

was fully vegetated, Facies 1 began to accumulate, forming thick organic rich 

deposits, indicating the maar lake was stratified and had an anoxic bottom layer. 

The infilling of Maar 3 followed the same pattern. However, there is a significant 

lateral offset between some units of the same facies, which may indicate more 

complex processes, such as faulting. The exact history of Maar 3 cannot be 

determined with the information acquired. 
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1 Chapter 1 

Introduction  

1.1 Background 

Maars are the second most common type of volcano found on land (Lorenz, 2007; 

White & Ross, 2011). A maar forms as a result of the interaction between water and 

magma below ground level, resulting in a steep sided depression underneath the 

pre-eruptive surface (Lorenz, 1973; Ross et al., 2017). Maars are generally found 

in monogenetic fields and can accompany other volcanic types, such as on the 

flanks of composite cones (Coombs et al., 2008; White & Ross, 2011). Evidence of 

maar eruptions can be found throughout New Zealand, as they are common within 

active and extinct volcanic fields (Németh & White, 2003; Cassidy et al., 2007). 

Very few maar eruptions have been witnessed in recorded history, therefore what 

is known about the eruption process and post eruption depositions is largely limited 

to field observations and laboratory experiments (Pirrung et al., 2008; Macorps et 

al., 2016). During the eruption phase, maars typically produce low angle tephra 

rings and once dormant, the crater fills with water (Lorenz, 1973; White & Ross, 

2011). Lakes are infilled with post-eruptive material, mass flows, and, later, 

biogenic sediment (Pirrung et al., 2003; Lehndorff et al., 2015).  

Research conducted into maars generally focuses on either:  the eruption, including 

the eruption style, eruptive deposits and formation; the underlying diatreme; or the 

accumulation of varved sediments (Pirrung et al., 2008; White & Ross, 2011; 

Kurszlaukis & Fulop, 2013). Very little research has been conducted into the post-

eruptive coarse-grained clastic sediments which accumulate in maars in the first 

few decades to centuries after eruption (Pirrung et al., 2008; Kaulfuss, 2017).  

A handful of papers have researched the clastic accumulation of sediments in maar 

lakes, with only one conducted in New Zealand (Pirrung et al., 2003; Pirrung et al., 

2008; Kaulfuss, 2017). Research into the area of maar sedimentation provides 

insight into the early infilling stage of the maar. It can also be used to determine 

some climate and environmental conditions, such as earthquakes and storm 

conditions, within the maar lake which would have otherwise been overlooked 

(Pirrung et al., 2008; Chassiot et al., 2016). 
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Early sedimentation in maars follows a general pattern of coarse grains transitioning 

into finer grains (Pirrung et al., 2008; Kaulfuss, 2017). The first deposits generally 

form breccias, because of debris flows and rock falls (Pirrung et al., 2008). This is 

often followed by a series of mass flows producing turbidites and densites (Pirrung 

et al., 2003). As the succession of sediments is consistent throughout previously 

studied maars, estimations of the age of the sediment in relation to a particular 

eruption can be made (Pirrung et al., 2003; Kaulfuss, 2017). Additional study into 

early maar sedimentation will confirm deposit successions and further the 

understanding of the eruption style and varved sediment accumulation (Pirrung et 

al., 2008). 

1.2 Aims 

The overarching aim of this study is to interpret sedimentation processes of early 

siliciclastic sediment accumulation of three maars within the Hindon Maar complex. 

Assessments will be made using five drill cores from Maars 1 and 3 and limited 

outcrop exposures of Maar 2. Analysis will be conducted with various 

methodologies, including visual assessment, grain size analysis, X-ray fluorescence 

spectrometry, scanning electric microscopy, optical petrography, XRD and Geotek 

analysis. These methods will be used to complete the following objectives: 

• determine physical, sedimentological and geochemical properties of the 

sediments  

• produce stratigraphic logs of cored sediments from Maars 1 and 3 

• construct facies analysis for Maars 2 and 3  

• determine initial sedimentation processes within Maars 1 and 3 

• construct a model of maar evolution for Maars 2 and 3. 

1.3 Thesis Layout 

Chapter 2 of this thesis is a literature review. This covers the geological history of 

New Zealand with special reference to Otago, maar formation, and early sediments 

found within maars. Maar formation covers physical and structural features of 

maars, eruption mechanisms and eruptive deposits. The early sediments found 

within maars section, covers typical sediments and examines three case studies to 

establish the flow characteristics and deposit types found within maars.  

Chapter 3 comprises the methods used within this thesis and background to these 

methods. 
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Chapter 4 contains the field and laboratory results obtained from the Hindon Maar 

complex. These include stratigraphic logs, petrographic analysis, scanning electric 

microscope images, X-ray diffraction analyses (XRD), portable X-ray fluorescence 

measurements (pXRF), a geomorphic map, grain size and Geotek analysis. Results 

are presented independently for each method and for each core. 

Chapter 5 constructs a facies analysis based on the results, leading into the 

interpretation of the facies. From this analysis, depositional processes and deposit 

type are inferred. 

Chapter 6 presents the evolution of the Hindon Maar complex, starting with 

eruption processes inferred from literature. This is follow by the evolution of Maar 

1 and 3, supplemented with a proposed model for deposition. Finally, Chapter 6 

presents minor interpretations for Maar 2 based on data acquired from this maar.  

Lastly, Chapter 7 summarises all the findings from the Hindon Maar complex. 

1.4 Site Location 

The Hindon Maar Complex comprises four maars located in Hindon, near Dunedin, 

New Zealand (Figure 1 to Figure 4). The complex occupies an area of 16 km² and 

is located in a farmland setting. The greatest distance between maars is 3.6 km 

(between Maar 3 and Maar 4).  Gravity anomaly previously used to identify the 

Hindon Maar complex shows estimated maar locations based on the gravity 

anomaly map produced by Glass Earth (2009) (and represented by Elliott (2015)) 

which was initially used to identify the locations, shape, and size of the four maars 

2.8 Prior Research Conducted on the Hindon Maars). Maar 1 is slightly elliptical, 

Maar 2 and Maar 3 are close to one another, and Maar 4, located to the north-east, 

is outside the scope of this study. 
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Figure 1: Shows the location of the Hindon Maar complex shown in a white square 

and its relation to the location of Dunedin in yellow. The white square approximates 

the size of the map in Figure 1 

 

Figure 2: Shows the location of the four maars inferred by the gravity anomaly. 

Map also includes locations of the drill holes and exposed outcrops analysed within 

this thesis. 

N 
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Figure 3: Shows the aeromagnetic survey of Otago, South East Area Survey. The 

Hindon Maar complex is circled and identified as an area of high magnetic intensity 

(Bowie, 2015). 

 

Figure 4: Close-up of the gravity anomaly used to identify the Hindon Maar 

complex (Bowie, 2015). 
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2 Chapter 2 

Literature Review 

This chapter coverers predominantly peer reviewed literature encompassing the 

topics of this thesis. The literature review is an overview of maar diatremes and 

early sedimentation processes within them, along with the geological history of the 

region. Special emphasis is given to maars and their formation, the sedimentation 

within maars using three case studies, the weathering of pyroclastic material, and 

previous studies conducted in the Hindon Maar Complex. 

2.1 Geological Setting 

New Zealand is the result of pre-Cenozoic allochthonous terranes which merged 

with the Gondwanan supercontinent (Figure 5; Scott, 2013). The terranes have been 

divided into the western and eastern provinces, which are separated by a long-lived 

subduction related batholith (Dalton et al., 2017; Okaya et al., 2013; van der Meer 

et al., 2016). During the Jurassic, as a result of subduction along the margin of 

Gondwana, Permian to Triassic sand and mudstones forming the Torlesse and 

Caples terranes collided with one another resulting in metamorphosis and gradual 

uplift (Forster & Lister, 2003; Glassey et al., 2003). This formed the basement rocks 

of much of the South Island as part of the Haast Schist group, comprised of the 

Otago Schist and the Alpine Schist (Coombs et al., 2008; Jugum et al., 2013). 

Through the Jurassic, gradual uplift occurred, exposing the Otago Schist by the 

mid-Cretaceous (Glassey et al., 2003; Jugum et al., 2013). The Otago schist forms 

a belt, predominantly green schist, extending from Dunedin to 300 km north-west 

towards where it merges with the Alpine schist (Adams & Graham, 1997; Mortimer, 

2000).  

Approximately 110 Ma, subduction along the Zealandia and Gondwana margin 

ended (van der Meer et al., 2016). Following this, extension occurred and by 84 Ma 

oceanic crust began to form between Zealandia and Australia, forming the Tasman 

Sea; as well as the Southern Ocean between Zealandia and Antarctica, over the 

period 83–79 Ma (Dalton et al., 2017; Larter et al., 2002; van der Meer et al., 2016; 
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Wright et al., 2016). The extension resulted in crustal thinning; and in the Dunedin 

region continental crust is <30 km thick (Németh & White, 2003b).  

 

Figure 5: Series of paleogeographic maps showing the initial formation of New 

Zealand. At 150 Ma, Zealandia was forming along the coast of Gondwana. Rifting at 

80 Ma resulted in the divergence of the Zealandian continent from Gondwana. At 40 

Ma, rifting occurred south of Zealandia and at 20 Ma the Alpine Fault began to 

propagate throughout the proto-South Island (Scott, 2013). 

During the late Cretaceous, non-marine fluvial sedimentary rocks were deposited 

over the wider Dunedin region (Glassey et al., 2003). This was followed by 

interbedded clay, silt, sand stone with conglomerates, and coal seams of the Taratu 

Formation (Glassey et al., 2003). Marine transgression began around 70 Ma, during 

the late Cretaceous, resulting in the accumulation of marine deposits of mud and 

fine sandstone (Abbotsford Formation), poorly indurated fine to medium sandstone 

(Green Island Sand), massive calcareous mudstone (Burnside Mudstone) and 

massive calcareous fine sandstone (Caversham Sandstone) (Glassey et al., 2003). 

Marine transgression in the area reached its maximum during the Oligocene, which 



 

8 

is consistent for the greater New Zealand area (Carter, 1988; Németh & White, 

2003a). Uplift occurred because of the initiation of the Australian-Pacific plate 

boundary through New Zealand (Németh & White, 2003a). Because of the uplift, 

northeast-trending and northwest-trending faults and reverse faults began to form 

(Glassey et al., 2003). Extensive erosion occurred, resulting in the removal of much 

of the overlying sediments and exposing the Otago Schist. This formed the 

Waipounamu erosional surface (Landis et al., 2008; Glassey et al., 2003).  

Sedimentary cover sequences had been eroded due to regional uplift. The 

Waipounamu erosion surface formed a wave cut disconformity with the Haast 

Schist Group (Landis et al., 2008). 

2.2 Regional Volcanism 

During the Cenozoic, diverse intraplate volcanism occurred both temporally and 

spatially throughout the South Island (Hoernle et al., 2006). Cenozoic volcanism 

has been attributed extensively in the literature to continental rifting during the Mid-

Cretaceous, or to a mantle hotspot (Adams, 1981; Sprung et al., 2007; Wellman, 

1983). However, it has been argued that due to the irregular distribution, lack of age 

progression in relation to plate movements, and the temporal and geochemical 

variations found within Cenozoic volcanism, the volcanism may be due to 

lithosphere detachment (Hoernle et al., 2006; Timm et al., 2010). 

The earliest volcanism recorded in the North Otago has been dated to the 

Palaeocene, which produced intraplate alkaline volcanism expressed in both on- 

and off-shore drill cores as a basaltic tuff (Moorhouse et al., 2015; Németh & White, 

2003b). Emergent and submarine volcanoes were formed during the late Eocene to 

the early Oligocene and produced submarine lavas and tephra deposits (Coombs et 

al., 1986; Moorhouse et al., 2015; Németh & White, 2003b). Volcanism first 

occurred on land in the South Island at Oamaru around 40 Ma with the Waiareka-

Deborah Volcanics (Coombs et al., 1986). Volcanism migrated southward towards 

the Dunedin area, resulting in the Dunedin Volcanic Group which is comprised of 

the Alpine Dyke Swarm (ADS), the Dunedin Volcanic Complex and the Waipiata 

Volcanic Field (WVF) (Coombs et al., 1986; Németh & White, 2003b). The 

Dunedin Volcanic Group covers an area of approximately 10,000 km², producing 

predominantly alkaline basalts (Coombs et al., 2008; Dalton et al., 2017).  The 

overall geochemistry is heterogeneous and similar to Ocean Island basalts (Coombs 

et al., 2008; Dalton et al., 2017; Hoernle et al., 2006).  
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The ADS is located in northwest Otago and extends towards the Alpine Fault. It 

has produced lamprophyric dykes and diatreme swarms with a similar geochemistry 

and age (c. 22.9–31.9 Ma) to the Waipiata Volcanic Field (Coombs et al., 2008; 

Cooper et al., 1987).  

The WVF erupted from 25 to 11 Ma (Figure 6) (Hoernle et al., 2006). The 

southernmost expression of the WVF is the Kaitangata coalfield, which extends 

northwards to Haughton Hill in Maniototo (Coombs et al., 2008). The WVF 

comprises at least 55 monogenetic volcanoes over an area of 5000 km² (Németh & 

White, 2003b).  At least 38 scoria cones have been identified within the volcanic 

field, along with tuff rings and maars (concentrated near the centre of the volcanic 

field) and vent complexes such as nested maars and nested tuff rings (located on 

the north-western margin of the volcanic field) (Németh & White, 2003b). There is 

evidence that at least three volcanic edifices are polygenetic: Siberia Hill, Burns 

Point and Omimi (Coombs et al., 2008). The WVF initially produced 

phreatomagmatic eruptions, followed by Stromboli-styled eruptions, producing 

scoria cones, tuff ring maars, fissure vents and lava flows (Németh & White, 2003a). 

The total eruptive volume of the WVF is estimated to be between 9 and 40 km³ 

(Németh & White, 2003a).  The Hindon Maar complex is part of the WVF (Möller 

et al., 2017). Pollen analysis conducted in Maar 1 of the Hindon Maar Complex 

indicates that the maar formed during the early Miocene, which is consistent with 

other eruptions of the WVF (Kaulfuss & Moulds, 2015). Furthermore, boulders on 

top of Maar 3 have been Ar-Ar dated to 14.603 ± 0.093 Ma (Lee, 2016). However, 

limited research has been conducted on the Hindon Maar complex and so the age is 

not well constrained. 

Following the formation of the WVF, the Dunedin Volcanic Group became active 

from 16 to 10 Ma (Hoernle et al., 2006; Reichgelt et al., 2016). The Dunedin 

volcano forms a shield and has a complex eruption history (Coombs et al., 2008). 

The overall eruptive volume of the Dunedin Volcanic Group is greater than the 

entire eruptive volume of the WVF (Coombs et al., 2008). 
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Figure 6: The Waipata Volcanic Field with the Dunedin Volcano circled in red 

(Nemeth & White, 2009). 

2.3 Review of Maars 

Maars are the second most common volcanic landform found on the Earth’s surface 

and are generally found within monogenetic fields (Lorenz, 2003; Németh, 2010; 

Ross et al., 2017). Maars can also be found in relation to polygenetic volcanism, 

often on the foot plains of strata volcanoes, shield volcanoes and calderas (Boris et 

al., 2015; Lorenz, 2003; Németh & Kereszturi, 2015; Ross et al., 2017). 

Monogenetic fields are generally basaltic and volcanoes within them have an 

eruption period typically less than one year (Kurszlaukis & Fulop, 2013; Németh 

& Kereszturi, 2015). Monogenetic fields can be active for millions of years, 
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although the dense rock equivalent of individual volcanoes is only 1 to 2 times that 

of an average polygenetic volcano (Németh, 2010). However, the overall dense 

rock equivalent of a monogenetic field is similar to that of a composite cone 

(Németh, 2010).  

Originally, the term ‘maar’ was loosely defined; an argument made for a rigid 

definition which included characteristics of maars such as diameter, shape and size 

was not made until 1967 (Ollier, 1967). More recently, the use of the term has been 

better defined. This has mostly arisen because kimberlite maars have traditionally 

been described using different terminology to other maars (White & Ross, 2011). 

More importantly, unlike other volcanic landforms, maars are not limited to a 

specific magma type or tectonic setting (Lorenz, 2007; Ross et al., 2017). Therefore, 

the definition of the term maar is related to the eruption process and volcanic 

landform produced  (Lorenz, 2003). The most popular definition comes from 

Lorenz (1973) and is used often in literature (White & Ross, 2011).  

“A large volcanic crater cut into country rock below general 

ground and possessing a low rim composed of pyroclastic debris 

(tuff or lapilli-tuff). Approximately 100 to 200 m wide; approx. 

several 10 to more than 200 m deep; height of rim above ground 

may reach a few metres to nearly 100 m.” Lorenz (1973). 

Within monogenetic fields, maars can be found to be ‘polycyclic monogenetic’ or 

‘polymagmatic polycyclic monogenetic’ and vary slightly from typical 

monogenetic volcanoes (Boris et al., 2015; Németh et al., 2010). Polycyclic 

monogenetic volcanoes are volcanic edifices in which vents are nested or occur 

alongside one another with the distance between vents no greater than half the width 

of one individual volcanic edifice (Németh et al., 2010). Polymagmatic polycyclic 

monogenetic volcanoes differ from polycyclic monogenetic volcanoes only in that 

the edifices vary chemically from one another (Németh et al., 2010). An example 

of polycyclic volcanism can be found at Bandoro Volcano, of the Bakony–Balaton 

Highland Volcanic Field in Hungary, where a polycyclic monogenetic  volcano has 

been identified as having multiple eruption episodes (Kereszturi et al., 2010). 

Another example of a polycyclic monogenetic volcano is the Barombi Mbo Maar, 

Cameroon. Here, the third eruptive episode occurred approximately 100,000 years 

after the second eruptive episode. The third eruptive episode was the result of a new 

feeder dike and new diatreme (Boris et al., 2015).  
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Coalescence of multiple maars can also occur. For example, Lake Purrumbete in 

south-eastern Australia is an example of multiple shallow craters forming a 3 km 

maar structure as a result of coalescence (Jordan et al., 2013). During the eruption 

the active vents migrated, and reactivation of early vents occurred during the later 

stage of the eruption (Jordan et al., 2013).  

In recent years, the popularity of maars in research has increased due to two main 

factors: the exploration of kimberlite diatremes in Canada, and the use of varved 

lake sediments often found in maars for the reconstruction of paleoclimates 

(Kaulfuss, 2017; Kjarsgaard et al., 2006; Kurszlaukis & Fulop, 2013; White & Ross, 

2011). As a result, much of the research has focused on these two factors, with 

much less research into sedimentation processes within maar craters (Pirrung et al., 

2008). 

2.4 Formation of Maar Diatremes 

The driving force for the formation of maars is the interaction of magma with 

groundwater (Lorenz, 1986; Valentine et al., 2011; White & Ross, 2011). During a 

maar-forming eruption, as magma ascends through the country rock it encounters a 

groundwater source (Németh & Kereszturi, 2015). This interaction with water 

results in the rapid expansion of the water and fragmentation of the magma, 

resulting in a phreatomagmatic eruption (Kurszlaukis & Fulop, 2013; Lorenz, 2003). 

Water expands by 160%, resulting in a violent eruption consisting of ash, country 

rock fragments, steam, and water (Wang & Yang, 2014). The resultant eruption 

sends shockwaves through country rock, resulting in fragmentation (Lorenz, 2003; 

Ross et al., 2013). The landforms created by the eruption are governed by the 

amount of groundwater, with excess water deepening the conduit and limited water 

potentially forming a scoria cone or lava lake (Boris et al., 2015; Lorenz, 1985). 

Groundwater availability varies depending on whether the country rock substrate is 

a hard-rock or a soft rock and the height of the water table  (Figure 7) (Lorenz, 

2003).  
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Figure 7: Diagram of the formation of the Standing Rock West diatreme. A) the dyke 

rises upward by hydraulic fracturing. B) the dyke interacts with groundwater, 

resulting in an explosion; C) explosion continues near surface and widens crater; D) 

un-bedded diatreme deposits begin to accumulate; E to G) eruption becomes more 

confined, debris streams begin to propagate, mixing diatreme deposits.(Lefebvre et 

al., 2013) 

2.4.1 The Lorenz Model  

The Lorenz model describes the interaction between ascending magma and 

groundwater in relation to the formation of maars. Within hard-rock environments, 

water availability is governed by hydraulically active faults and joints, and therefore 

also controlled by the orientation of the zones of weakness. Furthermore, maars 

found within these environments generally occur at valley floors; an example of 

this is Eifel Volcanic Field, Germany (Lorenz, 2003; Macorps et al., 2016). Maars 

found within soft substrates generally have a greater abundance of water available 

(Lorenz, 2003).   

Due to the lithostatic pressure of above ground strata, water can only flash to steam, 

and thus explosively interact with magma, at 20 to 30 bar (Figure 8) (Lorenz, 1986). 

This is generally at a depth of 200 to 300 m. However, kimberlite diatremes have 

been found at depths up to 2,500 m, greatly exceeding this pressure range (Boris et 

al., 2015; Lorenz, 2003). The location at which the 20 to 30 bar pressure range 

occurs migrates downwards as the eruption proceeds (Lorenz, 2003; Lorenz et al., 
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2017). The first explosive interaction between water and magma will occur at the 

highest possible point (Lorenz, 2003). The eruption will continue until the water 

can no longer replenish (Lorenz, 1986). By then, the pressure has been released 

enough that the 20 to 30 bar pressure range will now be below the first eruption 

(Lorenz, 2003). If there is water to explosively interact with the magma then it will 

do so deeper in the earth’s surface (Lorenz, 2003). This process will continue until 

the water source has been fully extinguished, at which point there may be a 

transition into a different volcanic landform, such as a scoria cone. Alternatively, 

the eruption may stop.  

One criticism of the Lorenz model is that it does not adequately account for the 

irregular distribution of lithics within ejecta rings (Valentine & White, 2012)(Boris 

et al., 2015). Furthermore, this model fails to account for the volumetric differences 

that have been observed in different eruptions between crater size, ejecta rings and 

diatreme deposits, or the relationship between crater size and thickness of tephra 

deposited (Boris et al., 2015).   

 

Figure 8: Diagram showing the growth of a maar diatreme using the Lorenz model. 

During the eruption, shockwaves fragment the country rock forming an explosion 

chamber, propagate downwards, increasing the size of both the maar crater and the 

diatreme (Lorenz, 2003). 

2.4.2 Valentine & White model 

A revision to the Lorenz model was made by Valentine and White in 2012.  It differs 

from the Lorenz model in arguing that explosions, due to the interaction of magma 
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and groundwater, can occur at any depth below the critical pressure of water, and 

therefore the explosions occurring during the eruption may not necessarily 

propagate downwards in the fashion described in the Lorenz model (Figure 

9)(Valentine & White, 2012).  

The initial explosion damages the country rock, which can sometimes result in 

small craters (Valentine & White, 2012). At this point a proto-diatreme begins to 

form, consisting of breccia and peperite adjacent to the feeder dike. Following this, 

magma feeds into the proto-diatreme, with explosions continuing at any depth 

(Valentine & White, 2012). This model states that diatremes will grow wider at the 

top more quickly because the interaction of magma with water is more effective at 

lower hydrostatic pressures, and because rock strength increases with increasing 

lithostatic pressure. Furthermore, the closer the explosion is to the ground surface, 

the more the diatreme and crater walls will fail, propagating the crater (Valentine 

& White, 2012). Intra-diatreme dykes provide thermal energy for the eruption and 

follow irregular paths as opposed to vertical paths. However, as they extend 

upwards, the dykes favour upward widening of the diatreme. This model has been 

supported by experiments and field observations (Valentine & White, 2012). After 

the eruption, diatreme deposits are generally nonconsolidated and saturated. This is 

important because this model describes only two mechanisms in which country rock 

breccia can occur. The first is that explosions occurring within the diatreme result 

in jets of debris propagating upwards, mixing country rock with the diatreme. The 

second mechanism occurs when the diatreme walls fail further, mixing the country 

rock with diatreme deposits. This failure can result in the temporary liquification of 

diatreme fill, in which large country rock clasts can form floating reefs. These 

processes result in a mixing of diatreme fill (Valentine & White, 2012).  

The revised model argues that the deepening of the maar crater due to loss of 

pressure at greater depths is not a necessary condition, as it is believed that the water 

table surrounding the diatreme remains relatively constant due to the permeability 

limitations of the substrate, preventing rapid drainage (Valentine & White, 2012). 

It is also believed that the diatreme remains heterogeneous and water saturated. It 

is argued that this allows for water recycling, allowing for the formation of peperite. 

The revised model hypothesises that the occurrence of scoria cones or other 

magmatic volcanic landforms or deposits are a result of transitions between 

magmatic and phreatomagmatic activity, and are a result of variations of magma 
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flux or water distribution (Valentine & White, 2012). These transitions may also 

show different eruptive processes from different vents within the maar.  

The Valentine and White model proposes that magma fluxes can result in ascending 

magma having little to no interaction with the diatreme or having dikes underneath 

the eruptive surface (Valentine & White, 2012).  

 

Figure 9: Valentine and White’s revised model for maar diatreme growth, showing 

explosive molten fuel coolant interaction (MFCI) taking place at multiple depths 

resulting in the brecciation of country rock. Multiple MFCIs result in the formation 

of the maar and diatreme. 

2.5 The maar as a volcanic landform 

Most maar craters are approximately circular in shape, although this can be affected 

by aspects of the environment such as the country rock  (Begét et al., 1996; Németh, 

2010; Valentine et al., 2011).  Maar craters range in diameter from 80 m to  greater 

than 3 km, although they are generally 100 to 1500 m wide (Jordan et al., 2013; 

Lorenz et al., 2017; Pirrung et al., 2003). The largest maar crater on earth, 

Espenberg Maar in Alaska, is 8 km x 6 km wide, with a depth of 200 m. This is not 

typical, and the unusual size of this maar is associated with significant water 

availability due to permafrost that is 100 m thick in the area (Begét et al., 1996).  

The depth of a maar crater is related to the size of the eruption and the extent of 

infilling post eruption (Lorenz, 2003). Maar craters range in depth from 10 to 200 

m deep, and crater depth has been related to explosive energy (Valentine et al., 
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2017). Some authors have attributed large crater size to multiple eruptive events or 

coalescent maars (Begét et al., 1996; Jordan et al., 2013). 

Maar craters are often separated into the lower crater, which exists below the pre-

eruptive surface, and the upper crater, which exists above it (Lorenz et al., 2017). 

In hard-rock environments, the lower crater wall exposes country rock, whereas in 

soft substrates nonconsolidated tephra is exposed (Lorenz et al., 2017). The 

steepness of the crater wall is governed by the country rock, with more consolidated 

rocks forming steeper sided conduits. This is because soft sediment is more likely 

to flow towards the centre of the crater, resulting in shallow angle slopes (Lorenz, 

2003; Pirrung et al., 2003).  

Maar craters are surrounded by tephra rings (Lorenz, 1986; Valentine et al., 2017; 

White & Ross, 2011). Tephra rings extend from the crater for distances of normally 

between 2 and 5 km (Lorenz, 2007). Many young, small maars are surrounded by 

thinly bedded tephra rings, which are rich in accidental clasts (volcanic basement 

material). Tephra rings in small maars can consist of tens to hundreds of individual 

beds (Lorenz et al., 2017).  Larger maars can have tephra rings 100 m in height and 

2 km in diameter (Lorenz et al., 2017; White & Ross, 2011). In older maars, 

however, the tephra ring has often been eroded away (White & Ross, 2011).  

Dip angles of tephra beds in the tephra ring are generally sub horizontal to 20°. 

White and Ross have stated that tephra rings are well stratified and are composed 

of up to 90% ash and lapilli (White & Ross, 2011). In contrast, Lorenz (2007) stated 

that maar tephra rings can contain up to 80 to 90% country rock (Lorenz, 2007). 

Massive tuff breccias, spatter clasts and ballistic projectiles along with ash and 

lapilli can be found in tephra rings (Valentine et al., 2017). When tephra rings are 

dominated by lithic-rich deposits, it may indicate short lived explosions over 

sustained eruption columns or fountains (Valentine et al., 2017). 

Found underneath the maar crater is the diatreme, the subsurface feeder structure 

of a maar (Lorenz, 1986). Diatremes range in depth from <100 m to over 2.5 km. 

In hard-rock environments, cone-shaped diatremes occur, whereas, in soft rock 

environments, diatremes generally have a lower slope gradient and are larger. 

(Figure 10) (Lorenz, 1973; Lorenz et al., 2017; White & Ross, 2011).  

Ring faults are concentric syn-depositional features commonly found in maars, 

formed by partial crater wall collapse (Jordan et al., 2013; Lorenz, 1986; Sohn & 

Park, 2005). For example, the Lake Purrumbete Maar, Australia, has two large 

faults tangential to the crater wall, and interspersed in a ring with a series of smaller 
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faults running both parallel and perpendicular to the crater wall (Figure 11) (Jordan 

et al., 2013). 

 

Figure 10: Diagram of an idealised maar with diatreme, including the feeder dike and 

root zone which supply magma for the eruption. The diagram shows both above-

ground and below-ground features of the maar. The above ground topography of a 

maar generally has a low angle tephra ring. The maar crater sits below the tephra 

ring in the pre-eruptive surface. Within the diatreme there are a series of bedded 

facies and unbedded lower diatreme deposits (Lorenz, 2007). 

 

Figure 11: Diagram showing the post eruptive evolution below the maar crater. 1) 

diatreme deposits. 2) diatreme breccia 3) pre-eruptive surface 4) tephra ring 5) maar 
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lake 6) post eruptive sediments 7) depth of collapsing sediments due to subsidence 

(White & Ross, 2011).  

2.6 Sediments found within maar craters 

Maar craters form unique sediment traps which rapidly fill with water after the 

eruption (Pirrung et al., 2008). This is because there is generally no inflow and 

outflow of water; lakes are generally deep (10 – 100 m), and have a limited 

catchment area. (Nemeth et al., 2002; Pirrung et al., 2008; White, 1990). Studies 

conducted on the sediment found within maar craters primarily focus on annually 

accumulated biogenic rich material (Brauer et al., 1999; Czymzik et al., 2016; Fox 

et al., 2017; Lehndorff et al., 2015; Marchetto et al., 2015; Martin‐Puertas et al., 

2017; Rach et al., 2017). Very limited studies have focused on the sedimentary 

evolution of maars following the formation of the diatreme and before the final 

evolution phase of biogenic accumulation (Kaulfuss, 2017; Nemeth et al., 2002; 

Pirrung et al., 2008). This lack of studies has been attributed to the fact that clastic 

sediments are difficult to core, they contain little biogenic material, and precise 

chronologies are difficult to determine (Pirrung et al., 2008).  

Clastic material which accumulates in maar craters is derived largely from material 

deposited on the tephra ring and crater wall (Lorenz et al., 2017; Pirrung et al., 

2008). This material fails and is deposited within the maar crater as a series of flows 

(Bertrand et al., 2014; Pirrung et al., 2008). However, clastic material may also be 

found within beds of biogenic lake sediment and, in especially arid environments, 

be deposited by aeolian processes (Pirrung et al., 2008; Valentine et al., 2011). 

2.6.1 Flows associated with clastic 

deposition in maars 

Sediment gravity flows are the main mechanism for the transport of clastic sediment 

from the tephra ring and crater wall into the maar lake or to the lake edge (Nemeth 

et al., 2002; Pirrung et al., 2008; White, 1992). Sediment gravity flows are the 

movement of sediment in fluid down a slope due to gravity (Gani, 2004). The type 

of flow and the associated deposits depend on the interaction between the fluid and 

sediment (Gani, 2004; Khripounoff et al., 2012). The land equivalent of these 

sediment gravity flows are mudflows and pyroclastic flows; these two groups of 

flow have similar flow dynamics in different mediums: air and water (Talling et al., 

2012).  
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There are four main factors which affect subaqueous sediment gravity flows. These 

factors are: sediment concentration, arguably the most important factor; sediment 

support mechanisms (matrix strength and fluid turbidity); flow state; and rheology 

(whether a flow is a Newtonian or non-Newtonian fluid) (Gani, 2004). The 

interaction between these characteristics results in different flow types and 

therefore different sedimentary deposits:  turbidity currents (turbidites), debris 

flows (debrites), density flows (densites) and hyperpycnal flows (hyperpynites) 

(Liu et al., 2017; Talling et al., 2012). In maars, turbidity currents and debris flows 

are the most common subaqueous flow type (Nemeth et al., 2002; Pirrung et al., 

2008; Pirrung et al., 2003; Smith, 1986; White, 1992).  

2.6.1.1 Flow Types 

Debris flows are movements of material in a hyper-concentrated flow (Nemeth et 

al., 2002). They generally thicken basin-ward and end abruptly, often pinching out 

at their extent (Gani, 2004). The flow is supported by a muddy matrix, which allows 

the transportation of large, outsized clasts (Gani, 2004; Talling, 2014; Xian et al., 

2017). Debrites are generally massive, poorly sorted and often have very little post-

depositional settling once the flow has finished propagating  (Gani, 2004). 

Turbidity currents are diluted; grains are fully supported within a turbulent flow 

(Meiburg & Kneller, 2010; Talling et al., 2012). Momentum in turbidity currents is 

due to gravity (Talling et al., 2012). Turbidites can be normally graded and can 

further settle after deposition (Talling et al., 2012). Normal grading results from 

waning flow, which also produces varying structures from incremental deposition 

(Delannay et al., 2017; Talling et al., 2012). Debrites and turbidites can be identified 

through different grading successions.  

The Bouma Sequence (Fig. 12) is an idealised model for describing facies within 

turbidites (Bouma, 1962). This model was created by Bouma in 1962 and is popular 

throughout literature, although it has been described as overly simplistic (Talling et 

al., 2012). However, the Bouma Sequence has been found to accurately predict the 

deposits found within lakes (Covault et al., 2014; Liu et al., 2017). The Bouma 

Sequence is as follows: the lowermost facies is the TA, which is a massive sandstone. 

This is overlain by the TB facies, a laminated sandstone. The TC facies is often 

laminated with ripples; this facies is generally of a finer sand than the TB. The TD 

facies is characterised by laminated siltstone, and is overlain by the TE facies, 

consisting of hemipelagic mud (Bouma, 1962). 
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Grain flows result from the failure comprised of cohesionless grains, which 

propulsion is the result of grain collision(Shanmugam & Wang, 2015). Subaerial 

grain flows form predominantly in sand and occur exclusively on slopes near the 

angle of repose (Lowe, 1976). They deposit thick units >5 cm as the flow freezes 

once the slope is less than the angle of repose (Lowe, 1976).  

 

Figure 12: Bouma sequence: TA is massive sand; TB is laminated sand; TC is cross 

ripple laminations; TD is laminated mud; TE is mud 

Rock falls are the detachment of rock boulders from a steep cliff. These boulders 

fall through a free face in rotation (Dorren, 2003; Varnes, 1978). Within a rockfall, 

tailings are graded, and smaller grains are concentrated in the middle and at the top 

of the rockfall deposit (Varnes, 1978). In contrast, rock slides are characterised by 

failure along a shear plane, and boulders are transported without rotation (Varnes, 

1978). It is important to note that not only can varying flows occur within maars, 

but multiple mass flow types can occur from a single failure, especially in a 

lacustrine environment (Liu et al., 2017).  
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2.6.2 Clastic Sediments in Maars 

In general, the infilling of a maar crater follows a sequence of events from rock falls 

and debrites to turbidites and then later biogenic accumulation (Kaulfuss & Moulds, 

2015; Nemeth et al., 2002; Pirrung et al., 2003). Understanding of these processes 

is restricted to interpretations of cores or rock outcrops (Kaulfuss, 2017; Pirrung et 

al., 2003). With a few exceptions, the best studied of maar is the  Ukinrek East Maar 

which erupted in 1977 (Büchel & Lorenz, 1993; Pirrung et al., 2008). Since the 

Ukinrek Maars erupted, scientific observations have been made which have led to 

the unique opportunity of viewing early sedimentation processes into the maars 

(Lorenz, 2007; Pirrung et al., 2008).  

2.6.3 Ukinrek East Maar 

The Ukinrek Maars consist of two maar craters, East Maar and West Maar, which 

erupted during the months of March and April 1977 (Figure 13) (Kienle et al., 1980; 

Pirrung et al., 2008).  The elevation of the West Maar crater rim was 72 m a.s.l, and 

it formed an elongated crater with a diameter of 168 m and an average depth of 32 

m (Pirrung et al., 2008).  The East Maar had a diameter of 307 m and a maximum 

depth of 71 m; the crater rim was approximately 83 m a.s.l (Kienle et al., 1980; 

Pirrung et al., 2008). A summary of the eruption is given by Kienle et al. (1980).  

The following description of the early evolution of the East Maar is summarised 

from Pirrung et al (2008):   

Morphologically the biggest changes to the crater post eruption were collapses to 

the crater wall producing rock falls and rock slides, the formation of localised 

slumps and the formation of a debris fans. Vertical escarpments were observed 

within the crater wall until at least August 1981. Observations made in August 1981 

witnessed several rock falls per day. This continued until at least July 2004. 

Sporadic rock slides have also occurred, some of which produced several cubic 

metres of material. Rock slides decreased in frequency for the first few years post 

eruption.  

In August 1977, failure in debris fans formed in grain flows. Early debris fans were 

separated by escarpments and sub aqueous grooves were observed in the fan. In 

1977, debris fans failed frequently. By July 2004 debris fans had developed and 

were observed along steeper crater wall sections of the southern, western and 

northern crater walls. These developed debris fans extended from the crater rim to 

the crater floor and were more stable, with grain flows occurring rarely. In July 
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2004 coarse grains were concentrated near the shoreline of debris fans as fines were 

washed away via wave action. 

 

Figure 13: A series of pictures taken of the Ukinrek Maars. A-C were taken in July 

2004. (A) shows the West Ukinrek Maar on the right and the East Ukinrek Maar to 

the left. (B) shows the southern shore of the East Maar with a near vertical escarpment. 

(C) shows a debris fan which is not connected to the upper crater wall. (D) shows a 

sub aqueous debris fan with grooves observed in August 1981 (Pirrung et al., 2008). 

 

 

 

Marginal sedimentation events in the East Ukinrek 

• The first phase of sedimentation produced breccia and rock falls/slides 

because of instability of the crater wall. These deposits could not be easily 

distinguished from syn-eruptive deposits.  

• In the first few years following the eruption, subaerial debris fans formed. 

During storms debris fans would destabilise, resulting in mass flows.  

• 13 years after the eruption the debris fans had enlarged both vertically and 

laterally and a lake had fully formed. The debris fan became stable but 

became more susceptible to wave activity 
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• The accumulation of sediments between 1977 and 1981 was estimated to be 

37 m. 

• The establishment of vegetation and the formation of soil on the maar crater 

greatly reduced the amount of flows into the maar by stabilising the crater 

wall. 

Distal sedimentation events 

• Distal lake sediments are the result of turbidites, aeolian deposition and ice 

rafted debris, resulting in the deposition of sandy to clayey silt with 

occasional gravel sized clasts. 

• Turbidites produce horizontal laminations, normal grading and show the 

preferential fallout of heavier minerals such as magnetite. 

• The propagation and formation of turbidites are independent of climate 

and may result from the compaction of the diatreme.  

• Aeolian deposition occurs, has resulted in three inversely graded layers, 

and is believed to have resulted from dust storms. 

• Clast size associated with ice rafted debris can be up to 3.3 cm in diameter. 

This exceeds the size of grains able to be transported into the centre of the 

lake by any other means. 

2.6.4 Ekfeld Maar 

Germany’s monogenetic volcanic fields have been extensively studied, with over 

150 scientific papers produced between 1990 and  2015 (Schindler & Wuttke, 2015). 

In the Eifel region, Germany, a study on the lithofacies of Eckfeld Maar has been 

conducted (Pirrung et al., 2003). Eckfeld Maar is part of the Palaeogene Hocheifel 

Volcanic Field and has a Ar/Ar date of 44.3±0.4 Ma (Mertz et al., 2000; Pirrung et 

al., 2003).   Pirrung et al (2003) used cores to analyse the succession of lithofacies 

within the maar. This succession is summarised as follows. 

• The lowermost unit formed a homogeneous breccia from rock falls 

consisting predominantly of country rock. This is believed to have formed 

some days after the eruption. 

• Weeks to several years after the eruption, rock falls and sub aqueous 

debrites occurred. These produced assorted breccia, comprising juvenile 

pyroclastic and country rock.  

• Following this, a further breccia was deposited, which consisted of juvenile 

pyroclastic and country rocks. Non-graded silt to gravel layers and well 
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sorted sandy layers are observed. This breccia is interpreted as being the 

result of rock falls, debris flows and turbidites. It is also assumed that due 

to the steep gradient of the crater wall, slumps occurred. This deposit formed 

some decades following the initial eruption. 

• Hundreds to thousands of years after the eruption, laminated minerogenic 

deposits accumulated. These consisted of gravel and sandy layers. Some 

grading could be observed along with flame structures. The material is 

believed to have resulted from the erosion of the crater slopes after limited 

vegetation cover was established. 

• Some tens of thousands of years after the maar eruption, 

biogenic/minerogenic lake sediments accumulated. These were similar to 

previous deposits; however, greater biogenic influences were observed. 

• Still water sedimentation occurred, resulting in laminated biogenic and 

minerogenic deposits. This was followed by swamp deposits, which 

indicated the final maar infilling. 

2.6.5 Foulden Maar 

Foulden Maar is part of the Waipiata volcanic field and was active approximately 

23 Ma (Fox et al., 2015; Mildenhall et al., 2014). Foulden Maar is ~30 km Hindon 

Maar and as a result it has been compared with the Hindon Maar complex (Figure 

14) (Kaulfuss & Moulds, 2015). The topography of Foulden Maar today shows a 

1000 x 800m depression, indicating the possible crater dimensions for the maar 

(Kaulfuss, 2017). Two cores were drilled at the centre of the maar, recovering 120.1 

m and 183.48 m respectively of material (Kaulfuss, 2017). Numerous studies have 

be conducted on the Foulden Maar, with particular emphasis on the varved 

sediments for the purposes of paleoclimate reconstruction (Fox et al., 2015; Fox et 

al., 2017; Lindqvist & Lee, 2009; Mildenhall et al., 2014; Reichgelt et al., 2013). 

The clastic sedimentation of Foulden Maar has been analysed by Kaulfuss (2017); 

a summary of the findings are as follows. 

The lowermost deposits found at Foulden Maar are a schist breccia. The breccia is 

composed mostly of schist; however pyroclastic fragments are also observed. No 

signs of weathering have been observed. This deposit has been interpreted as a 

concentrated density flow. The schist breccia accumulated on the crater floor, 

because of the collapse of the crater walls immediately to a few years after the 

eruption. This facies was deposited as a result of a debris flow. Overlying this is a 
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facies composed of massive breccia with additional normally graded composite 

beds and graded sand and mudstone. The massive breccia resulted from frequent 

gravity flows, which transitioned from a debrite to a hyperpycnite and then 

ultimately to a turbidite nearing the centre of the maar. Freshwater sponges had 

begun to accumulate, indicating the formation of the lake. This is interpreted as 

approximately 27 years after the eruption (Kaulfuss, 2017). Sub-horizontal bedding 

within the massive breccia has been interpreted as indicating that the crater floor 

was relatively flat. The massive breccia is distinguished from the underlying facies 

due to the finer grains and higher proportions of organic and biogenic siliceous 

material.  

The overlying facies comprises graded beds and laminated sediments. This facies 

is distinguished from previous facies due to the finer grains and increased 

proportions of organic and biogenic siliceous material. The graded beds are 

associated with density flows.  

Overlying the graded beds is a diatomaceous sandy mudstone, which is associated 

with turbidites. The upper section of this facies, which is laminated diatomite, is 

associated with background sedimentation within a lacustrine environment. The 

uppermost facies is predominantly diatomite and has been associated with a fully 

stratified lake. 
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Figure 14: Map showing Foulden Maar in relation to the Hindon Maar Complex and 

their proximity to Dunedin (Kaulfuss & Moulds, 2015). 

 

2.7 Weathering of pyroclastic material into clays 

The weathering of the tephra ring will occur most rapidly in the volcanic glass 

fraction, followed by mafic minerals (Figure 15) (Churchman & Lowe, 2012; 

Schiffman et al., 2000; Vacca et al., 2003). The proportion of clay material found 

within a tephra deposit is related to the time since deposition and the time in which 

weathering can occur (Lowe, 1986). Studies conducted on intermediate to rhyolitic 

ash have found the proportion of clays to be approximately 5% of material after 

3,000 years (Lorenz, 1986).  
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Figure 15: Shows the relative stability of clay-forming minerals found within 

pyroclastic deposits from most weatherable to least weatherable (Churchman & Lowe, 

2012). 

Nano-scale minerals such as allophane are a significant component of soils derived 

from weathered tephra (Churchman & Lowe, 2012). Other clay minerals such as 

kaolinite, smectite, hematite, and vermiculite are also found, although there is much 

less focus in research on these clay minerals because nano-scale minerals are 

responsible for the unique characteristics of tephra derived soils (McDaniel et al., 

1999). Olivine, a mineral commonly found in mafic rocks, weathers to smectite 

from serpentine, although the weathering of olivine can also form kaolinite and 

halloysite (Churchman & Lowe, 2012; Churchman et al., 2016).  

Weathering of tephra predominantly produces allophane and halloysite from the 

dissolution of aluminium (Al) (Churchman & Lowe, 2012; Filimonova et al., 2016; 

Lowe, 1986). Both allophane and halloysite have been found in basaltic-derived 

material (Churchman & Lowe, 2012; Joussein et al., 2005a; Ziegler et al., 2005). 

Allophane is a short range-order- aluminosilicate nano mineral (Filimonova et al., 

2016; Kimsey et al., 2011). Halloysite is a di-octahedral 1:1 clay mineral from the 

kaolin group (Berthier, 1826; Joussein et al., 2005b). Studies conducted on rhyolitic 

and andesitic tephra found that halloysite forms in drier moisture conditions than 

allophane (Churchman et al., 2016). A study on basaltic ash in Hawaii found that 

moisture regimes must be much drier to form halloysite rather than allophane due 

to the lower silica content in basaltic ash (Churchman et al., 2016). Furthermore, 
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halloysite is far more likely to form in rhyolitic tephra than in basaltic tephra due to 

Si content (Joussein et al., 2005a).   

A study conducted in Hawaii on the weathering of basaltic tephra found smectite, 

kaolinite, allophane and palagonitized glass (Ziegler et al., 2005). Soils analysed 

from Mount Gambia, which are basaltic, show kaolinite, illite, and smectite, along 

with stratified kaolinite-smectite and/or illite-smectite. Allophane and limited 

halloysite were also observed (Schiffman et al., 2000).  

2.8 Prior Research Conducted on the Hindon Maars 

Thorough research was conducted during the early 90s into diatomaceous 

sediments in Hindon Maar 1 (Youngson, 1993). But it was not until 2007, when 

Glass Earth and the Otago Regional Council conducted an aeromagnetic survey of 

Otago, that the maars were identified as such. This resulted in renewed interest in 

the area (Youngson, 1993). The Hindon Maar complex was identified by four near 

circular areas of high magnetic intensity (Figure 4) (Martin et al., 2007). In 2015, 

an unpublished study conducted into the geophysical characteristics of the Hindon 

Maar complex used ground-based magnetic, microgravity and seismic surveys in 

Maar 1 to interpret the size, depth, and extent of sediment infill. The study found 

that the Hindon Maar complex was 16 km², and concluded that Maar 1 contained 

160–190 m of laminated sediments (Bowie, 2015). 

The only published paper regarding the Hindon Maar complex concerns the 

identification of a new genus of primitive cicada (Kaulfuss & Moulds, 2015). Pollen 

analysis presented in this paper indicated that the maar was formed during the early 

Miocene, which is consistent with period of volcanism of the Waipiata volcanic 

field (Kaulfuss & Moulds, 2015). Fossilised plants indicate that the Hindon Maars 

are somewhat younger than the Foulden Maar. The fossils were dated by comparing 

them with fossils found elsewhere (Kaulfuss & Moulds, 2015). An unpublished 

Ar/Ar date has been made of basaltic lava found on top of Maar 3. The date indicates 

that the boulders are 14.603 ± 0.093 Ma, and the age of Maar 3 must be less then 

this (Lee, 2016). 
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3 Chapter 3 

Methods 

This chapter outlines the various field and laboratory methods utilized in this thesis. 

Standard methods were used where applicable. Field methods used were geological 

drilling and geomorphic mapping. Laboratory methods include Geotek 

measurements, geological logging, thin sections and X-ray fluorescence. Selected 

samples were also used in scanning electron microscope analysis, laser based 

particle size analysis and clay tests.  

3.1 Selection of Core Sites 

This chapter outlines the methods used to examine sediments of the Hindon Maars 

nominally numbered 1 and 3, between Maars 3 & 2, along with outcrops of Maar 

2, including field and laboratory approaches. Most methods were based on 

generalised procedures, therefore highly detailed methods are not given here. The 

methods used are as follows: coring, field logging, geomorphic mapping, geological 

logging, Geotek MSCL analysis, portable/laboratory X-ray fluorescence, thin 

sections, laser sizer, X-ray diffraction and clay test. The methods used have aided 

in the understanding of the sedimentation processes that occurred within the maar 

following each eruption. 

3.2 Field Methods 

Prior to fieldwork commencing in July 2016, core sites were determined from 

information supplied by the University of Otago. This included gravity anomaly 

and magnetic susceptibility maps for Maars 1-3 and seismic interpretation of a 

seismic line from Maar 1. Previous trenching by the University of Otago also helped 

to determine ideal locations for obtaining maximum lake sediment thicknesses. For 

example, trenching in Maar 1, yielded diatomite; therefore, cores were taken close 

to the trenching fill area in order to uncover similar sediments. The ideal locations 

were then reviewed for accessibility upon entering the field. Consideration was 

given to geomorphology for determining where the maar depocentres were. 

However, as it is believed that the landscape has changed dramatically since the 

eruption, this was only a minor consideration. After each core was drilled, the 

information about subsurface stratigraphy was used in combination with all pre-
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existing information to determine the next coring site. Multiple cores were drilled 

within Maars 1 and 3, and between Maars 2 and 3.  

Prior to drilling it was hoped that diatomaceous lake sediments could be obtained 

to a depth of 30 m for paleoclimate reconstruction. However, it was found that the 

maars contained much less diatomaceous sediment and more mass flow deposits 

than was predicted by the seismic interpretation. Furthermore, drilling was 

terminated before 30 m and reached no deeper than 18.5 m due to increased 

consolidation/lack of suitable sediments. Therefore, the focus of research shifted to 

the mass flow deposits. 

3.2.1 Core Drilling 

Fieldwork was conducted in three separate campaigns: July 2016 (two weeks), 

November 2016 (three weeks) and August 8, 2017 (one day). The cores obtained 

during the field campaign of July 2016 yielded lake sediments through percussion 

coring and have not been used in this thesis. Percussion drilling was found to 

retrieve cores of lower quality than that of Rotary drilling. Very little of the deposits 

underlying the lake sediments was retrieved during July 2016. Therefore, as the 

July samples are of lesser quality and quantity, consisting predominantly of 

overburden and carbonaceous lake sediments, they were deemed unsuitable for 

mass flow and non-biogenic lake sediment analysis. The July campaign and 

associated cores will not be discussed further.  

During November 2016, cores were obtained from Maars 1 and 3 through rotary 

drilling, with two and three cores obtained respectively. Cores were also obtained 

from the area between Maars 2 and 3. Only drill holes with non-biogenic sediment 

from the November campaign were used in this thesis. Cores such as M3H2 were 

not studied in this thesis, as only carbonaceous lake sediments were retrieved.  The 

GPS coordinates for each hole and further information on core retrieval were noted 

in the field notebook (Chapter 4 Results).  Notes were made within the field log 

about the core recovery. This included a brief description of the deposit along with 

the depth of the drilling. This was done to account for differences between the 

length drilled and the amount of core recovered. Geomorphic mapping was 

conducted on 8 August 2017. 

3.2.2 Geomorphological Map 

During the November 2016 campaign, cores were obtained using a LST1G+HD 

Lone Star portable rig adapted to perform rotary drilling, with equipment from 
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Blick Industrial to utilise a triple-tube wire line system (Figure 16). It was found 

that rotary drilling had a greater success at retrieving the samples with minimal 

disturbance of the core and was able to preserve structures within the cores. 

However, due to difficulties with the material being cored, voids within core were 

often disturbed and core recovery was not 100%. Core recovery ranged from 25 - 

100% throughout the cores.  

The drill was fitted with a tungsten drill bit and could drill to a depth of 30 m below 

ground level in suitable sediment. The drilling apparatus consisted of multiple parts: 

the portable Lone Star drilling rig, the drilling rod assembly, and the water pump.  

 

Figure 16: Lone Star drilling rig in Maar 1. 

The Lone Star drilling rig consisted of a trailer mounted drill rig which was attached 

to a four-wheel drive vehicle provided by the University of Otago so that the drill 

rig could be easily transported to the site. The drill rig came equipped with a petrol-

powered Kohler 27-Horsepower Engine, auger drive head performing at 150-rpm 

at 10-gpmi, a 3,000-PSI hydraulic system; and a 20.3 cm diameter auger. The drill 

rig also came equipped with a fold down mast. Drilling equipment was lowered 

down the hole and retrieved using a pulley system with the cathead.  

The rotary drill equipment consisted of 1.5 m drill rods (outer tube), a 1.5 m drill 

core barrel (inner tube), 1.5 m split core barrel, tungsten drill bit, sampler drive shoe, 

rotary head and the core retrieval unit. The outer tube, sampler drive shoe and 

tungsten drill bit were assembled and placed in position for drilling (outer assembly) 

(Figure 17). The inner tube with the split core barrel was locked inside the outer 

tube and lubricated with WD-40. The outer assembly remained inside the hole for 

the duration of drilling with new drill rods added to the top of the last drill rod when 
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necessary. Drill rods would protrude out of the ground and were drilled downwards 

using the rotary drill head until they were approximately 50 cm above the ground. 

The inner assembly was removed after every drilling sequence - approximately 1.5 

m.  The inner assembly was retrieved using the core retrieval unit, which was 

lowered down the hole via the cathead and would lock into place at the top of the 

inner assembly. The inner assembly was then pulled out of the hole, the core was 

removed, and the inner assembly was reassembled and placed back down the hole 

using the same process in reverse. The core was acquired as the outer assembly was 

drilled down the hole.  

 

Figure 17: Photo of the core drill assembly and of the core being placed into the PVC 

pipe. A) drill bit, B), locking coupling, C) outer tube extension piece, D) 1.5 m drill 

rods (outer tube), E) 1.5 m drill core barrel (inner tube), F) knuckle head, G) split 

core barrel, H) core, and I) PVC pipe. 

As drilling occurred, the drill bit cut around the exterior of the outer assembly and 

the core was pushed up into the split core barrel inside the inner assembly. The 

cuttings were comprised of drilled material that entered the cavity between the inner 

and outer assemblies. A water pump was used to remove cuttings from the whole; 

water was pumped down the hole to remove material from the drill rods. Using 

water to remove cuttings from within the hole resulted in better core retrieval. This 

was because drilling could be done continuously as cutting material did not clog up 

the drill hole or drill bit. As the drill bit was not being clogged up, the outer 
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assembly could remain within the hole, increasing efficiency by allowing greater 

core retrieval within the same timeframe. The water pump was also used to push 

the split core barrel out of the inner core assembly without damaging the core. 

Initially, drillers’ mud (Polyplus) mixed with farm water was used during drilling 

as a lubricant and to help lift the cuttings. Two pits were dug, along with a channel 

from the drill hole to the pits. The purpose of the first pit was to allow cuttings and 

sediment to settle out; the second pit was for the Polyplus to accumulate and be re-

pumped down the hole (Figure 18). However, the viscosity of the Polyplus 

increased rapidly over time and would often exceed its recommended maximum of 

34 m2/s. As a result, additional water was constantly added to the Polyplus. It is 

unknown why the viscosity continuously increased, however, it is hypothesised that 

during drilling the Polyplus was continuously sheared which resulted in an increase 

in viscosity.  As drilling continued it was found that use of the Polyplus increased 

the pressure down the hole significantly, resulting in water pooling at the ground 

surface in a 2 m radius of the hole. Therefore, the Polyplus was not used after M1H1. 

For M1H2 and subsequent holes, only water was used. Although the farm water 

had a lower viscosity than the Polyplus, the viscosity did not change nor did it 

increase the pressure down the hole significantly and it was found to successfully 

remove cuttings from down the hole. The hardness of the farm water was monitored 

throughout the process of drilling, and was found to be within acceptable limits. A 

minimum of three people were required to operate the drill rig. One person operated 

the penetration and rotation speed via the control valve panel. A second person 

ensured that the rods were drilling straight down, pulled the inner drill assembly in 

and out of the hole, and monitored the drilling. The third person assisted the second 

person in lifting the drill assembly into and out of the hole for each new run. After 

the mast was fully erected and the drill rig was placed in its location for drilling, the 

rear and front tracks levelled the rig and removed it from the four-wheel-drive. An 

auger assembly was used to drill the initial 1-1.5 m through the soil substrate. The 

outer drill assembly, shoe and drill bit length exceeded that of the drill rig mast, 

therefore some of the hole had to be predrilled so that the full drill assembly could 

fit below the rotary head. By pre-drilling some of the hole the likelihood of the drill 

not drilling straight down was also greatly reduced. The soil substrate was not used 

in this drilling project and therefore could be discarded. Cores were drilled until 

sediment hardness exceeded the capability of the drill rig, the depth at which this 

occurred ranged from 8 to 18.5 m.  
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Figure 18: Top left: close-up of the pump used in drilling. Top right: close-up of mast 

and pump fluid tubes. Bottom: pump connected to the drill rig drilling pits dug in 

M1H1. 

Cores were drilled to a maximum of 1.5 m at a time. Once the core was retrieved it 

was removed from the core barrel using a plug and water pressure. The plug was 

placed within the core barrel and water was pumped in the top of the barrel, pushing 

the plug through the barrel and removing the core within the casing. The core was 

then carefully removed from the casing and placed in split PVC pipes which were 

a metre long. The core was logged and measured while drilling was occurring. 

Measuring the core was essential because sometimes the core would sometimes 

expand, for example 1.5 m of core would be drilled but 1.6 m of core would be 
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retrieved or the opposite could happen where 1.5 m of core was drilled but only 40 

cm of core would be recovered. It is unclear why full core recovery was not 

achieved. There are two likely scenarios: first that the core fell out of the bottom of 

the split core barrel; second that the material fully liquidised and was pumped out 

of the core barrel assembly. Field logging was conducted as quickly as possible to 

prevent the core from drying out in the sun. This was because material within the 

core may change and alter its properties as a result of drying out, for example some 

clays decrease in volume significantly.  

Notes were also made on all drilling conditions drilling by the main operator, 

including the ability of the rig to drill through the sediments, and the amount of 

water coming back up the drill hole. When the field notes were completed, the core 

was wrapped in Glad® Wrap two times and placed in a sealed plastic sleeve. 

Material that was significantly broken up or stuck within the core catcher was 

placed in plastic bags and labelled with its location within the core. This was 

because broken material could not be transported within the PVC carrier but needed 

to be retained at it could still be used to analyse the deposits within the Maar. 

Cores were stored at first 4°C at the University of Otago and then at the University 

of Waikato because storage facility. The cores are stored in a fridge cooled to 

approximately 4 °C to prevent the cores drying out and increase their longevity 

(Figure 19). 

 

Figure 19: Waikato University core storage facility 

 

3.3 Laboratory Methods 

Standard geomorphic mapping procedures were used to create a geomorphic map 

of the area. This was done through in-field mapping and with Google Earth to assess 
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the changes in elevation within the field area. Geomorphic mapping was conducted 

over a one-day period. Observations were made to illustrate the surrounding 

topography and landforms in and around the maars. Though active features such as 

slump scarps were observed and noted, the focus of mapping was to loosely infer 

the locations of the maars based upon the topographical evidence present. For Maar 

1 this was done by observing depressions in the land and drainage patterns. For 

Maars 2 and 3, although in-field observations were important, elevation more 

heavily relied on. This was because where Maar 2 appeared in the aeromagnetic 

survey, the land relief is elevated in relation to its surroundings. In contrast, Maar 

3 is located within a slope and does not appear to form a depression like Maar 1.  

The geomorphic maps were a minor component of this study, therefore ‘basic’ maps 

were chosen over analytical, derived or specialised geomorphic maps, as a high 

degree of investigation and detail was not necessary. Materials required for 

geomorphological mapping were: 1:16,000 base maps printed out on card, portable 

inclinometer, cell phone for GPS coordinates, pencils, and a geological notebook. 

 

3.3.1 Geotek Measurements 

During January 2017, physical properties of the core were logged using the multi-

sensor core logger (Geotek MSCL) at the University of Otago by Noel Bates and 

Francis Garrity. The Geotek MSCL is a multi-sensor core logger that can complete 

various forms of down core analysis (Figure 20) (Geotek, 2014). Although the 

Geotek can perform some kinds of analysis on a whole core with plastic casting, all 

plastic was removed from the cores, except for the PVC acting as a holder, when 

analysis was performed to increase accuracy (Geotek, 2014). Prior to using the 

Geotek, the cores were split longitudinally by Noel Bates and Frances Garrity. 

Multiple analysis was performed on each of the cores to determine the density, 

magnetic susceptibility and colour of the core.  
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Figure 20: Diagram of the Geotek MSCL with instruments labelled (Geotek, 2014). 

The Geotek consists of a core pusher and several sensors which take different 

measurements as the core is being pushed through the sensor assembly (Geotek, 

2014). The Geotek can accurately measure the length of the core and it’s position 

with respect to the sensor, therefore several measurements can be taken at different 

points of the core with the corresponding core depth recorded at the same time 

(Geotek, 2014). Not all measurements were used in this thesis due to time 

constraints. Measurements taken by the Geotek MSCL were; gamma attenuation 

density (every 5 mm), magnetic susceptibility (every 5 mm), reflectance (L*, a*, 

b*, X, Y, Z) and colour intensity (RGB) (every 2 mm). High-resolution line scan 

RGB photos were also taken of all the cores by the Geotek machine.  

Notes were made for every core that was run through the Geotek. This was done to 

ensure that any changes or difficulties met in taking the measurements were 

accounted for. The notes covered the dates and start/finish times of the core, the 

Geotek section number, the length of the core measured by the Geotek, the top and 

bottom depth of the core as measured in the field and any comments of interest. 

Comments included whether there were sections of missing core, or if there were 

inconsistencies in Geotek measurement locations. Only material that was intact 

within the PVC pipes was measured. Samples that were entirely loose gravel or 

collected in sample bags were not tested. 
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3.3.1.1 Core Density 

Density is the mass of a material within a given volume. This property is 

particularly important for sediments, as it can help determine the material that they 

are made from (Zolitschka et al., 2015). It is important to note the distinction 

between bulk density and gamma alteration density. Bulk density is derived from 

the mass of the sample divided by the total volume occupied (Abdullah & Geldart, 

1999). Bulk density is often used with the study of nonconsolidated samples and is 

not performed by the Geotek (Geotek, 2014). Gamma density is a local 

measurement of bulk density (Geotek, 2014). For measuring gamma density with 

the Geotek the core is placed between a 10 milli-curie caesium-137 gamma-ray 

source and an electron conductor.  Gamma rays are emitted from the caesium, pass 

through the core and are detected by the electron conductor.  By measuring the 

amount of un-scattered electrons received by the conductor the density is 

determined (Geotek, 2014).  

Core thickness must also be measured to calculate density. The core thickness is 

measured automatically by the Geotek.  Because caesium has half-life of 30.2 years, 

the rate of gamma ray emission is calibrated at the beginning of every day (Geotek, 

2014). The density of the core can be used to infer sediment compaction and 

mineralogy (Arnaud et al., 2006; McCanta et al., 2015). For example basalt has a 

greater density than quartz and an increase in density down the core may indicate 

an incorporation of basaltic minerals (Pirrung et al., 2001). 

3.3.1.2 Magnetic Susceptibility 

Magnetic susceptibility is a measurement of how magnetized a material becomes 

in a magnetic field (Mosher, 2007). The Geotek measures magnetic susceptibility 

by creating a low intensity magnetic field, using an oscillating circuit at a frequency 

of 0.565 kHz (Dearing, 1994). When material containing significant magnetic 

particles contacts the magnetic field produced by the sensor, it changes the 

oscillating cyclic frequency (Dearing, 1994). The oscillations will vary in relation 

to the proportion of magnetic material in the sensor space (Mosher, 2007). If the 

magnetic susceptibility is positive, it may indicate the presence of: paramagnetic, 

ferromagnetic or anti-ferromagnetic materials (Dearing, 1994). Conversely, if the 

material displays a negative magnetic susceptibility, it may be due to the occurrence 

of diamagnetic material, as the presence of diamagnetic material will weaken the 

magnetic field (Dearing, 1994). Changes in magnetic susceptibility down the core 



 

40 

have be used to identify mass flows in maar lake sediments, because material of 

high magnetic susceptibility and density can be concentrated at the bottom of each 

individual flow  (Pirrung et al., 2008). Furthermore, magnetic susceptibility can be 

used to determine the makeup of lake sediments. Fe containing minerals have high 

magnetic susceptibility. In contrast, lake sediments comprising of organic matter 

have a low to negative magnetic susceptibility (Timperley & Allan, 1974; Rochette, 

1987). 

The changes in oscillation frequency are converted into magnetic susceptibility 

measurements by the Geotek software (Geotek, 2014). Because magnetic 

susceptibility is temperature sensitive, temperature measurements were made in 

conjunction with magnetic susceptibility so that the magnetic susceptibility 

measurements could be calibrated against temperature largely to check that drift 

was not outside acceptable limits (Geotek, 2014).  

For the split cores analysis, a Bartington based model point sensor was used. The 

sensor was encased in a housing and was placed on top of the split core surface. 

The point sensor gives a high spatial resolution. 

3.3.1.3 Spectrophotometer 

The spectrophotometer is used to measure the reflectance of core and account for 

factors which affect colour, giving a true colour reading (Chapman & Shackleton, 

1998). An example of a colour affecting factor is the environment in which the 

object is being viewed. The core colour is measured by the Konica Minolta 

spectrophotometer CM2600D, which takes measurements from the surface of the 

core. The reflectance of the core is measured from very near ultraviolet to very near 

infrared wavelengths using a xenon flash which illuminates the core (Geotek, 2014). 

The spectrophotometer measures the wavelengths produced and converts them into 

numerical value as either CIE colour space (L* a* and b*), XYZ or RGB values 

(Geotek, 2014).  For this research project the L* a* and B* were used, as these are 

the values which closely represent how humans perceive colour. L* represents the 

lightness of the sample; when L*=0 the sample is black and when L*=100 the 

sample is white (Chapman & Shackleton, 1998). Positive and negative a* represent 

red and green respectively, while positive and negative b* represent yellow and 

blue (Geotek, 2014). 
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3.3.2 Geological Logging 

The core was described as a sedimentary deposit if no clear pyroclasts were visible. 

Special care was taken to observe grading and sedimentary structures that had been 

preserved in the core. This was done by core observation and comparing and 

measuring the size of grains to a grain size scale. Other charts were used, such as 

compositional charts for estimating the percentage of composition; sorting and 

grain angularity charts found within the Rite in the Rain all Weather Geological 

Field Book.  Other features of interest were contacts and weathering, which were 

determined by observation. Logging was conducted per metre of core and each core 

was logged independently of the others. This was to ensure a high level of detail 

and accuracy when logging. Though the cores were logged independently of each 

other, if a deposit continued over multiple cores, a note was made of this. A tape 

measure was kept beside the core so that every feature could be accurately described 

in relation to its position in the core. Core logging was conducted outside under 

natural light and cores were frequently sprayed with distilled water to keep them 

from drying out. Once logging was completed, the core was re-wrapped in two 

layers of Glad® Wrap and a plastic sleeve and placed back in the core fridge at the 

University of Waikato. 

3.3.3 Thin Sections 

Ideal samples for thin sectioning were identified through observation of the core 

and through the analysis of the Geotek data. The observation of the core helped 

identify changes in grain size, contact boundaries, and grading. Geotek data were 

used to identify anomalies in density and magnetic susceptibility that were not 

visible to the naked eye, which helped to identify potential thin section sample sites. 

Samples were also taken from deposits that appeared typical, so that both anomalies 

and generalised facies could be assessed on a microscopic scale. 

3.3.3.1 Sample Preparation 

Samples were collected and then air dried below a fume hood to prevent cracking 

of the sample, and to preserve any structure within the samples (Figure 21). Any 

remaining water left in the sample could greatly affect the ability of the sample to 

adhere to the glass slide, and therefore affect the quality of the thin section. To 

prevent this, the samples were left to dry out for a minimum of 48 hours. Initially, 

samples dried on a hot plate at 50 °C. However, rapid drying caused large cracks to 
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form in the samples, which destroyed the visible structures. Slower drying at room 

temperature limited the cracking of the samples. Samples that were cracked due to 

rapid drying were discarded and subsequently re-collected. Only samples from the 

boulder field and Maar 3 did not need resin put on the exterior of the samples. This 

is because the samples were fully consolidated rocks. 

3.3.3.2 Forming Thin Section Blocks 

The samples were difficult to make thin sections from because of their physical 

properties. The samples were weakly consolidated. This was problematic because 

solid blocks of the sample are required to make thin sections; if the sample is not 

consolidated then an artificial solid block of the sample must be made. Sample 

blocks were made one of two ways: either by placing nonconsolidated sample such 

as a loose sand into a square mould made of tinfoil, and pouring K 36 resin into the 

mould and allowing it to set; or by taking a semi-consolidated sample, heating it to 

60 to 70°C, and applying resin to the exterior of the sample till the resin would no 

longer be absorbed by the sample. 

3.3.3.3 Non-consolidated Samples 

Making a block using a tinfoil mould was used only when the sample was fully 

nonconsolidated, as this technique destroying any structures and fabric in the 

deposit. Thus, the technique could only provide more information about grain 

morphology and composition. Once the impregnated sample had being heated at 

60°C for a minimum of 12 hours, the bottom of the block was carefully cut off to 

remove the bottom of the tinfoil and to expose the sample. Following this, the block 

was heated to 60 to 70°C and resin was applied to the cut surface until it was no 

longer absorbed by the sample. The sample was then again cured on a hot plate at 

60°C for a minimum of 12 hours. At this point the sample was ready to be ground. 

3.3.3.4 Semi-consolidated Samples 

The samples where resin was only applied to the exterior had a coloured line drawn 

on them indicating where the top of the sample was in relation to the core. This was 

done so that observations of features such as grading could be made. Before resin 

was added, the samples were heated to 60 to 70°C. The resin was applied evenly 

with a wooden spatula until an even colour was achieved and resin would no longer 

be absorbed by the sample. When the resin was no longer being absorbed, the 
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sample would begin to show a glossy finish, indicating too much resin was on the 

sample and no more would be absorbed. When this occurred, the excess resin was 

removed from the sample with the wooden spatula. This could take up to five 

attempts over the course of two days. However, it was preferable to impregnate the 

samples to saturation over the course of one day. In some cases, once resin had been 

applied, and had set, the sample was cut so that it would no longer exceed the size 

of the glass slide. Once the sample was an appropriate size, the sample was then 

heated to 40 - 60°C and resin was reapplied to the exposed surface until it was no 

longer absorbed. After resin had been applied to the sample to the point of saturation, 

the sample was left to cure for a minimum of 12 hours at 60°C on a hot plate. At 

this point the resin samples were ready to be ground. 

3.3.3.5 Grinding and Smoothing Samples 

The process of grinding off extra resin and smoothing off the blocks for both kinds 

of samples until they were perfectly flat, was very difficult. As a result, several 

samples had to be resined and ground several times until a successful sample was 

obtained. This was because the resin generally did not permeate through the sample 

fully, therefore, there was a fine line between too much and too little resin left on 

the block. Samples were ground down using a diamond disc sander and were 

finished off using a glass plate with grinding powder. The disc sander was used 

when samples had an excessive amount of resin on them, as the disc sander could 

grind down the samples faster. However, the disc sander was not used to finish off 

the samples because it was very easy to grind off all the resin, or to form grooves 

in the samples, resulting in the samples needing to be impregnated.  Samples were 

deemed to be ready for block mounting when there was no glossy appearance of 

resin, it felt smooth to the touch, and when no marks were observable reflected in a 

film of water applied to the surface of the sample. Samples were then re-wetted 

with water to decrease the likelihood of anything such as grinding powder or 

fingerprints being left on the smoothed block surface. The samples were heated to 

60°C, ready for block mounting. 
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Figure 21: 1) Samples drying out in tinfoil containers; 2) Thin sections that have been 
made, next to the parent sample; 3) Non-consolidated samples thst had been encased 
in resin  

It is important to note that due to the difficulty of the material sampled, which 

contained features such as holes in the samples, not all the resin could be removed 

from some samples. Therefore, the samples were ground down to the best possible 

surface, and the slides were mounted on areas where the block was the best quality. 

This meant that in some cases the slides did not cover the entirety of the block, or 

only sections of the block were preserved in the thin section.  

3.3.3.6 Frosting of Glass Slides 

The Wards® glass slides used for block mounting were ground to the exact same 

thickness in the process of ‘frosting the glass’. This process involved washing off 

any residue or dust from the slide, then manually grinding down the slide to a 

uniform thickness by pushing the slide across a grinding disc. This process would 

remove between 0.03 and 0.05 mm of glass from the surface. The slide was then re-

washed and placed on a hot plate, frosted side up at approximately 40 °C to dry.  

3.3.3.7 Block Mounting 

A mixture of Hillquist® resin and harder at a ratio of 7:3 was used to mount the 

blocks to the frosted slides. The Hillquist mixture was heated to 60°C and mixed 

using a wooden spatula in a small plastic container. Once the mixture was heated 

and thoroughly combined, it was left for approximately one minute on the hot plate. 

Following this, a line of the Hillquist mixture was placed in the middle the frosted 
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side of the glass slides. The sample block was then placed on the glass slide and 

pressure was applied to the glass slide with two fingers, and moved around the 

sample block to remove any air bubbles. Pressure was then applied until resistance 

was felt between the glass slide and the block, indicating that the block had begun 

to adhere to the glass slide. This step was repeated for all samples. Glass mounted 

samples were then placed on a bench to cool for 12 - 36 hours. A minimum of 12 

hours was needed to ensure that the slides and the blocks were stuck to one another. 

If left for more than 36 hours, then the glass slide could crack due to the weight of 

the block. Excess resin accumulated on the underside of the glass slide and around 

the block, which needed to be removed so that the glass slide surface was 

homogeneous. This was done by carefully scraping off excess resin with a blunt 

razor blade on the bottom surface and around the glass slide. After this the sample 

name, number, and, if applicable, line indicating the top of the slide were etched 

into the corner of the glass using a diamond tipped pen. 

3.3.3.8 Grinding Down Thin Sections 

The block was cut from the glass slide, leaving a millimetre-thick sample attached 

to the glass slide. The sample was then ground down to a satisfactory thickness 6 

to 4.5 µm (Figure 22). This thickness was determined by the colour of feldspars 

observed down a polarised microscope. When the sample was the right thickness, 

feldspars present in the sample would become grey and black under crossed polar 

(first order birefringence colours). Therefore, during grinding, the slide was 

periodically checked underneath the microscope. 

 

Figure 22: a) thin sections after the sample has been cut off from the glass. b) 

completed thin sections drying out. 

3.3.3.9 Cover Slipping 

Normally all thin sections are cover slipped, which involves gluing a thin piece of 

glass to the top of the slide to protect it from damage. However, this was only done 

a b 
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for samples taken from the outcrop in Maar 2. It was not done for any of the other 

samples, as it was found that the process would often lift the resin and sample from 

the slide, ruining the slide. Furthermore, several of the samples were analysed under 

the scanning electric microscope which could not occur if a coverslip had been 

applied. 

3.3.3.10 Thin Section Analysis 

Slides were observed under a microscope using both plane- and cross-polarised 

light at magnifications from 100x - 400x. Slide mineralogy was determined using 

standard petrographic procedures. These standard procedures include looking at the 

birefringence of the minerals and assessing whether pleochroism or twinning had 

occurred.  In addition to this, grains were also analysed for their morphology and 

notes were made of any observed sedimentary structures. For example, when a 

quartz grain was identified, its abundance in relation to other minerals, along with 

its morphology, surface extra, size, and shape were noted. The overall sorting of 

grains and sedimentary structures such as bedding or grading were also observed. 

3.3.4 Scanning Electron Microscope 

The Hitachi S-4700 Field Emission Scanning Electron Microscope (SEM) with 

Quorum Technologies Cryo-system was used predominantly to determine the 

elemental composition and aid in determining the mineralogy of the thin sections, 

which were unable to be assessed with a standard petrographic microscope.  

SEM can produce highly detailed images at very high magnifications; quantify 

elemental abundances across the entire sample surface; and qualify elemental 

abundances at a point(s) selected by the user (Joy, 2006). Back - scatter images can 

be used to identify differences within the sample not seen through normal SEM 

imaging, such as differences in density (Joy, 2006). 

The SEM performs these analyses by scanning the top of a sample with electrons 

that interact with the sample (Goldstein et al., 2017). During this interaction, some 

electrons used in scanning the sample pre-scattered and along with electrons 

emitted during the interaction reach the detector (Reed, 2005). The number of 

electrons which reach the detector at a given point is determined by the topography 

and the atomic weight of said point, which results in the determination of both 

topography and elemental composition (Joy, 2006).  
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The choice of slides for SEM analysis was determined by observation of deposits 

made from both the geological logging and thin sections. Areas of interest were 

located by engraving the bottom of the thin section slide, and then photographed, 

followed by analysis of elemental distribution. 

3.3.5 X-Ray Fluorescence 

X-ray fluorescence (XRF) works by subjecting a sample to short wavelength x-rays 

and then measuring the secondary x-ray emitted from the sample (von Bohlen, 

2009). This x-ray is emitted by the dislodging of electrons from the atom shell 

because of x-ray bombardment. Subsequently, an electron from a high energy order 

will replace the lost electron, but by doing so must drop to a lower energy state, 

which results in the release of x-rays (Kalnicky & Singhvi, 2001).  Every atom will 

emit a unique x-ray, which then can be used to determine the elemental composition 

of a material (Loubser & Verryn, 2008; von Bohlen, 2009). XRF is a non-

destructive method, and ideally samples should be examined using XRF when they 

are completely dry (Croudace et al., 2006). However, completely drying samples 

may alter their properties for later testing. Therefore, it was determined that the core 

would not be dried out as it can cause the core to crack. As a result, the samples 

were tested when they were water-saturated. 

XRF measurements were taken using a The Olympus Delta Professional portable 

XRF (pXRF) every 5 cm or where visible changes in the core were observed. Such 

changes could be grain size, contact, or changes in the colour of the core. Where 

non-visible changes occurred, an XRF measurement was also taken. These non-

visible changes were determined by the analysis of the Geotek data. XRF 

measurements were not performed where the core was not present, or the core was 

too narrow for the pXRF machine (just larger than the size of a $0.10 coin). 

pXRF produces rapid analysis of samples and when tested against laboratory-based 

XRF machines are found to have good analytical precision (Goodale et al., 2012; 

Rouillon & Taylor, 2016). However, analytical inaccuracies are found between 

various models of pXRF and some elements are not as easily identified through this 

method. This is particularly the case for elements of low atomic number such as 

silicon, aluminium, magnesium and carbon which the majority of geological 

samples comprise of (Goodale et al., 2012). Therefore, there is a greater inaccuracy 

of results from lighter atomic numbers. 
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pXRF data obtained for M1H1, M1H2 and M3H1, M3H3, M3H5 was obtained 

using the elemental distributions of Yttrium (Y), Titanium (Ti), Manganese (Mn), 

Iron (Fe), Zinc (Zn), Rubidium (Rb), Strontium (Sr), Zirconium, Niobium (Nb), 

Molybdenum (Mo), and Lead (Pb). The samples have not been dried out and 

measurements were taken directly on the split core surface. 

3.3.6 Laser Based Particle Size Analysis 

Particle size analysis was used to measure the size distributions of nonconsolidated 

samples throughout the various maars. Traditionally, grain size has been 

determined by several methods, such as by the pipette method based on Stokes 

sedimentation rates (Konert & Vandenberghe, 1997). However, laser diffraction 

size analysis is now commonly used and is thought to be a far superior technique 

(Konert & Vandenberghe, 1997). Laser diffraction uses forward scattering of 

monochromatic coherent light to determine the grain size of particles in a liquid 

solution (Black et al., 1996).  

A small amount of a sample is mixed with water and is then placed into the laser 

sizer. The laser sizer analysis is then performed and grain size distribution is 

calculated atomically. This is repeated with different sub-samples for a minimum 

of three instances per sample, and the average size and grain distribution is 

calculated. 

3.3.7 Clay Test 

The clays found within Maar 3 Hole 3 and Maar 3 Hole 5 were identified using 

XRD analysis on ceramic tiles, based on (Lowe & Nelson, 1983; Whitton & 

Churchman, 1987; Cunningham, 2012). This is a standard method used by the 

University of Waikato for identifying clays.  

XRD is used for the identification of crystalline material such as clays. When 

crystalline atoms interact with x-rays they diffract in many specific directions, and 

the angles and intensities of the diffraction beams are used to determine the 

molecular and atomic structure of the crystalline substance (Kahle et al., 2002). 

Clays are made of tetrahedral silica sheets and octahedral aluminium sheets. For 

example, kaolinite and halloysite are one-to-one clays and made up of one 

tetrahedral and one octahedral sheet. However, the difference between these clays 

is the amount of inter-layer water bound between the clay layers. The structure the 

clay forms will be picked up by XRD analysis and therefore an identification can 

be made. By heating the clay and then re-measuring XRD, the presence of water 
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between the layers can be determined, and therefore a distinction between kaolin 

group minerals and halloysite can be made. This is because the change in size will 

be picked up by XRD and a comparison between the heated and non-heated sample 

can be made. 

The method used to determine clay minerals involves measuring the sample XRD 

on five separate occasions after various treatments. Firstly, the clay fraction is 

removed from the sample by placing the sample in a centrifuge which spins at 800 

rpm for three minutes, which results in the clay fraction becoming supersaturated 

within the water. The water containing clay particles is carefully removed and 

placed in a 50-ml beaker with 2 ml of magnesium chloride and one drop of 

hydrogen chloride. The beaker is then topped up with distilled water. Overnight the 

clay should flocculate and concentrate at the bottom of the beaker. After 12 to 24 

hours, the water above the clay is fully removed. The beaker is then refilled with 

distilled water, approximately 50 ml, and the clay is left to settle overnight. The 

following day the water above the clay is removed. 

The clay is then pipetted onto a ceramic tile to dry under a desiccator for 24 to 72 

hours, after which the first round of XRD is performed within two days. Following 

this, two replicates of the sample are placed in a desiccator with 10 % ethylene 

glycol for minimum of 36 hours, followed by a further XRD test. Formamide is 

added to the remaining sample to test for halloysite. Samples tested with formamide 

are not reused. The ethylene glycol sample is placed in an oven at 110°C for at least 

an hour; followed by re-measurement of XRD. Samples were then placed in an oven 

at 550°C for one hour and cooled in a desiccator before undergoing a final round of 

XRD. 
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4 Chapter 4 

Results 

This chapter covers the results obtained through the methods described in the 

previous chapter. This comprises of core descriptions and thin sections of the five 

drill cores; geotek analysis of the density, magnetic susceptibility and CIELAB 

colours for the five drill cores; pXRF of suitable elements; scanning electron 

microscope, XRD and grain size analysis of various samples. 

4.1 Core Description 

Lithologies and sedimentological features are described in detail from visual 

assessments conducted on whole cores and split cores. Logs are produced for Maar 

1, Holes 1 and 2 and Maar 3, Holes 1, 3 and 5. Except for M3H5, the Hindon Maar 

cores shared facies. However, individual units cannot be correlated across the cores. 

Comparisons can be made between M1H1, M1H2, M3H1, and M3H3, as these 

cores have comparable mineralogical characteristics and sedimentary successions. 

4.1.1 Vesicular and Non-Vesicular Mottles 

In Maar 1, Holes 1 & 2 and Maar 3, Holes 1 & 3, non-consolidated white to cream 

clasts are found within sections of the core, often surrounded by consolidated 

material. These deposits are here named ‘mottles’. Mottles range in size from 

medium sand to medium gravel and vary in shape from sub-rounded to angular, and 

from spherical to elongated. Larger mottles (fine to medium gravel in size) appear 

vesicular. The mottles range in concentration from <1% to 35% of the core by 

volume. The highest concentrations of mottles are found in M3H3, where they are 

characterised by discrete zones of high concentration, overlain by areas of 

approximately 2% concentration. Similar zones of high concentration can be 

observed in other holes, but they are less obvious. The overall shape, size and 

concentration varies throughout the different cores. It should be noted that the 

colour and consolidation of the mottles do not vary, allowing for them to be easily 

identified despite their varying morphologies. The mottles are not preserved well in 

the thin section. On the rare occasions that the mottles are preserved, they appear 

similar across thin sections. 
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4.1.2 M1H1 

The lowermost deposit in this core is comprised of moderately consolidated breccia 

(B1) (Figure 23; Figure 45). The matrix is fine to coarse sand, with fine gravel to 

fine pebble sized schist and quartz clasts. All grains are angular to sub-angular and 

the deposit is poorly sorted. The breccia is characterised by unconsolidated 

vesicular mottles that are whitish-cream in colour. These mottles make up just over 

1% of the breccia. Overall, this unit is normally graded. 

Above the breccia is a layer of loose schist and quartz clasts (LSQ). The contact 

between these units was not preserved during coring. The loose schist and quartz 

range from fine gravel to medium pebbles in size. These grains are angular to sub-

angular and are poorly sorted. The recovery of this deposit is poor: 1.5m was drilled 

but only 40 cm was recovered. 

The loose schist and quartz unit is overlain by a second breccia (B2) (Figure 24). 

The contact between the two deposits is not observed. Unit B2 has a moderately 

consolidated, fine to coarse sand matrix, with fine to medium gravel clasts 

consisting of schist and quartz. Non-consolidated vesicular mottles are present, 

representing around 2% of the deposit. 

Overlying Unit B2 is a weakly consolidated sandstone unit (STM) (Figure 25). The 

contact between these two units is gradational over 5 cm. Unit STM consists 

predominantly of fine to medium sand, with rare coarse sand layers (3 mm to 10 

mm thick) comprising schist and quartz grains, which can be observed towards the 

top of the deposit. Overall the deposit is moderately sorted, although the bottom of 

this unit is poorly sorted. Throughout this unit, vesicular mottles can be observed, 

ranging in abundance from <1% up to 5%. The mottles found in this unit are 

medium sand to fine gravel in size, elongated, sub-angular to angular and have a 

rough surface texture. In conjunction with the mottles, fine gravel sized schist and 

quartz clasts are also present. These clasts are sub-angular to sub-rounded, with 

moderate sorting. 

Overlying Unit STM is a very weakly consolidated sand unit (WCS) (Figure 26). 

The contact between STM and WCS is gradational over 3 cm. WCS is mostly 

massive, although discrete lenses of laminations can be observed at 14.15 m and 

13.25-13.44 m. The overall grain size for WCS is a fine sand, although discrete 

zones of medium and fine gravel are observed at 13.94 m and 13.63–13.71 m. Rare 

vesicular mottles can be observed sporadically throughout this deposit. sharp 
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contacts or sudden changes in grain size are observed within this unit and shown in 

the stratigraphic log. 

Above Unit WCS is a non-consolidated is silt unit (NCS) (Figure 27). The contact 

between WCS and NCS is sharp and flat. NCS is well sorted and is predominantly 

laminated (1 - 3 mm thick). It is important to note that through this deposit there 

appear to be multiple injections of drillers mud. Drillers mud was identified as 

horizontal zones of liquidised material which has a plastic feel. 

Overlying NCS is a unit of black carbonaceous sediment (BCS) (Figure 28). The 

contact between the BCS and NCS is not observed. Clear laminations can be 

observed throughout BCS (0.5 - 5 mm), along with sand injections near the top of 

the deposit, likely a result of drilling. 

Overlying BCS is a non-consolidated sand much like NCS. It appears that this 

deposit has been semi or fully liquidized. The deposit is a fine, well-sorted silt with 

no visible structure. It is possible that this section of the core may have been 

reworked by the drilling. 
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Figure 23: M1H1 18.29 – 

18.44 m; unit B1; mottles 

circled in red. 

 

Figure 24: M1H1 16.10 – 

16.25 m; unit B2; mottles 

circled in red. 

 

Figure 25: M1H1 14.45 – 

14.60 m; unit STM; mottles 

circled in red. 

 

Figure 26: M1H1 13.81 – 

13.96; unit 

WCS showing a mottle 

circled in red. 

 

Figure 27: M1H1 12.6 – 

12.75; unit NCS, with mud 

injections circled in red. 

 

Figure 28: M1H1 10.60 – 

10.75 m; unit BCS, showing 

black carbonaceous 

sediment with sand 

injections produced by 

drilling 
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4.1.3 M1H2 

The lowermost unit in this core is a moderately consolidated breccia unit (B3) 

(Figure 29; Figure 46). The matrix consists of fine to coarse sand with fine to 

medium gravel-sized clasts of schist and quartz. Grains are angular to sub-angular 

and the deposit is very poorly sorted. Non-consolidated vesicular mottles are found 

throughout B3 with an overall abundance of 2%. The mottles are medium sand to 

medium gravel in size, have a rough surface texture and are spherical in shape. As 

in M1H1, fine to medium gravel sized schist and quartz clasts are found in 

association with the mottles. These clasts are sub-angular to sub-rounded, with a 

moderate surface texture. 

Overlying B3 is a very weakly consolidated sand unit (WCS2) (Figure 30). The 

contact between B3 and WCS2 is not observed because approximately 1.1 m of 

core was not recovered between the two deposits. WCS2 is a massive fine sand 

which is well sorted and sub-angular to sub-rounded. The grains consist of schist 

and quartz, and the unit is also micaceous, as indicated by the glinting of cleavage 

planes.  

Overlying Unit WCS2 is a non-consolidated silt deposit unit (NCS2) (Figure 31). 

There is an abrupt contact between WCS2 and the overlying NCS2. NCS2 is 

comprised of silt to fine gravel sized grains. These grains are angular to sub-rounded, 

but mostly sub-angular. At 15.0 to 15.4 m, the deposit is a fine to coarse sand. At 

14.90 to 14.96 m the grain size increases from a medium gravel to fine pebbles with 

a medium to coarse sand matrix. At 14.48 m medium pebbles are present. At 14.35 

to 14.34 m angular laminations within fine sand are observed. At 14.60 to 14.66 m, 

the deposit becomes a coarse sand to fine gravel with non-consolidated vesicular 

mottles present. The top of this deposit, from 13.46 to 13.26 m, has been liquefied 

and forms a poorly preserved contact between NCS2 and the black carbonaceous 

material above; therefore, the nature of this contact cannot be commented on. 
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Figure 29: M1H2 17.60 - 

17.75 m; unit B3, mottles 

shown in red circles. 

 

Figure 30: M1H2 15.5 - 

15.30; unit WCS2 shows 

massive sand with small 

drillers mud injections 

indicated by red. 

 

Figure 31: M1H2 13.7 - 13.85 

m; unit NCS2, showing sand 

with gravel zones in red. 

4.1.4 M3H1 

The lowermost deposit in this core is a weakly consolidated breccia unit (B4) 

(Figure 32; Figure 47), comprising a medium to coarse sand matrix with medium 

gravel to coarse gravel and rare fine pebbles present. The clasts are made up of 

quartz and schist fragments. All grains are angular to sub-rounded and the deposit 

is poorly sorted and normally graded. 

B4 is overlain by a weakly consolidated sandstone unit (WCS3) (Figure 33). The 

contact between Unit B4 and Unit WCS3 is sharp (1mm).  WCS3 is a moderately 

sorted laminated fine sandstone with discrete beds of fine to coarse sand with 

normal grading. Coarser beds sometimes contain non-consolidated vesicular 

mottles which are most clearly seen at 5.31–5.4 m and 5.21–5.28 m. Where mottles 

occur, they make up <1% of the deposit. The mottles are medium to fine gravel in 

size, horizontally elongated and have a rough surface texture. Beds containing 

mottles are also found in conjunction with quartz and schist clasts.  The quartz and 

schist clasts are medium to fine gravel in size, sub-angular to sub-rounded. The 

occurrences of coarser grained beds are concentrated near the bottom of the deposit. 

At 3.35–3.76 m the deposit becomes strongly laminated.  
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 Overlying WCS3 is a soil deposit (Figure 34). Unlike previously described units, 

M3H1 does not have black carbonaceous sediment overlying the siliciclastic 

sediments. The contact between WCS3 and the soil is a sharp, angular contact with 

a small gravel lens just above WCS3. 

 

Figure 32: M3H1 6.88 - 

7.04 m; unit B4 showing the 

sand matrix with schist 

clasts. 

 

Figure 33: M3H1 4.35 - 

4.50 m; unit WCS3, 

showing bed of mottles 

circled in red. 

 

Figure 34: M3H1 1.7 - 1.85 

m; soil deposit. 

4.1.5 M3H3 

The lowermost deposit of this core is a weakly consolidated breccia unit (B4) 

(Figure 36; Figure 48). B4 has a fine to medium sand matrix with fine to coarse 

gravel schist and quartz clasts. Clasts are angular to sub-angular. Overall, this 

deposit is poorly sorted. Non-consolidated vesicular mottles are present within B5 

at an abundance of 3%. From 16.03 – 16.12 m the mottles make up 5% of the core. 

The core containing Unit B4 is highly fragmented.  

Above B5 is a weakly consolidated sandstone unit (WCS4) (Figure 37). The contact 

between B5 and WCS4 is a sharp dipping angular contact, although one medium-

sized pebble can be found just above the contact at 15.95 m. The grain size of Unit 

WCS4 is fine to medium sand with angular to sub-angular grains and moderate 

sorting. Non-consolidated vesicular mottles can be found within this deposit at 

15.65 – 16.03 m at an abundance of <1%. Between 15.53 and 5.65 m mottles make 

up 2% of the core.  

Overlying WCS4 is a weakly consolidated sandstone dominated by mottles (MS) 

(Figure 38). The contact between WCS4 and MS is gradational over 5 mm. The 
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sand fraction of this deposit is fine to medium, although some fine gravel grains are 

present. The grains are angular to sub-angular and the deposit is poorly sorted in 

general. Mottles within this unit are medium sand to medium gravel in size, have a 

rough surface texture, are angular, elongated and occur at varying concentrations 

(Figure 35). 

 

Figure 35: The percentage of mottles in M3H5  
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Figure 36: M3H3 15.99 - 16 

.14 m; unit B5, mottles 

circled in red. 

 
Figure 37: M3H3 15.7 - 15.85 

m; unit WCS4 showing for 

small mottles in red. 

 
Figure 38: M3H3 14.31 - 

14.46 m; unit MS showing 

high concentration of mottles 

and mud injections labelled 

in red. 

Above MS is a non-consolidated mud unit (NM) (Figure 39). The contact between 

Unit MS and Unit NM is abrupt and wavy. NM appears slightly laminated near the 

bottom of the unit and has a wavy slump structure near the top. The grain size is 

mud, and NM is well sorted.  

Overlying NM is a continuation of Unit MS (Figure 40). The contact between these 

two deposits is dipping and wavy. The mottle concentration at this contact is 

approximately 10%, although mottles are smaller in overall size than the lower MS 

deposit, ranging from medium sand to fine gravel in size. 

Above the MS continuation is a weakly consolidated sand unit (WCS5) (Figure 41). 

The contact between MS and WCS5 is sharp, occurring over 2 mm. WCS5 is a fine 

laminated sand comprised of mica and quartz grains. At 13.9 – 13.92 m the deposit 

contains fine to coarse sand. At 13.37 – 13.9 m ripples can be observed. This deposit 

also has evidence of organics as a small deposit of organic material can be seen 

incorporated into horizontal laminations. sharp contacts or sudden changes in grain 

size are observed within this unit and shown in the stratigraphic log. 

Overlying WCS5 is a non-consolidated silt (NCS3) (Figure 42). The contact 

between these two deposits is not observed, as it occurs within the core catcher and 

therefore is not preserved. NCS3 is white in colour and very strongly laminated. It 
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is fine sand to mud sized and well sorted. This deposit has an abrupt horizontal 

contact with the black carbonaceous sediment above. 

 

 
Figure 39: M3H3 14.05 - 

14.20 m; unit NM showing 

swirly pattern as indicated by 

arrows. 

 
Figure 40: M3H3 13.85 - 14.0 

m; unit WCS5 with 

laminations overland with 

red lines and white line 

indicating bottom contact 

with MS. 

 
Figure 41: M3H3 13.58 - 

13.72 m; unit NCS3 showing 

transitional zone between 

black carbonaceous mud and 

sand base material.. 

4.1.6 M3H5 

The lowermost unit of M3H5 is a non-consolidated, gravelly sand (NCS4) (Figure 

42, Figure 49).  NCS4 is fine to coarse sand with medium gravel fragments present. 

The unit is orange in colour and is massive. The grains are sub-angular to sub-

rounded, and the overall deposit is poorly sorted.  

Overlying NCS4 is a weakly consolidated mudstone unit (WCM) (Figure 43). The 

contact between WCM and NCS4 is sharp. WCM is highly fragmented and 

completely pulverised from 7.31 to 7.75 m, forming what appears to be a loose 

gravel comprised of WCM.  

Above WCM is a weakly consolidated purplish mudstone unit (WCM2) (Figure 

44). A green film is sometimes observed on the cut surface of this deposit. The 

green film also coats elongated voids within the deposit. The green film is believed 

to have formed following the core being split as it was not noticed before splitting. 

From 5.65–1.3 m, the deposit includes blueish-grey zones, which are more 
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consolidated and appear as rounded blobs within the core. The core has a green film 

and hollow voids thought  

out it. 
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Figure 42: M3H5 7.45 – 7.60 

m; bottom of the photo shows 

NCS4 as indicated by the red 

shape and WCM above. 

 
Figure 43: M3H5 4.90 - 5.05 

m; WCM showing minerals 

found in the deposit circled in 

red. 

 
Figure 44: M3H5 1.47 - 1.53 

m; WCM2, showing greenish 

film on the cut surface circled 

in red and voids in blue. 

Bluish-grey zones are shown 

in red 
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Figure 45:  M1H1 showing stratigraphic log of units with brief descriptions, 

mineralogical composition, and locations for sampling. 
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Figure 46:  M1H2 showing stratigraphic log of units with brief descriptions, 

mineralogical composition, and locations for sampling. 
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Figure 47:  M3H1 showing stratigraphic log of units with brief descriptions, 

mineralogical composition, and locations for sampling. 
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Figure 48:  M3H3 showing stratigraphic log of units with brief descriptions, 

mineralogical composition, and locations for sampling. 
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Figure 49:  M3H5 showing stratigraphic log of units with brief descriptions, 

mineralogical composition, and locations for sampling. 
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4.1.7 Sediment Descriptions of Maar 2 

Outcrops 

The deposits found in Maar 2 were found in hill slope exposures within the Maar. 

As no core was obtained for Maar 2, it is likely that many of the deposits within 

this Maar have not been exposed in hill cuttings. Three dominant facies were 

observed within the hill cuttings, comprising two fine sand facies and one breccia 

facies. The results described below are a combination of field observations and 

sample analysis using optical microscopy.  

4.1.8 Location 1  

The GPS coordinates of location 1 are; S 45°46’26.9”, E 170°15’46.4” and the 

elevation is 337 m. Units at Location 1 are crudely interbedded with one another. 

Large schist boulders >40 cm in diameter are located within the section examined. 

Location 1 Sample 1 is a poorly consolidated bluish grey bedded sandstone (Unit 

1) (Figure 50). Extensive weathering can also be seen throughout Unit 1 as orange 

staining. Unit 1 comprises fine to coarse sand. It is poorly sorted and angular to sub-

rounded.   

Underlying Unit 1 is Location 1 Sample 2 (Unit 2) (Figure 51). This unit is a poorly 

consolidated bluish grey massive sandstone with mottles. Unit 2 is weathered and 

comprises fine sand to fine gravel grains that are moderately sorted and sub-angular 

to sub-rounded.  

4.1.8.1 Location 2  

The GPS coordinates of Location 2 are: S 45°46’26.9”, E 170°15’47.00” and the 

elevation is 337m.  Location 2 is 5-7 m closer to the centre of the maar than Location 

1. Two different deposits are located at Location 2, Unit 1 and Unit 3, but a sample 

was only taken of Unit 3. No sample was taken of Unit 1 as it would have required 

climbing an unstable slope. At Location 2, Unit 1 is a consolidated bedded 

sandstone it is the same as Unit 1 identified in Location 1 except for the presence 

of pebbles and outsized schist boulders 20-40 cm in size found within the unit.  

Underlying Unit 1 is a nonconsolidated bluish-grey sandstone (Unit 3). Unit 3 is 

extensively weathered and comprised of fine sand grains that are well sorted and 

sub-angular to sub-rounded. Unit 3 is also micaceous.  
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4.1.8.2 Location 3  

The GPS coordinates of Location 3 are: S 45°46’26.9”, E 170°15’47.05” and the 

elevation is 338 m. Location 3 is 5m closer to the centre of the maar than Location 

2. The exposure of the outcrop of is approximately 3 m high with Location 3 Sample 

3 at the top and Location 3 Sample 1 at the bottom (Figure 52). The exposure of the 

unit is not continuous. The lowermost deposit found in Location 3 is a poorly 

consolidated greyish red sandstone (Unit 4). Unit 4 is weathered and consists of 

fine to medium sand with fine to medium gravel grains that are poorly sorted and 

angular to rounded. The grains comprise quartz and schist lithics. Above Unit 4 is 

a large extremely weathered schist boulder encased by Unit 4. Above the schist 

boulder is Location 3 Sample 3, which is a poorly consolidated laminated sandstone 

(Unit 5). Unit 5 is weathered and comprises of fine sand grains that are well sorted 

and angular to sub-angular. The deposit is micaceous. Laminations found within 

Sample 5 dipped towards the centre of the maar.  

4.1.8.3 Location 4  

The GPS coordinates for Location 4 are: S 45°46’26.9”, E 170°15’47.05” and the 

elevation is 339 m. Location 4 was located 8 m further towards the centre of the 

maar from Location 3.  

Location 4 Sample 1 is found at a similar elevation to the deposits at Location 3, 

although not the same unit. Location 4 Sample 1 is the lowermost deposit found at 

this location. Location 4 Sample 1 is a consolidated finely bedded sandstone (Unit 

4). Unit 4 is weathered and comprises fine sand with minor fine gravel. Unit 4 is 

well sorted and sub-angular to sub-rounded. Lithics within this deposit are schist 

and quartz.  

The contact between unit 4 and Unit 6 is not observed. Location 4 Sample 2 is a 

poorly consolidated breccia (Unit 6). Unit 6 is a light yellow-brown which had been 

moderately weathered; no grading could be observed. The matrix of Unit 6 consists 

of fine sand, while the coarse-grained component of this unit is fine gravel. Overall, 

the unit is poorly sorted sub-angular to sub-rounded and gravel comprises of schist 

and quartz lithics.  

The lowermost deposit observed at this location was Location 4 Sample 3. However, 

the contact was not observed. Location 4 Sample 3 is a consolidated sandstone (Unit 

2). Unit 2 is light bluish grey, has bright orange mottles, and is weathered. The grain 
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size of this deposit is fine sand with pebble to cobble sized schist. Overall, Location 

4 Sample 3 is moderately sorted, angular to sub-rounded and micaceous.  

4.1.8.4 Location 5  

The GPS coordinates for Location 5 are: S 45°46’27.00”, E 170°15’47.05” and the 

elevation is 340 m. Location 5 is 10 m below the present-day surface of the maar 

deposit. The outcrop observed was 1.5 m wide and showed extensive iron oxide 

weathering. Within the deposit, discrete angular schist pebbles were observed. 

Location 5 Sample 1 is consolidated sandstone (Unit 3). The unit is brownish orange 

with white and brown mottles, weathered, massive (silt matrix with fine gravel, 

poorly sorted, sub-angular to sub-rounded), schist and quartz lithics.   

4.1.8.5 Location 6  

The GPS coordinates for Location 6 are: S 45°46’27.8”, E 170°15’44.0” and the 

elevation is 336 m. Location 6 Sample 1 shows a transition between fine grey sand 

of Unit 1 into a bluish grey sand of Unit 2. The transition was observed through the 

concentration of mottles are found in the outcrop as Unit 2 has mottles and Unit 1 

does not.  Location 6 Sample 1 is a consolidated sandstone (Unit 1). Unit 1 is orange 

and bluish grey and moderately weathered. Location 6 Sample 1 is fine sand, well 

sorted, sub-rounded and micaceous.  

Location 6 Samples 2 and 3 were the uppermost deposits at this location. Both 

samples are poorly consolidated massive sandstones (Unit 2). The deposit was 

bluish grey with orange and white mottles. These samples were weathered, and the 

grains are fine sand to fine gravel, moderately sorted, sub-angular to sub-rounded. 

Lithics found in this deposit are quartz and schist.  

4.1.8.6 Location 7  

The GPS coordinates for Location 7 are: S 45°46’25.6”, E 170°15’43.9” and the 

elevation is 331 m. Location 7 Sample 1 is a poorly consolidated massive sand (Unit 

2). The deposit is bluish grey with orange to white mottles. Location 7 Sample 1 

comprised of fine sand to fine gravel, moderately sorted and is sub-angular to sub-

rounded. Lithics in this deposit are quartz and schist. 
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4.1.8.7 Location 9  

The GPS coordinates for Location 9 are: S 45°46’24.9”, E 170°15’44.0” and the 

elevation is 340 m. The exposure observed at Location 9 consisted of a frittery 

sandstone (Location 9 Sample 1) surrounded by breccia (Location 9 Sample 2). At 

this deposit, the first unit contained 5% clasts up to 10 cm. The entire exposure was 

5 m wide. 

Location 9 Sample 1 is a moderately consolidated massive sandstone (Unit 1). This 

deposit is light greyish brown and is moderately weathered. Location 9 Sample 1 is 

comprised of fine sand that is very well sorted and is sub-angular to sub-rounded. 

The deposit is frittery and has conchoidal fractures. (Figure 55) 

Location 9 Sample 2 is a poorly consolidated breccia (Unit 6). The breccia is 

yellowish orange with zones of bluish grey and light-yellow mottles. No grading 

was observed in this deposit. Unit 6 comprises a fine sand matrix with coarse sand 

to medium gravel clasts. The deposit is poorly sorted and sub-angular to sub-

rounded. Lithics found within the sample are schist and quartz. 
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Figure 50: Unit 1, Location 1 Sample 

1. This sample is highly weathered. 

 

Figure 51: Unit 1 Location 2 

Sample 2. Consolidation was not 

preserved through acquisition. 

 

Figure 52: Location 3 Sample 1. An 

example of schist clast found within 

surrounding unit 4. The schist is 

entirely weathered. 

 

Figure 53: Location 1 Sample 2 

Unit 2. Mottles circled in red. 

 

Figure 54: Unit 2 Location 7 Sample 2 

showing mottles circled in red. 

 

Figure 55: Unit 1 Location 9 

Sample 1. 
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4.2 Thin Sections 

4.2.1 M1H1 

Unit B1 is visually identified as a fine gravel in thin section. The matrix of unit B1 

is comprised of 50% quartz with an average grain size of silt. The grain size 

increases down the deposit to medium gravel at 15.95 m. Quartz grains are angular 

to sub-rounded. Mica comprises 30% of Unit B1, and has grain size varying from 

silt to medium gravel with grain-size variability increasing with depth. Mica grains 

are angular to sub-rounded. The overall sorting of this deposit decreases with depth 

from well sorted to poorly sorted.  

Only one slide was made for Unit B2. The matrix of this deposit is identified as a 

silt, with mica making up the highest proportion of minerals at 40%. Mica grains 

were fine to coarse sand in size, horizontally elongated, and angular to sub-angular. 

Quartz grains make up 35% of the sample and are silt-sized. Quartz grains are 

angular to sub-rounded. Overall this deposit is poorly sorted.  

Only one slide was made for Unit STM which is identified as a coarse sand 

comprising 40% mica grains and 30% quartz grains. Mica grains are fine to coarse 

sand-sized, angular to sub-angular.  Quartz is fine to coarse sand, mostly medium 

sand. The quartz grains are sub-angular to sub-rounded. Overall this deposit is 

poorly sorted.  

Unit WCS is identified as a fine sand composed of 39% quartz, which is silt to 

coarse sand-sized, but mostly fine sand sized. The proportion of sand size quartz 

grains increases down the unit. Quartz grains are sub-angular to sub-rounded. Mica 

makes up 34% of the unit and grains are silt to medium sand in size. Like the quartz 

grains, the proportion of sand size increases down the unit. The mica grains are sub-

angular. From 12.9 to 13.03 m thin sections indicate that the deposit is well sorted. 

From 13.27m to the bottom of the deposit the unit is poorly sorted. Thin sections 

that are poorly sorted consist of  

Unit NCS comprises 72% mica, which is silt-sized. The mica grains are sub-angular, 

horizontally aligned, forming laminations within many of the slides. Quartz makes 

up 13% of the unit and is also silt-sized. However, the proportion of fine sand 

increases down the unit 60 - 40%). Quartz grains are predominantly sub-rounded, 

although the angularity of the grains increases down the deposit. The unit is well 

sorted.  
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Unit BCS unit is largely composed of organic matter. Minerals found within this 

unit comprise 65% mica which is silt-sized and sub-angular. Mica grains are 

horizontally aligned forming beds 0.3 mm thick. Quartz grains comprise 12% of 

the sample and are silt-sized. The grain size increases slightly down the unit. Quartz 

grains are sub-rounded, becoming sub-angular towards the bottom of the unit. This 

unit is very well sorted. 

 

A 

 

b 

 

C 

 

d 

Figure 56: Selection of photos from M1H1 at 40x magnification; unidentified minerals 

are outlined in red; a) 12.18 m depth, showing mica, silt sized quartz, and unidentified 

minerals in orange patches; b) 13.34 m depth, showing large quartz grains among a 

silt sized matrix; c) 13.5 m depth, showing a sample with extensive unidentified 

minerals, which has led to difficulties with mineral identification in this slide; d) 14.4 

m depth, showing poorly sorted sand with large areas of unidentified minerals, 

indicated in red. 
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4.2.2 M1H2 

Unit B3 is a fine sand comprised of 22% quartz with an average grain size of silt. 

The quartz grains are predominantly sub-angular to sub-rounded. Mica makes up 

59% of the unit and has an average grain size of silt. The mica is sub-angular. The 

sorting is predominantly poor; however, the unit is well sorted at 17.30 m and 

moderately sorted at 17.84 m. The thin section produced for Unit B3 comprised 

solely the matrix of this deposit. 

Unit WCS2 is a fine sand comprising 30% quartz with an average grain size of very 

fine sand. The quartz grains are angular to sub-rounded. Mica makes up 63% of the 

unit and has an average grain size of silt. The mica is sub-angular.  The unit is 

moderately sorted. Normal grading was observed at 15.10–15.13 m and two modal 

grain sizes (fine sand and coarse sand) were observed from 15.42–16.89 m.  

Unit NCS2 comprises silt to medium sand-sized grains of which 43% is quartz.  The 

quartz has an average grain size of fine sand, although grain size increases down 

the unit to medium sand. The quartz grains are angular to sub-rounded. Mica makes 

up 30% of the unit and is predominantly silt-sized grains. Most mica grains are sub-

angular. The sorting of the deposit is poor to moderate. Normal grading was 

observed at 13.47–13.49 m. Alignment of mica grains were observed at 14.19–

14.21m. 
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b 

c 
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Figure 57: Selection of photos from M1H2 at 40x magnification; examples of quartz 

are outlined in blue and unidentified minerals are outlined in red; a) 13.43 m depth 

NCS2, showing large quartz grains and patches of unidentified minerals within a mica 

matrix; b) 14.65 m depth NCS2, showing a contact between coarse grained material 

and fine-grained material with some distortion of micaceous beds; c) 16.7 m depth B3, 

showing fine-grained material; d) 16.90 m depth B3, showing a poorly sorted deposit. 

4.2.3 M3H1 

Unit B4 the fine sand comprised of 40% quartz with an average grain size of fine 

sand. The quartz grains are angular to sub-rounded. Mica comprises 31% of the unit 

and has an average grain size of silt, although grain size increases to fine sand at 

6.28 m. The mica grains are sub-angular to sub-rounded, although the grains 

become rounded at 6.49 m. Overall the unit is poorly sorted, although the interval 

at 5.63 m is very well sorted. Grain size transitions between silt at the top of the 

slide into a fine sand and then back into a silt is observed at 5.5 to 5.25 m. 

Unit WCS3 is silt to fine sand comprising 38% quartz with an average grain size of 

silt, although grain size increases down the deposit. The quartz is subangular to sub-
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rounded. Mica comprises 34% of the unit and has an average grain size of silt, with 

grain size increasing down the deposit. Fine sand is identified at 5.06 m. The mica 

grains are sub-angular to sub-rounded. Sorting is generally good; however, the unit 

becomes moderately sorted at 4.76 m. From 2.75–3.15 m and again at 3.72–3.75 m 

alignment of mica grains is observed. 

 

a 

 

b 

c 

 

d 

Figure 58: Selection of photos from M3H1 at 40x magnification; examples of quartz 

are outlined in blue and unidentified minerals are outlined in red; a) 4.15 m depth, 

showing a well sorted silt sized deposit; b) 5.39 m depth, showing a poorly sorted 

deposit with a dominance of quartz grains and unidentified minerals; c) 6.44 m depth, 

showing a deposit dominated by mica with coarser grained quartz beds. d) 7.50 m 

depth, showing a course grained deposit. 

4.2.4 M3H3 

The matrix of Unit B4 is a silt, comprising 25% quartz with an average grain size 

of silt. The quartz grains are angular to sub-angular. Mica makes up 50% of the unit 
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with an average grain size of silt. The mica grains are sub-angular to sub-rounded. 

The unit is well sorted. 

Only one slide was made for unit WCS4, which comprised 40% quartz and 50% 

mica. The quartz grains are silt sized and angular to sub-angular. The mica grains 

are silt sized and sub-angular to sub-rounded.   

Unit MS is a silt which comprises 18% quartz. The quartz grains are silt sized and 

are sub-angular to sub-rounded. Mica makes up 49% of the unit with silt sized 

grains. The mica grains are sub-angular to sub-rounded. Overall the unit is well 

sorted.  

Only one slide was made for unit WCS5, which comprises 35% quartz and 40% 

mica. The quartz grains are silt sized and angular to sub-rounded. The mica grains 

are silt sized and sub-angular to sub-rounded. The unit is very well sorted. 

Alignment of mica grains is observed from 13.69–13.83 m.  

Unit NCS3 is comprised of 28% quartz with an average grain size of silt. The quartz 

grains are sub-rounded at 13.69 m and become angular to sub-angular at 13.71 m. 

Mica makes up 55% of the unit with silt sized grains. The mica grains are sub-

angular to sub-rounded. Overall the unit is well sorted. 

a b 

Figure 59: Selection of photos from M3H3 at 40x magnification; examples of quartz 

are outlined in blue and unidentified minerals are outlined in red. a) 13.98 m depth, 

showing a silt deposit with small patches of unidentified minerals. b) 15.73 m depth, 

showing a deposit with extensive unidentified minerals. These patches of unidentified 

minerals are mottles. 

4.2.5 M3H5 

The minerals making up the main unit found in M3H5 could not be identified 

through thin section analysis. This is because the deposit is highly altered and the 
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material of which the deposit is comprised of is very fine-grained and possibly 

amorphous. Small black particles (5 to 20 µm) and clear yellow amorphous material 

(spherical and 0.2 – 0.5 µm) is observed at 400x magnification. From 1.3-4 m 

vesicles are lined with the yellow amorphous material. When hydrochloric acid is 

applied to infilled vesicles, no reaction occurs. In some thin sections, clear minerals 

are observed (under plane polarised light). These minerals are euhedral and triclinic 

with a low relief. Under PPL, they are reminiscent of feldspar.  However, they are 

altered and an identification cannot be made as a result.  
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Figure 60: Selection of photos from M3H5 PPL; unidentified minerals are outlined in 

red and infilled vesicles are outlined in yellow. Little to no mineralogy can be observed. 

Patches of discoloration are easily observed. 
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4.2.6 Boulder Field 

Approximately 70 m east of M3H5 was a field filled with basalt boulders, assumed 

to be the remains of a lava flow. The boulders ranged in size from 10 cm to 50 cm 

in diameter. The exteriors of the boulders were weathered and brownish red in 

colour. The interior of a freshly broken boulder was bluish reddish purple. The 

boulder in the hand specimen is fine-grained with less than 5% phenocrysts 

observed.  Thin section analysis identified a porphyritic, holocrystalline basalt. 

Phenocrysts are medium grained and identified as olivine (10%), plagioclase (30%) 

and pyroxene (5%) (Figure 61). The groundmass of the lava had a similar 

mineralogy to the phenocrysts, with the addition of opaque material comprising up 

to 70% of the groundmass. Quartz xenocrysts at 1 cm were also observed in the thin 

sections with alteration rings around the clast. Infilling of vesicles is spherulitic. 

a b 

Figure 61: Single view of a thin section of a boulder from the lava field under both 

plane light (a) and cross polarised light (b). 

4.2.7 Maar 2  

Unit 1 ranges in size from coarse sand to fine sand and is comprised of 52.5% mica 

which ranges in size from silt to medium sand. Mica grains found in Unit 1 are 

angular to sub-rounded and are generally horizontally elongated (Figure 62). On 

average the sample contains 31% quartz. Quartz grains range in size from silt to 

fine gravel with most of the quartz grains being fine sand. Quartz grains are sub-

angular to sub-rounded and have a moderate surface roughness. 

The sample taken from Unit 2 is a fine sand and comprised of 45% mica and 40% 

quartz. Mica grains range from silt to fine sand, but the majority are silt-sized. Mica 

grains are sub-angular to sub-rounded and horizontally elongated. Quartz grains 



 

81 

range from silt to fine gravel. Many of the quartz grains are fine sand and angular 

to sub-rounded. 

Only one sample was taken from Unit 3. This is a silt and comprises 35% mica and 

30% quartz. Quartz grains range from silt to medium sand, although most of the 

quartz grains are fine sand-sized. Most of quartz grains are sub-angular but ranged 

from sub-rounded to angular. Mica grains range from silt to fine sand and consist 

mostly of silt-size particles. Mica grains are sub-angular to sub-rounded and 

horizontally elongated. 

Unit 4 consists of silt to fine sand particles comprising 40% mica and 35% quartz. 

Quartz grains range from silt to fine sand with most of the grains fine sand-sized. 

The morphology of the quartz grains is angular to sub-rounded. Mica grains range 

in size from silt to fine sand and mostly comprise fine sand particles. Mica grains 

are rounded to sub-rounded. 

Unit 5 is a silt-sized sample which comprises 65% mica and 30% quartz. Quartz 

grains are fine sand-sized, angular to sub-rounded. Mica grains are silt-sized and 

sub-angular to sub-rounded.  

Unit 6 consists of medium sand comprised of 50% quartz and 35% mica. Quartz 

grains range in size from silt to fine gravel with the majority of quartz grains 

medium sand-sized. While quartz morphology ranges from rounded to angular, 

most grains are sub-angular. Mica grains range from silt to coarse sand with most 

grains fine sand-sized. Mica grains are rounded to angular with sub-rounded grains 

predominant.  
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a b 

c d 

Figure 62: Selection of photos from Maar 2 mottles are outlined in red; a) breccia 

with a high proportion of quartz and unidentified minerals. b)  sand deposit with 

unidentified minerals acting as a cement; c) has two modal grain sizes: distinct silt 

sized grains and sand sized quartz grains. This deposit is held together by orange 

unidentified minerals.  d) showing a large area of unidentified minerals, which are 

mottles, like those found in other maars.   

4.3 Geotek Results 

The following graphs (Figure 63 to Figure 72) show the processed Geotek data for 

Maar 1 Holes 1 & 2 and Maar 3 Holes 1, 3, & 5. The data shown are from the split 

cores and include magnetic susceptibility, gamma attenuation, density, and 

reflectance (Chapter 3 Methods). Where the core is highly fragmented or missing, 

such as at the end of the core, the data are assumed to be inaccurate and have been 

removed. 
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4.3.1 M1H1 

Changes in stratigraphic units are clearly seen in L*, a* and b* (Figure 64).  The 

density determined by the Geotek varies throughout the hole (Figure 63). Data are 

removed from the graph when they show a negative density or a density higher than 

10. The unaltered data can be found in Appendix-Geotek data. 

The density of Unit B2 is significantly higher than other deposits and is assumed to 

be incorrect. The magnetic susceptibility is low and shows little variation. L*, a* 

and b* are extremely variable. However, L* and b* decrease slightly down the unit. 

No Geotek analysis was undertaken on Unit LSQ. This is because the deposits are 

loose gravel and could not be placed in the Geotek. All physical properties increase 

in value down the unit. 

Much of the data for Unit STM has been removed due to poor quality of the core. 

The top half of this deposit shows a density similar to that of Unit WCS, although 

there is increased variability. The very high absolute density at the bottom of Unit 

STM is believed to be a processing error. However, the pattern indicates a decrease 

in density over the lowermost extent of the unit. The magnetic susceptibility for 

STM is varied and, due to the removal of much of the data, no clear patterns can be 

determined. The bottom of Unit STM has a low magnetic susceptibility which is 

similar to the underlying Unit B2. L* a* and b* show significant variation. L* 

decreases from 15.5 m to approximately 15.75 m at which point the variance 

increases slightly. a* shows redness decreasing slightly until 15.75 m and then 

increasing to the bottom of the deposit. b* increases slightly towards the bottom of 

the deposit. 

Unit WCS shows similar density to NCS; however, there is little overall variation 

in density and magnetic susceptibility within this deposit. The lack of variation in 

density and magnetic susceptibility is unique to this unit. The overall lightness of 

Unit WCS decreases slightly to 14 m or approximately the middle of the deposit. 

The a* values indicate that Unit WCS increases slightly in redness down the core; 

however, b* does not change. Compared to other units WCS has less variation. 

Unit BCS had both low density and low magnetic susceptibility compared to other 

units from M1H1. The overall lightness in Unit BCS decreases over the unit (L*). 

BCS is significantly redder than other units in M1H1 (a*). Unit BCS is slightly 

bluer than other units, and this value decreases in variability down the core (b*). 

The density of both NCS units shows some variation although overall the density 

of both units are similar to one another. The magnetic susceptibility shows 



 

84 

significant variation within the unit. This is particularly the case for the top NCS 

deposit. The CiELAB lightness (L*) of both unit NCS increases towards the middle 

(Fig 40). The overall red/green (a*) of the unit decreases (becomes less red) in the 

middle and then increases (becomes more red) towards the end of the unit NCS. 

Unit NCS varies in yellow/blue (b*) although there is no significant change of 

pattern down the unit. For the lower NCS unit, L*, a*and b* show little overall 

change throughout the unit although there is significant variance. 

 

Figure 63: Geotek data for M1H1 showing density and magnetic susceptibility. Units 

within the core are labelled to the right of each graph 
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Figure 64: CIE values L*, a* and b* for M1H1. Lithological units are identified on 

the right of each the graphs 

4.3.2 M1H2 

Stratigraphic units are not easily identified within changes in the Geotek 

measurement. However, there are significant gaps in the data.  Geotek 

measurements for M1H2 are shown in Figure 65 and Figure 66. From the top of 

Unit B3 to 17.25 m the density increases slightly. At 15.3 m the density increases 

significantly; thereafter, it decreases in both absolute values and variance to the 

base of the unit. The magnetic susceptibility from the top of B3 to 17.25 m is 

variable. At 17.3 m the magnetic susceptibility decreases significantly and then 

increases throughout the entirety of the rest of the unit. L* of the B3 unit decreases 

to 17.4 m at which point it increases slightly to 17.6 m and increases in variability 

for the remainder of the unit. a* increases over the entirety of the unit. b* increases 

to 17 m and then decreases until 17.35 m and then increases for the remainder of 

the unit. 

Unit WCS2 has little overall variation in density, but at 15.1 m the density sharply 

decreases. The magnetic susceptibility of WCS2 is very variable and increases 

throughout the entirety of the unit. L* of WCS2 decreases to 15.1 m then remains 

relatively stable. At 15.15 m the overall a* of WCS increases slightly. b* variability 

decreases at 15.1 m. 
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Unit NCS2 shows a slight increase in density to 14.65 m, after which there is a 

section of missing core; density then increases significantly followed by a decrease 

to the bottom of the unit. The magnetic susceptibility of NCS2 is variable and does 

not show any overall pattern for the entire deposit. However, to approximately 14 

m the magnetic susceptibility is stable, after which it increases to approximately 

14.4 m and then decreases to the bottom of the unit. The overall brightness and 

red/green hue of the deposit as indicated by L*and a* respectively does not change 

significantly throughout the deposit.  Variability increases at the bottom. b* shows 

a slight decrease until 14.5 m, at which point the b* value increases. 

 

Figure 65: Geotek data for M1H2 showing density and magnetic susceptibility. Units 

within the core are labelled to the right of each graph. 
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Figure 66: CIE values L*, a* and b* for M1H2. Lithological units are identified on 

the right of each the graphs. 

4.3.3 M3H1  

The density at the top of Unit B4 is variable. At 6.75 m, it decreases to 0.5 g/cc 

which corresponds to where the core is slightly fragmented. The magnetic 

susceptibility for B4 is extremely variable, overall the magnetic susceptibility 

increases then decreases (Figure 67). L* and b* also vary within Unit B4. L* 

increases to 6.75 m at which point it decreases slightly. a* remains relatively stable 

for the entirety of B4. b* increases to 6.8 m then decreases suddenly before 

increasing for the remainder of the core (Figure 68). 

Most units show an abrupt change in Geotek data at unit contacts. The contact 

between the soil unit and WCS3 shows a transition between the units. The density 

of the top of Unit WCS3 is slightly lower than that of the soil unit; it then increases 

downcore to 3.35 m, where there is a notable decrease. The density increases at 3.55 

m and again at 5.7 m. The magnetic susceptibility for WCS3 shows an opposite, 

but less pronounced pattern to density. However, at 5 m magnetic susceptibility 

increases and then decreases. The L* of WCS3 does not change significantly down 

the core. From the top of the unit to 3.4 m there is large variability within a* and 

b*. At 3.4 m, a* decreases significantly and then increases slightly over the 
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remainder of the unit. At 3.4 m, b* also decreases, but at 4.1 m there is a sudden 

increase then decrease. b* then decreases to 5 m and then increases slightly to the 

bottom of the core.  

Overall density ranged from 0.5-1.5g/cc. Within the soil unit, the density is variable. 

Magnetic susceptibility increases, L* of the soil unit decreases and both a* and 

b*were highly variable but increase down the unit. 

 

Figure 67: Geotek data for M1H3 showing density and magnetic susceptibility. Units 

within the core are labelled to the right of each graph. 
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Figure 68: CIE values L*, a* and b* for M3H1. Units identified on the right of each 

the graphs. 

4.3.4 M3H3  

Overall there is little variation in the data between units, however changes in 

stratigraphic units are reflected by changes in the Geotek data. The overall density 

of Unit B4 is slightly greater than the overlying WCS.  Down Unit B4, the density 

decreases, and magnetic susceptibility remains stable (Figure 69). Initially L* and 

b* of B4 decrease while the a* of the unit increases (Figure 70). 

The density and magnetic susceptibility of WCS4 decrease slightly down the 

deposit. Both L* and a* are relatively stable down the deposit and show little 

variability. b* decreases down the core and shows much more variability than other 

CIE values. 

The second MS deposit initially increases in density. There is a significant increase 

in density between where data have been removed. Following the sudden increase, 

the density decreases and stabilises. This decreased density is like that of the 

previous MS deposit. The magnetic susceptibility initially increases and then 

decreases slightly between the missing data and Unit MS.  From Unit MS the 

magnetic susceptibility increases slightly over the remainder of the unit. L* of MS 

decreases slightly then between the missing data begins to increase slightly.  Overall, 
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a* of the second MS deposit decreases down the core, whereas b* initially decreases, 

then subsequently increases. 

The density for Unit NM decreases down the core and the magnetic susceptibility 

overall for the unit is low. The L* value for NM increases down the deposit. Both 

a* and b* increase initially and then decrease for the remainder of the unit. 

The density of MS decreases down the unit. The magnetic susceptibility also 

decreases over the deposit and there is little variation within values. L* of MS 

increases throughout the deposit. a* of MS initially increases and then decreases 

throughout the deposit, while b* increases. 

All data from NCS3 were removed for density and magnetic susceptibility due to 

poor core quality. Very few data points remain for L*, a*, and b*. These data points 

follow a similar pattern as the unit above and below. The density and magnetic 

susceptibility of WCS5 decrease down the deposit. However, the variation in the 

magnetic susceptibility is extreme. L* of Unit WCS5 decreases to 13.4 m at which 

point it increases slightly. a* of WCS5 is stable until 14.4 m, it increases slightly to 

14.45 m then decreases suddenly. This decrease is very close to the contact between 

WCS5 and the following unit. b*of WCS5 decreases down the core to 13.4 m at 

which point it increases slightly. 

Due to the quality of the core retrieved from M3H3, much of the data for the top 

few metres are removed from Unit BCS. This is because it is highly fractured. The 

overall density and magnetic susceptibility of this unit increases downcore. L* of 

Unit BCS increases down the deposit, along with b*, until 13.5 m where it decreases. 

The opposite trend was observed in a*. 
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Figure 69: Geotek data for M3H3 showing density and magnetic susceptibility. Units 

within the core are labelled to the right of each graph. 
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Figure 70: CIE values L*, a* and b* for M3H3. Units identified on the right of each 

the graphs. 

4.3.5 M3H5  

The Geotek data for M3H5 is significantly different to the other four cores. This is 

clearly seen in density, but also in L*, a* and b*. The contact between WCM2 and 

WCM is seen in a change in results. The density of WCM2 increases slightly down 

the core. The density spikes at the start and end of each core run. The spike increase 

can be up to 10 g/cc (Fig 47), density greater than 4g/cc is likely a calibration error. 

The density increases until approximately 5.8 m and then decreases. The magnetic 

susceptibility for WCM2 increases in variability down the deposit. The overall 

magnetic susceptibility is stable to 2.8 m at which point the magnetic susceptibility 

increases and then decreases to 3.5 m. At 3.5 m the magnetic susceptibility increases. 

At approximately 5.5 m, the magnetic susceptibility decreases and then increases 

until 6 m. At 6 m the overall variability in the data ranges from 0 to 270 x 10-8 

m3/kg (Figure 71). Overall, there is not a significant change in L* in WCM2, 

although at 4.1 m L* deceases and increases at 5.75 m. a* increases in redness to 

4.6 m, at which point it decreases slightly for the remainder of the unit. b* increases 

down the unit to 6.1 m at which point it decreases slightly (Figure 72). 
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The density of WCM is variable. Initially, the density increases to 7.6 m and then 

sharply decreases to 7.6 m and then increases for the remainder of the unit.  The 

variability of magnetic susceptibility within WCM is significantly less than WCM2. 

Initially, it decreases to 7.45m and then increases again. L* of WCM decreases until 

7.35 m then increases sharply at 7.8 m. a* of the deposit increases down the unit. 

b* of WCM follows a similar pattern to L*.  

NCS4 was such a thin unit that only a few readings were recorded with the Geotek. 

They showed that the density of NCS4 is greater than the density of WCM and the 

magnetic susceptibility, L*, a* and b* are similar to the values at the bottom of 

WCM. 

 

Figure 71: Geotek data for M3H5 showing density and magnetic susceptibility. Units 

within the core are labelled to the right of each graph.  
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Figure 72: CIE values L*, a* and b* for M3H5. Units identified on the right of each 

the graphs. 

4.4 pXRF Results 

4.4.1 M1H1 

The pXRF data collected for M1H1 shows that the concentrations of individual 

elements generally fluctuate uniformly across all elements within a specific unit. 

The elemental distribution of Unit BCS does not vary greatly between measured 

samples, apart from Mn, Mo, and Pb. Ti is only measured in one sample site for 

Unit BCS. The distribution of elements found in Unit NCS varies, although there is 

no significant change down the sample. Unit WCS is less varied than NCS. At 13.6 

m a significant change occurs in the concentration of Ti and Nb. Initially, the 

concentration of both elements decreases down the unit to 13.6 m, at which point 

there is an abrupt increase in concentrations that stabilises for the rest of the unit. 

This change at 13.6 m is also observed as an increase in Rb and a decrease in Sr 

and Zr. Sample points below 16.3 m are more likely to contain Pb. 16.3 m 

corresponds with a sandstone lens containing mottles. However, mottles are only 

observed for 6 cm and are not seen for the rest of the unit. Unit STM has similar 
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results to the bottom of Unit WCS, although at 15.1 m the variation within 

concentration increases, except for Mn, which varies and is not found in all 

measured sites. No samples were taken for B2 and LSQ because the units were too 

small to be tested by the pXRF. The concentration of Y, Mn, and Fe increases down 

the core, which is most clearly seen in the last 3 samples sites. The concentration 

of Ti, Zr and Nb decreases down the core. Pb is only detected in the top of B1 

(Figure 73). 

 

 

Figure 73: pXRF data for M1H1 

4.4.2  M1H2  

Data collected for M1H2 shows similar patterns of variation within each unit. From 

the top of unit NCS2 to 14.1 m, most elements examined by the pXRF are scattered, 

except for Fe, Sr, and Nb which increase, and Zr, which remains relatively constant. 

At the bottom of Unit NCS2 the elemental distribution is consistently scattered. Fe 

and Zn increase in concentration following a similar pattern to the unit below with 

variability increasing at the bottom. WCS2 shows less variation than Unit NCS2. Y 

and Ti decrease down the unit whereas Fe, Zn, Rb, Sr, Zr, and Nb increase.  Unit 

WCS2 has a higher concentration of Y, Fe, Zr, Rb and Sr than the other two units 

but an average lower concentration of Ti. The concentration of elements is 

relatively consistent throughout Unit B3; however, variability increases down the 

unit. Unit B3 is the only unit which contains Mn. However, Mn is not found 
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consistently throughout the unit. M1H2 has similar Zr and Pb throughout the whole 

core (Figure 74).  

 

Figure 74: pXRF data for M1H2 

4.4.3 M3H1 

The elemental distribution for M3H1 shows that some elements are variable 

throughout the deposits, while others show little to no variability. No elemental data 

was acquired for the soil unit in M3H1. There is little variation in the concentration 

of Zn for all deposits found within the units. In Unit WCS3 the concentration of Ti, 

Fe, Sr, and Nb increases slightly down the unit and shows little variation. The 

concentration of Zr remains stable for many of the deposits. At 5.75 m the 

concentration decreases slightly and stabilises.  Rb concentration decreases 

throughout the unit in a series of stages. The concentration of Y and Pb is variable 

throughout the deposit. However, Pb is detected less towards the bottom of the core. 

In Unit B4 the concentration of Ti, Fe, Zr, Sr and Nb increases towards the bottom 

of the deposit. Variability also increases with depth for these elements. The 

concentration of Rb decreases in B3. No Pb was detected in Unit B4 (Figure 75). 
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Figure 75: pXRF data for M3H1  

4.4.4 M3H3  

The elemental data for M3 H3 shows variation down the core with some units 

having greater variability than others. Only one pXRF measurement was taken for 

Unit BCS, and 2 measurements were taken for NCS3 due to the small size of the 

sample. BCS and NCS3 yielded similar results for Y, Ti, Fe, Zr, Sr, and Nb. Both 

deposits also measured Mo and Pb in all samples taken. The lowest measurement 

taken in NCS3 had higher Mn, Mo and Pb than the other measurements (Figure 76).  

Only one measurement was taken for WSC4, which produced similar results to unit 

MS. WCS4 contained Mn and high Pb in relation to deposits found in M3H3. MS 

had lower Y, Ti, Zn, Zr, and Nb in relation to other units measured in M3H3, 

however, the concentration of Y and Zn increases down the unit.  

Unit NM has elevated concentrations of Y, Ti, Zr, and Nb and a relative decrease 

of Fe. Mo is also detected in NM; however, the concentration is less than that 

observed in the previous unit and is not detected in all measurements. The 

concentration of Sr does not vary from Unit NM to Unit B5.  

Within Unit MS the concentration of Y is varied. It initially decreases to 14.2 m, 

increases suddenly to 14.9 m, and then decreases. The concentration of Ti in Unit 

MS initially decreases to 14.75 m, stabilises and then at 15.75 m increases in 

concentration. Mn is not found constantly throughout Unit MS and is only detected 

in two locations, at approximately 14.5 m and 15.4 m. The concentration of Fe, Zn, 

Zr, and Nb is similar throughout the core, however variation decreases down the 
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core and Zr and Nb initially decreased. Pb is found sporadically throughout MS, 

increasing throughout the unit. The concentration of Rb in Unit MS shows a similar 

pattern to the concentration of Rb in WCS3 found in M3H1. 

 In Unit WCS4 the concentration of elements does not vary. The concentration of 

Rb is much higher than in other units and the concentration of Nb is lower. Both 

Mn and Pb were detected within the measurement, but not consistently. 

 

Figure 76: pXRF data for M3H3 

4.4.5 M3H5 

The overall elemental distribution for M3H5 shows that all elements behave similar 

to one another down the core. Elemental analysis of Unit WCM2 shows little 

change in the concentration of Y and Rb. At approximately 4 m there is a change 

in concentration for several of the elements.  Ti, Zn, Zr, and Nb have a slight 

decrease in concentration that continues for the rest of the deposit. At 4.1 m the 

concentration of Fe decreases whereas the concentration of Sr increases. At 6.3 m 

the variability of Mn increases (Figure 77). 

Only one data point was collected for Unit WCM, because the deposit was highly 

fragmented, and one for NCS4, because the deposit too small. The concentration of 

Y, Ti, Fe, Zr, and Nb are similar for Unit WCM and WCM2. No Rb is detected for 

WCM and Sr is higher than the other deposits. Unit NCS4 has similar Y, Mn, Ti, 

Sr, Zr, and Nb to WCM2. The concentration of all elements is less than the 

concentration of elements found in WCM2. The concentration of Zn found in NCS4 
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is lower than what is detected in other deposits. Mo and Pb are not detected in any 

of the deposits within M3H5. 

 

Figure 77: pXRF data for M3H5 

4.4.6 Boulder field pXRF 

pXRF analysis was conducted on 6 basalt boulders found within the boulder field 

on the surface of Maar 3 (Figure 78). The boulders have a higher Mn, Sr and Nd 

than the deposits in M3H5, however all other elements have similar concentrations. 

 

Figure 78: pXRF for the boulder field 
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4.4.7 Volcanic rock type 

The volcanic rocks modified Pearce model is here used to classify the sediments in 

Unit WCM, WCM2 and NCS5, M3H5. This was done because the colour and 

elemental distribution of this unit indicated a potential volcanic parent rock. This 

model uses the ratio of Zn/Ti to Nb/Y to determine volcanic rock type.  The model 

determines that the deposits found within M3H5 are consistent with ultra-alkaline 

basalt precursors (Figure 79). 

 

Figure 79: Volcanic rock modified model showing that the pXFR data plots to ultra-

alkaline basalt (Floyd & Winchester, 1975). 

 

4.5 XRD Results 

XRD results are summarised below (Table 1). The XRD plots can be found in the 

Appendix-XRD. Several samples have clays from the illite and kaolinite group. 

XRD analysis does not show clear peaks in samples from M3H5, therefore 

interpretations of these results are less robust. 
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Table 1: XRD results for unit WCS4, NM, MS, WCM2 and WCM 

Unit Name Name and Location 

Chlorite 

Group Illite Group 

Kaolinite 

Group 

WCS4 M3H3 1 (13.75 m) Chlorite Regularly 

interstratified 

illite– chlorite 

Kaolinite 

NM M3H3 2 (14.1 m)   Halloysite 

MS M3H3 3 (core catcher 

13.0 - 14.62 m) 

 Illite and/or 

mica 

muscovite 

Kaolinite 

WCM2 M3H5 5 (core catcher 

1.35 – 2.65 m) 

  Halloysite 

4.6 Grain Size Analysis 

Grain-size distributions for samples from the non-consolidated units are shown in 

Appendix-Grain Size Analysis. Table 2 shows a summary of the proportions of 

different grain sizes in these units. These grain-sizes are consistent with those 

derived from thin section analysis. Grain size analysis identifies Unit NCS as a silty 

sand deposit. NCS2 is a sandy silt, with the sand proportion of the deposit increasing 

down the unit. Unit NM is a clayey silt and has the highest clay proportion of any 

of the other nonconsolidated samples. WCM2 is a sandy silt and has a decrease in 

silt concentration in the middle of the deposit. All samples for WCM2 are identified 

as a silt. WCM and NCS are identified as sands, with NCS having a higher silt 

concentration.   
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Table 2: Grain size analysis for nonconsolidated samples. 

Core 

 % of sample 

Depth Unit Clay Silt Sand 

M1H1 9.25 NCS 5.06 44.87 50.05 

M1H2 13.30 NCS2 19.83 62.42 17.75 

M1H2 13.48 NCS2 9.04 47.05 43.93 

M1H2 15.08 WCS2 11.42 61.12 27.44 

M3H3 14.10 NM 34.26 43.00 22.72 

M3H5 1.45 WCM2 20.50 32.16 47.35 

M3H5 2.95 WCM2 24.79 56.87 18.34 

M3H5 3.21 WCM2 32.13 42.93 24.93 

M3H5 5.35 WCM2 19.78 58.79 21.44 

M3H5 7.60 WCM 16.39 26.65 56.94 

M3H5 7.95 NCS4 16.18 39.30 44.53 

4.7 Scanning Electron Microscope Results 

SEM was performed on two samples from unit NM at 14.1 m. The first sample was 

a thin section sample and the second was a small sample directly placed in the SEM 

without surface preparation. Elemental data show high concentrations of Al, Si, O, 

C and Fe. The combination of Al, Si and O is likely to indicate the presence of clays 

(Table 3). Batiferrite has a similar chemical formula to the elements identified 

within unit NM. Photos taken under SEM show aggregated clays and particles with 

a similar morphology to halloysite tubes, which was identified in XRD (Table 1). 

Titanium oxide is likely present as the morphology of particles were spherical and 

nano-sized. Titanium oxide is consistent with the high abundance of titanium found 

by pXRF analysis (Figure 76). 

4.7.1 Mottles  

SEM was conducted on mottles in an attempt to identify their composition. Because 

there was limited material that could be cleanly removed from the cores, the mottles 

examined were a combination of several mottles over the course of a metre of a 

core. Samples from the mottles were placed directly in SEM without surface 

preparation. The morphology of the particles shown in the SEM images, combined 

with the elemental distribution, indicates a composition of volcanic glass and clays 

of the smectite and montmorillonite groups (Figure 80; Figure 81; Table 3). Crystals 
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of quartz and feldspar are also observed in some samples. Titanomagnetite and iron 

oxides are also present (Figure 80; Figure 81). Overall, the mottles are not identical 

to one another. For example, volcanic glass shards are not found in all mottles. 

However, extensive clay overgrowth is found throughout the mottles sampled here. 

4.7.2 M3H5 

Thin section samples from 2.08, 4.2 and 5.6 m were analysed under SEM. 

Elemental distributions showed a high percentage of Si, Al, C and O (Table 3), and 

a low percentage of Fe (consistent with pXRF findings (Figure 80; Figure 81)), 

indicating a composition dominated by clay minerals. At 5.6 m the sample 

comprised of quartz crystals, aggregated clays and spherical nano-sized particles. 

Table 3: Shows average elemental distribution of samples scanned under SEM. 

Elemental distribution is are obtained through scanning for field view 

Element 

M3H5 

(3 samples 

averaged) 

(2.5 , 4.2& 

5.6 m) 

Mottles 

– M3H3 

Unit NM 

14.1 m 

Mottles 

– M3H3 

14.30 to 

14.60 m 

Mottles 

– M1H1 

17.13 to 

18.48 m 

Mottles 

– M1H1 

17.59 to 

17.85 m 

Mottles 

– M1H1 

15.58 to 

16.35 , 

Mottles 

– M3H3 

5.4 to 

6.4 m 

C 15 22 5 8 1 7 12.82 

O 31 22 32 30 29 26 33.24 

Na     3 0  

Mg 0 1     0.615 

Al 20 10 13 9 11 5 8.21 

Si 31 28 27 30 27 15 32.02 

P  1   4 7  

S      0  

K  1 1     

Ca  3   10 9  

Ti 2 3 19 11 9 20 7.625 

Cr  1      

Fe 2 11 1 12 4 11 5.46 
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Figure 80: Photos of samples under SEM. A - B M3H3 unit NM at 14.1 m. C - D M3 

H3 14.3 – 14.6 m sample of mottles. E – F M1H2 17.13 – 18.48 m sample of mottles. G 

- H  M3H1 17.59 – 17.85 m sample of mottles. 1) spherical nanoparticles. 2) Halloysite 

tubes. 3) Clay overgrowth. 4) Quartz grain. 5) clay sheet. 6) clay aggregate. 7) Alkaline 

feldspar crystal. 8) smectite with montmorillonite. 9) Platy clay. 10) volcanic glass.  
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Figure 81: Photos are sample under SEM. I – J M1H1 5.35 – 16.35 m sample of mottles. 

K – L M3 H3 5.4 – 6.4 m sample of mottles. O – P M3H5 2.6 m & 4.73 m sample taken 

from core. 1) spherical nanoparticles. 2) Halloysite tubes. 3) Clay overgrowth. 4) 

Quartz grain. 5) clay sheet. 6) clay aggregate. 7) Alkaline feldspar crystal. 8) smectite 

with montmorillonite. 9) Platy clay. 10) volcanic glass. 11) ilmenite. 12) aggregated 

spherical nanoparticles. 13) Titanomagnetite.  

4.8 Geomorphological Map 

The geomorphology of the three maars is shown on Figure 23 and Figure 83, using 

standard geomorphological symbols. The greater geomorphology of the region is 

consistent with a peneplain, which is apparent just south of Maar 3 (Figure 82). The 

greater region also has many stream-cut valleys, which are evident throughout 

Maars 2 & 3 (Figure 83).  The geomorphology of Maar 1 (Figure 82) and Maar 2 
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& 3 (Figure 83) vary from one another: Maar 1 occurs within a small basin, while 

Maar 2 and 3 vary greatly in elevation. The geomorphology of both mapping areas 

is expressed largely in changes in slope, with very few slope breaks or cliffs 

observed. 

4.8.1 Maar 1 

Gravity anomaly identification has been used to indicate the location of Maar 1(red 

line, Figure 82). A slope break has been identified where the land slopes inwards 

towards the centre of this anomaly. All slopes surrounding the maar slope towards 

the centre. In the centre of the maar, flat land has been observed with swampy land 

feeding towards the centre.  

4.8.2 Maar 2 and 3 

The geomorphology of Maars 2 and 3 is more complicated than Maar 1. The gravity 

anomalies used to identify Maars 2 and 3 form a NNE linear alignment (purple and 

orange lines, Figure 83). Maar 3 is located on a slope in the SW of the mapping 

area. Maar 2 is found in the NE of the mapping area and forms a positive feature in 

the landscape. In between Maars 2 and 3, where M3H1 and M3H3 were drilled, the 

land forms a small depression, as evident in the elevation cross-section (Figure 83). 

Furthermore, the SW facing slope of Maar 2 is significantly shallower than its NE 

facing slope. On either side of the maars are stream-cut valleys which are 

significantly deeper in the north and east of the mapping area.  
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Figure 82: Geomorphic map of Maar 1. Geomorphological features were identified 

by visual interpretation in the field. 
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Figure 83: Geomorphic map of Maar 2 and Maar 3. With elevation graph along X 

and Y line. Geomorphological features were identified by visual interpretation in the 

field.
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5 Chapter 5 

Facies Description and Interpretation 

This chapter comprises of the descriptions and interpretations of the ten facies 

identified in this thesis. Descriptions are based on the results described in Chapter 

4. Interpretations combine the descriptions along with peer reviewed studies to 

interpret depositional processes. 

 

Based on sediment composition, sedimentary structures, grain size and mottle 

concentration, a total of 10 facies have been identified within M1H1, M1H2, M3H1, 

M3H3 and M3H5. Analysis of the vertical distribution of facies along with physical 

sediment properties has allowed depositional processes to be inferred.  Units in 

M3H1 and M3H3 differ from one to another, despite the holes only being 70 m 

apart. The facies identified in M3H5 are exclusive to this hole and consist of Facies 

8 to 10. 

5.1 Facies in Maar 1 and Maar 3 

A total of seven facies were found within Maars 1 and 3 (Table 4), excluding M3H5.  

The composition of Facies 1 to 6 is dominated by mica and quartz, which are major 

components of the area's country rock, the Otago Schist (Németh & White, 2003). 

Mottles are found in Facies 2 to 5. As these appear in multiple facies, they are 

discussed separately below. 

Table 4: Facies present in each core 

Facies M1H1 M1H2 M3H1 M3H3 M3H5 

1      

2      

3      

4      

5      

6      

7      

8      
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9      

10      

 

5.1.1 Mottles 

The origin of the mottles has been determined largely through SEM analysis, which 

showed that some of the mottles contain volcanic glass. Smectite and 

montmorillonite have also been identified through SEM analysis, predominantly by 

examining the morphology of the mottles (4.5 XRD Results).  Feldspar and quartz 

crystals were also found in some of the mottles (4.1 Core Description).  

Smectite and montmorillonite form from the weathering of olivines, pyroxenes, and 

amphiboles, which occur in both igneous and metamorphic rocks (Churchman & 

Lowe, 2012). However, the country rock of the Hindon area is biotite-mica schist 

(Forster & Lister, 2003), which is not known to contain olivine. Furthermore, 

olivine is found with the boulder-field samples (4.2.6 Boulder Field). It is therefore 

here inferred that the clays identified within the mottles are the result of weathering 

of igneous olivines. Therefore, the mottles are interpreted as extensively weathered 

remnants of pyroclastic material.  

It is unlikely that the mottles are the result of tephra fall-out into the lake resulting 

from nearby volcanic eruptions, for two reasons. Firstly, the mottles appear in zones 

of graded material; and secondly, the mottle-rich units found in the various maars 

are not at a comparable stratigraphic depth, nor are they similar enough to be 

regarded as representing the same deposit. It is therefore likely that this material 

would have come from the tephra ring or upper crater wall of the maars.  

Mottles are often accompanied by coarser-grained material, which is consistent 

with the hypothesis that the mottles originated outside the lake and were transported 

to the lake bed by subaqueous gravity flows (Talling et al., 2012). Had the mottles 

entered into the lake because of tephra fallout from a nearby volcanic eruption, they 

would have not been accompanied by coarse-grained schist and quartz fragments 

(country rock). Furthermore, they would not have been extensively weathered. The 

extreme weathering of the mottles indicates the mottles must have gone through a 

period of weathering before entering into the lake. In addition, the high proportion 

of the country rock indicates that the failure which produced the emplacement of 

the mottles must have occurred within the crater wall.  
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5.1.2 Facies 7 

Description 

Facies 7 is a white non-consolidated clay-rich silt found only in M3H3. The split 

core surface of Facies 7 has a swirly structure, interpreted as an example of 

convolute bedding (Figure 39). Grains were too small to be identified by visual 

assessment, so laser sizer analysis was used.  Grain sizes for Facies 7 were 43% silt, 

34.26% clay and 22.72% sand.  The density of Facies 7 is similar to that of Facies 

4 and Facies 2, at 2.12 g/cc (Figure 87). Facies 7 had the second lowest magnetic 

susceptibility at 3.03 x10-8 m3/kg (Fig. 62), and the highest L* and lowest a* values 

of all facies, at 50.15 and -1.57 CIELAB units, respectively (Figure 89 and Figure 

90). The b* was similar to other facies (Figure 91). XRD identified the clay 

minerals within Facies 7 as halloysite. Halloysite was also identified under 

SEM. SEM analysis also showed nano-sized spherical material which has been 

interpreted as titanium oxides, due to the high concentration of titanium observed 

within the sample. No diatoms or other evidence of biogenic sedimentation was 

observed within this facies. pXRF data indicates a relatively high concentration of 

Ti, but a low concentration of Fe (Figure 94). 

Interpretation 

Facies 7 is interpreted as a localised slump deposit. This is based on the swirly 

pattern observed in the core log as an example of convolute bedding. No organics 

have been observed in this facies, therefore deposition into the lake must have been 

rapid (Zolitschka et al., 2015). Geochemically, this facies is different to all other 

facies examined. It is probable that this facies was formed by processes different to 

the other sediments within the maar and was then redeposited locally. M3H1 was 

drilled in close proximity (70 m) to M3H3 but no evidence of Facies 7 was found, 

indicating a very local distribution.  Because this deposit has high Ti, it is likely 

that the nanoparticles observed under SEM are titanium oxides (Vijayalakshmi & 

Rajendran, 2010).  Titanium oxides can form from the weathering of various parent 

materials, such as schist (Churchman & Lowe, 2012; Force, 1976). Therefore, it is 

possible that Facies 7 formed by the weathering of schist under normal soil-

forming processes and, at some point after the maar eruption, entered into the lake 

and was preserved from subsequent erosion.  
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5.1.3 Facies 6 

Description and Interpretation 

Facies 6 consists of loose schist and quartz grains which range from fine gravel to 

medium pebbles in size. These grains are angular to sub-angular and are poorly 

sorted. No Geotek analysis was performed on Facies 6. Facies 6 consists entirely of 

schist and quartz, which is the country rock of the region. Finer grained material 

may have been washed out during drilling. The recovery of this facies was poor and 

therefore it is difficult to interpret the environmental origin of this facies. However, 

Facies 6 is interpreted as being formed as a result of a failure of the crater wall 

material, derived mostly from country rock which has entered into the lake as a rock 

fall rather than a mass flow.  Rock falls occur early after the initial maar eruption; 

therefore, this deposit likely occurred within a time frame of 0 to 25 years after the 

eruption (Pirrung et al., 2008). 

5.1.4 Facies 5 

Description 

Facies 5 is a fine gravel sized grey breccia. The matrix of this breccia consists of 

fine to coarse sand which is angular to sub-angular. Gravel grains consist of schist 

and quartz and are angular to sub-angular. Overall this deposit is poorly sorted and 

often appears normally graded. Facies 5 contains less than 4% mottles. Facies 5 is 

found in M1H1 and M3H1 near or at the bottom of the hole (Figure 45 and Figure 

47). It is poorly consolidated and in M3H1 has been fragmented by drilling. The 

overall density of this deposit is 2.44 g/cc (Figure 87). The magnetic susceptibility 

is elevated, at 8.51 x10-8 m3/kg. Both these values show high variability (Figure 88) 

Facies 5 had a similar L* and a* to several other facies (2, 3 and 4) at 31.62 and -

0.70 CIELAB units respectively (Figure 89;Figure 90). The average b* is 7.55 

CIELAB units, which is relatively high (Figure 91). The pXRF measurements show 

that Facies 5 contains no Mo, low Pb and varies in concentration for other elements 

(Figure 92 to Figure 95).  

Interpretation 

The density of Facies 5 is increased from Facies 7, but is consistent with other 

deposits which have similar mica and quartz content in the Hindon Maar complex. 

The variability in density and magnetic susceptibility indicates heterogeneity of the 

facies and is consistent with breccias (Pirrung et al., 2008). Facies 5 has a density 
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similar to schist, despite being highly fragmented after drilling. This indicates that 

the deposit must contain some pyroclastic material, which would account for the 

heavier density despite lack of consolidation. Furthermore, elevated iron 

concentration is likely due to pyroclastic material. The coarse-grained nature of 

Facies 5 indicates that the facies is a result of gravity flows producing a turbidity 

current. Normal grading can be observed within this deposit, with coarser grains 

concentrated at the bottom and finer grains towards the top (Pirrung et al., 2003; 

Talling et al., 2012). The grain size found within Facies 5 is coarser than in 

previously described facies, indicating a less stable slope (Pirrung et al., 2008).  

5.1.5 Facies 4 

Description 

Facies 4 is a fine-grained bluish-grey breccia. The matrix of the facies is comprised 

of fine to coarse sand and the gravel fraction consists of fine to medium sized clasts 

of schist and quartz. Gravel grains are angular to sub-angular. Vesicular mottles are 

found throughout this facies at an abundance of greater than 5% but less than 35% 

of the deposit. However, mottles appear in concentrated zones. Overall this deposit 

is massive, although laminations and grading are observed in discrete lenses in thin 

sections and visually in the core log (Figure 84; Figure 85). The overall density of 

this facies is 2.6 g/cc, which is high compared to many of the other facies (Figure 

87). The average magnetic susceptibility for Facies 4 is 3.59 x10-8 m3/kg, which 

is midrange (Figure 88). The CIE colour values are like those of several of the 

other Facies: 2,3 and 5 (Figure 89 to Figure 91). pXRF measurements show 

variation in Y and Ti; Pb is detected in most measurements within the facies. The 

concentration of Sr varies little throughout the facies, and Rb concentration changes 

in a step-like fashion (Figure 95). Average pXRF data shows that Facies 4 has low 

Mn, Nb and Sr and high Zn and Rb (Figure 93). 

Interpretation 

Facies 4 is also interpreted to be the result of mass flows (Figure 84; Figure 85). 

Mass flows from Facies 4 would have occurred when the crater wall was relatively 

unstable, as indicated by the fine gravel-sized grains (Pirrung et al., 2008). Facies 

4 is interpreted as the result of a series of debris flows and turbidity currents. In 

thick Facies 4 deposits, such as those in M1H2 and M3H3, the breccia contains fine 

gravel that does not show grading. It is supported within a silt sand matrix, which 
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is consistent with a debris flow origin  (Talling et al., 2012). However, where 

thinner deposits occur, such as in M1H1, normal grading can be observed, 

indicating a turbidity current (Talling et al., 2012). Turbidite divisions such as the 

TC and TD are not observed; it is possible that they were destroyed during drilling, 

eroded by overlying flows, or were never deposited at all in that location, depending 

on flow conditions. There is a further decrease in density from Facies 5, which I 

interpret as being due to a decrease in overburden pressure and therefore 

compaction. The magnetic susceptibility is less than Facies 5, and so is the 

concentration of iron. This may be a result of continued weathering of iron-bearing 

minerals between the deposition phases of these two facies. 

As Facies 4 contains the highest proportion of mottles of all facies, it is concluded 

that the mass flow failures resulting in Facies 4 occurred higher in the crater wall 

than other facies, where the percentage of country rock is less (Lorenz, 2003). As 

the mottles are interpreted as weathered pyroclastic deposits, they would have likely 

been concentrated in the upper sequences of the maar crater wall and possibly 

associated with the tephra ring (Bertrand et al., 2014).  

5.1.6 Facies 3 

Description 

Facies 3 is a bluish grey, weakly consolidated, poorly sorted sandstone, ranging in 

grain size from fine to coarse sand with some gravel lenses. Discrete intervals of 

normal grading and laminations can be observed, although most of this deposit is 

massive. Facies 3 is found within all cores except for M3H5 and underlies Facies 1 

in all holes where it occurs, except M3H1, where Facies 1 does not appear and 

Facies 3 is found below a soil deposit (Figure 84; Figure 85). Facies 3 generally 

overlies and/or is interbedded with Facies 4. Less than 2% of Facies 3 is made up 

of mottles. Mottles are found sporadically throughout the facies. The overall 

average density of Facies 3 is 1.97 g/cc and, compared with other facies, is 

relatively low (Figure 87). The average magnetic susceptibility is 6.36 x10-8 m3/kg, 

(Figure 88). The CIELAB measurements showed that Facies 3 is light in 

comparison to other facies (high L*) and is bluish green in colour (Figure 89 to 

Figure 91). pXRF data shows little change in elemental data over the facies, except 

for Rb which decreases in steps in M3H1 and M3H2. Average pXRF data shows 
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that Facies 3 has low Mn, Nb and Sr and high Zn and Rb. The key pXRF and Geotek 

data for Facies 3 are similar to those of Facies 2. 

Interpretation 

Facies 3 is believed to be the result of a series mass flows occurring in the lake. 

These mass flows are interpreted from the data as turbidity currents. This is because 

of the normal grading of coarse grains observed throughout the log. The mass flows 

are identified through core logging and thin sections where normally graded 

sediment is overlain by laminations. Sharp contacts between coarse material below 

and fine material above are interpreted to represent the base of mass flows. 

Furthermore, the density and magnetic susceptibility and the Rb concentration show 

step-like changes down the entirety of Facies 3 in M3H1 (Figure 84). These step-

changes may indicate contacts between individual mass flows. 

The density is lower than the underlying Facies 4; this is likely a result of a lesser 

degree of compaction and a lower abundance of gravel grains. The magnetic 

susceptibility along with the concentration of iron indicates a small population of 

ferro-magnetic minerals. Overall, the variability in density and magnetic 

susceptibility is mostly low,  indicating relatively homogenous sediment between 

mass flows (Pirrung et al., 2008). 

Crater wall failures generally result in the deposition of coarser grained material 

than other types of mass flows in maars (Pirrung et al., 2008). The presence of 

coarse grained material in the form of gravel-sized grains suggests that the slope of 

the crater wall was not entirely stable during deposition of this facies. Bedding in 

this facies is observed on the split core surface and has an apparent horizontal dip. 

This is interpreted as evidence that the maar had a flat floor at the time of 

deposition (Kaulfuss, 2017). 

5.1.7 Facies 2 

Description  

Facies 2 is a non-consolidated bluish grey clay-rich silt with minor sand and gravel, 

predominantly laminated. The highest mineral abundance identified in the thin 

sections is mica at 38.8%, followed by quartz at 37%. Overall, Facies 2 is 35% clay, 

54% silt and 11% sand (Table 2). Facies 2 underlies Facies 1 in M1H1, M1H2 and 

M3H1 (Figure 84; Figure 85).  The average density of this deposit is 1.74 g/cc, 

which is relatively low compared to other facies (Figure 87). The average magnetic 



 

116 

 

susceptibility is 22.40 x10-8 m3/kg, which is higher than all other facies, excluding 

Facies 8–10. Overall, Facies 2 has the second highest L* value, a mid-range a* 

value and a low b* value (Figure 89 to Figure 91). There were not many pXRF 

measurements for Facies 2, as limited continuous measurements were taken due to 

poor core quality. Where continuous measurements were taken in M1H1 and M1H2, 

they showed that the elemental distribution for Facies 2 displayed little change in 

concentration over depth. When compared to other facies, Facies 2 had low Mn, Sr, 

Fe, and Ti but high Pb and Rb (Figure 92 to Figure 95). 

Interpretation 

No organic matter was detected in Facies 2, nor were any burrowing or tracks 

observed that may indicate faunal activity. Such burrowing and tracks may have 

been destroyed by the drilling process. However, as there is no indication of faunal 

or floral remnants in Facies 2, it is unlikely that these were ever present. The 

elevated magFigure 93netic susceptibility is believed to be a product of the high 

clay content rather than influence of weathered pyroclastic material. This is because 

Facies 2 has low iron, indicating a small to no basaltic input, despite the deposit 

having elevated magnetic susceptibility. Clays are paramagnetic, and their magnetic 

susceptibility is much less than that of iron bearing minerals (Filimonova et al., 

2016).  However, clays still have a weak positive magnetic signature. Facies 2 

comprises approximately 35% clay, which is sufficient to increase the magnetic 

susceptibility compared to the clay-poor Facies 3 and 4 (Dearing, 1994). The L* 

shows reflectivity and lightness within the core consistent with mica and quartz 

grains, which is backed up by observations made in the thin sections (Baykan & 

Yılmaz, 2010).   

Facies 2 likely accumulated in the maars after some stabilisation of the crater wall 

through vegetation cover. Vegetation cover can limit the input of coarse granular 

material into the maar through slope stabilisation (Pirrung et al., 2008). Therefore, 

inputs into the maar at this stage are likely to have been the result of gradual 

weathering and erosion along the crater wall and the crater rim rather than the 

destabilisation of the crater wall face. This is because Facies 2 is comprised of fine 

grains with no outsize clasts, which indicates low-energy depositional processes 

and/or derivation from fine-grained parent sediment (Talling et al., 2012). 

Stratigraphic position of the facies and inferred revegetation of crater walls suggests 

a relatively long period of time has passed since the eruption. Also, relatively low 
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mottle content indicates little tephra input. The most likely explanation that is 

consistent with all these factors is background erosion of extensively weathered soil 

material around the crater. Relatively long exposure of pyroclastic materials may 

have resulted in complete disappearance. Heavy vegetation prevents all but the 

finest grains from being eroded. However, there is no indication of organic matter 

in Facies 2. 

The laminations in the material indicate that the deposit formed by layer-by-layer 

deposition. It is likely that any mass flows that formed part of this deposit would 

have been debris flows rather than turbidity currents. This is because of the high 

percentage of clay particles identified (35%) (Table 2). The presence of even small 

amounts of clay in mass flows increases the cohesion within that flow through 

electrostatic bonds, therefore decreasing the likelihood of a turbidity current 

(Talling et al., 2012). Some flows form debrites with as little as 4% clay (Talling et 

al., 2012). However,  debrites freeze en masse and do not produce primary 

sedimentary structures. Therefore, the combination of layer-by-layer deposition and 

high clay content suggests gradual background deposition rather than mass-flow 

processes. There was no obvious difference in grain size between laminations, nor 

was there any discernible pattern that could be associated with their occurrence. 

Structureless sections of Facies 2 may have resulted from suspension of material 

following the re-sedimentation of material by wind or wave action on a debris fan 

(Pirrung et al., 2003). Similar deposits were found within Ukinrek East Maar, 

Alaska (Pirrung et al., 2008).  

Another possible explanation for these structureless sections found within Facies 2 

is that structure was destroyed during drilling. Significant sections of the core have 

been liquefied, for example 11.85–12.65 m. In M1H1, sections of laminated core 

are found interbedded with sections of liquefied core (Figure 27). Structureless 

sections may also be the result of deposition of a clean sand debrite (Talling et al., 

2012). It is likely that Facies 2 was deposited in the timescale of a hundred 

years post maar eruption due the grain size and lack of organic matter (Pirrung et al., 

2003). 
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5.1.8 Facies 1 

Description 

Facies 1 consists of highly organic black laminated carbonaceous sediments. This 

deposit was found at the top of all holes except for M3H1 and M3H5 (Figure 84; 

Figure 85). Facies 1 had the overall lowest average density, at 0.99 g/cc, and the 

second lowest magnetic susceptibility at 1.27 x10-8 m3/kg (Figure 87; Figure 

88). When compared with other facies, Facies 1 has a low L* and b* and a slightly 

high a*, at 17.44, 0.0 and 1.53 CIELAB units respectively (Figure 89 to Figure 91). 

Geochemically, Facies 1 is different to other facies found in Maar 1 and 3, with 

high Mn and Rb and Low Y compared to other facies. Facies 1 also has 

higher Mo and lower Sr, Zn, Zr and Ti concentrations than other facies (Figure 92 

to Figure 95).  

Interpretation 

Facies 1 consists of carbonaceous lake sediments which would have accumulated 

after the crater slope stabilised, most likely after the crater wall and tephra ring had 

accumulated sufficient vegetation cover to prevent mass flows and soil erosion 

occurring, preventing significant terrigenous input (Pirrung et al., 2003). Lack of 

terrigenous input is indicated by the low magnetic susceptibility. Organic matter 

has a weak negative magnetic susceptibility, while terrigenous material containing 

any ferrimagnetic component at all has a relatively strong positive signature. 

Therefore, a magnetic susceptibility as low as 1.27 x10-8 m3/kg indicates derivation 

from only a small concentration of terrigenous material  (Dearing, 1994; Thompson 

et al., 1975). Furthermore, analysis of the organic matter plant and pollen has shown 

that the wider area was heavily vegetated (Möller et al., 2017). Extensive vegetation 

means that the area must have revegetated since the eruption, indicating sufficient 

time for vegetation between the eruption and the accumulation of lake sediments. 

Facies 1 consists almost entirely of organic matter, which indicates that the bottom 

of the lake during the accumulation of Facies 1 must have been anoxic (Zolitschka 

et al., 2015). This organic-rich composition is reflected in the data by the low 

density, which is similar to that of other lake sediments consisting largely of organic 

matter (Timperley & Allan, 1974).   Facies 1 is also laminated and there is no 

indication of bioturbation, indicating that the lake must have been permanently 

stratified while the 10 m of Facies 1 was deposited in each lake (Möller et al., 2017). 
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It is thus likely the maar lakes were monomictic or meromictic (Paternoster et al., 

2016).  

The carbonaceous lake sediment has preserved many fossils, including leaves, fish 

and insects (Kaulfuss & Moulds, 2015; Möller et al., 2017). Therefore, this deposit 

is significant for paleoclimate reconstruction, and likely shows seasonal variation 

in biogenic accumulation from which climate variability may be inferred. It is likely 

that the carbonaceous lake sediments represent thousands of years of lake 

deposition (Brauer et al., 1999; Lindqvist & Lee, 2009; Fox et al., 2015; Czymzik 

et al., 2016; Martin‐Puertas et al., 2017). Carbonaceous lake sediments would have 

continued into swamp deposits which would have represented the final stages of 

lake infilling (Pirrung et al., 2003). 

5.2 Facies of M3H5 

5.2.1 Facies 10 

Description and Interpretation 

Facies 10 is a brownish orange, non-consolidated fine to coarse silt facies found at 

the bottom of M3H5. Medium gravel fragments are also present and are sub-angular 

to sub-rounded. Overall, this facies is poorly sorted. Facies 10 has a distinctive 

orange colour not seen in Facies 1–9 (Figure 42). The average density of Facies 10 

is higher than any of the other facies, at 4.19 g/cc, although only slightly higher 

than Facies 8 and Facies 9. This density seems unlikely to be correct, as basalt only 

has an average density ~3 g/cc (McCanta et al., 2015). The absolute density 

measurement is likely poorly calibrated. However, I believe that the density is still 

high. The magnetic susceptibility of Facies 10 is less than Facies 8 and 9 but 

significantly more than Facies 1 to 7 (Figure 88), at 87.17 x10-8 m3/kg. The CIE 

colour values show extremes within Facies 10: L* is low compared to 

other facies at 15.78 CIELAB units, a* is higher than any other facies at 4.73 

CIELAB units, and b* is also higher than all other facies tested at 13.28 CIELAB 

units. Overall the colour of Facies 10 is similar to Facies 9 and 8.  Only a short 

interval of Facies 10 was retrieved through drilling, and therefore, limited data 

points were obtained. Due to the lack of information, it is difficult to determine the 

environmental deposition of Facies 10. However, it is likely associated with Facies 

9 and Facies 8, as it is similar both in terms of geochemical data, density and 

magnetic susceptibility 
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5.2.2 Facies 9 

Description and Interpretation 

Facies 9 is a weakly consolidated grey sandstone found only in M3H5. Grain-size 

analysis indicates 57% sand, 26% silt and 16% clay. However, visual inspection 

defined this facies as a mudstone. The difference between the grain size observed 

in the split core versus the laser grain size analysis is attributed to aggregation of 

silt and clay particles, as with Facies 8.  

No minerals could be identified in thin sections of this facies, as the sample was 

highly weathered and comprised mostly unidentified material. The density of this 

facies is similar to those of Facies 10 and Facies 10: 3.55 g/cc (Figure 

87).  Magnetic susceptibility is much less then Facies 8 and 10 at 35.77 x10-8 m3/kg 

although higher than Facies 1 to 7. The L* value is average compared to 

other facies, at 15.44 CIELAB units. a* is 1.81 CIELAB units and is significantly 

lower than Facies 8 and 10. b* is less than that of Facies 8 and 10. A similar 

environment of deposition is assumed as for Facies 8 and Facies 10. This is because 

Facies 9, much like Facies 8, has a high density, although the magnetic 

susceptibility is lower. The density is similar to basalt and the decrease in magnetic 

susceptibility is still significantly higher than the siliciclastic sediments. Also, 

Facies 9 has the second highest concentration of iron in the geochemical analysis, 

indicating the presence of mafic minerals. Facies 9 is located below Facies 8, 

therefore, it is likely that they have the same parent material. 

5.2.3 Facies 8 

Description 

Facies 8 is a purplish-brown silt. The laser sizer identified the grain sizes for this 

deposit as 44.6% silt, 31.2% sand and 24.1% clay.  It was not possible to identify 

any minerals present within the deposit in thin section because the particles were 

too fine grained.  

The laser sizer findings were inconsistent with grain-size observations made on the 

core and in thin section. The laser sizer overestimated the proportion of silt and sand 

grains within the facies. Although the deposit does have some sand and silt grains, 

most of the grains are clay -sized. This observation is supported by both thin section 

analysis and the settling out of clay particles for XRD. Therefore, most of sand-
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sized grains identified in the laser sizer must have been aggregated clay and silt size 

particles.  

XRD analysis did not clearly identify clay minerals within Facies 8. Therefore, it is 

concluded that the deposits contain clay size particles but not necessarily many clay 

minerals. However, halloysite and interstratified illite-montmorillonite were 

tentatively identified in samples from this facies by XRD. XRD analysis produced 

noisy peaks making interpretation difficult.  However, XRD did indicated some 

clay minerals. Facies 8 has a density of 3.77 g/cc, which is similar to other facies 

found in M3H3 but is higher than Facies 1–7. The magnetic susceptibility is higher 

than any other facies tested, at 91.10 x10-8 m3/kg. The L* value is relatively low, at 

15.44 CIELAB units, but higher than that of Facies 9 and 10. Unlike the previously 

described facies, a* is positive, at 3.5 CIELAB units. The average b* is 10.91 

CIELAB units and is higher than many of the other facies (Figure 91). Fe and Ti 

are higher in Facies 8 than in the previously described facies (Figure 94).  

Interpretation 

Facies 8 was drilled near a boulder field of largely basaltic boulders. The thin 

sections from these boulders indicated that they were not highly weathered, and 

minerals could be easily identified in thin sections (4.2 Thin Sections). By 

comparison, the thin sections of Facies 8 were highly weathered. However, some 

crystals were identified as being of a similar appearance to feldspars such as 

plagioclase, which were also seen as phenocrysts in the basaltic boulders. 

Secondary infilling of vesicles found within the basalt is similar to infilling of 

vesicles found within Facies 8. Both infillings were of a yellow amorphous material; 

however, the basalt infilling was spherulitically formed. Furthermore, the basalt 

was a bluish reddish-purple colour, similar in appearance to Facies 8. The extreme 

degree of weathering of Facies 8 is interpreted to mean that the material found in 

this facies is phreatomagmatic, which is different to that of the boulder field, which 

is magmatic. The boulder field has been 40Ar/39Ar dated to 14.603 ± 0.093 Ma old 

(Daphne Lee, pers. comm., March 2018). However, fossil pollen assemblages 

analysed within the Hindon Maar lake sediments date the maars to the early 

Miocene,  23–16 Ma  (Kaulfuss & Moulds, 2015). If the pollen age is reliable, the 

boulder field is slightly to significantly younger than the Hindon Maars and may 

not be related to the maar craters. 



 

122 

 

No evidence of quartz or mica was found in Facies 8, unlike Facies 1 to 7. This 

indicates that Facies 8 was influenced by something other than the surrounding 

country rock. It is impossible to determine the exact environment of deposition for 

Facies 8 due to the high degree of weathering. However, M3H5 is interpreted as 

most likely volcanically derived from the tephra ring. This is because there is no 

indication that the material has been derived from the country rock and therefore 

must have a different parent material. Furthermore, the high density and magnetic 

susceptibility is consistent with mafic minerals. Analysis on tephra from Moon 

Lake, China, concluded that basaltic tephra found within the lake had a magnetic 

susceptibility of 80. This is similar to the magnetic susceptibility found within 

M3H5 (Sun et al., 2017).  However, SEM analysis found mostly silica and 

aluminium with very little iron in samples from Facies 8. Both aluminium and silica 

are mobile elements and not suitable for rock classification (Floyd & Winchester, 

1975). Silica and aluminium are the main component of clays, further indicating 

clays within the deposit. Furthermore, pXRF analysis indicates that Facies 8 is 

likely basaltic in origin because of elevated Fe and Rb concentrations. 

Maar eruptions are phreatomagmatic and produce fine-grained pyroclastic material 

which forms much of the tephra ring (Agustín-Flores et al., 2015; Zimanowski et 

al., 2015). The fine-grained material has a high surface area and weathers quickly; 

weathering occurs more rapidly in low silica magma (Churchman & Lowe, 2012). 

Although felsic maars exist, they are uncommon and generally result in larger maar 

structures than that observed at Hindon (Ross et al., 2017). Furthermore, the basalt 

boulder field is evidence that basaltic activity has occurred nearby. Additionally, 

the age of the Hindon Maars is consistent with that of the Waipiata Volcanic Field, 

which is basaltic (Coombs et al., 2008; Möller et al., 2017). Finally, no juvenile 

pyroclasts are observed.  

Based on the above considerations, I propose that the parent materials for Facies 8 

were basaltic pyroclasts which have weathered into clays since the early Miocene. 

The boulder field has been dated to approximately 15 Ma and overlies the maar 

deposits, indicating a minimum age for Facies 8 of 15 Ma (Churchman & Lowe, 

2012).  
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5.3 Primary Pyroclastic Materials 

No primary pyroclastic material was observed in any facies of the Hindon Maar 

complex. This is unusual, as most maar lakes have pyroclastic material in the lower 

deposits (Eichhorn et al., 2017; Kaulfuss, 2017; White, 1990).  Deposition of 

volcanic material can occur immediately following the formation of the crater and 

can continue for hundreds of years (Pirrung et al., 2003). Pyroclastic material is 

usually more heavily concentrated within the lower deposits of maars, such as the 

eruptive breccia and diatreme deposits (White & Ross, 2011). However, it is not 

uncommon to find some material throughout the siliciclastic deposits of 

maars (Lefebvre et al., 2013; Manville et al., 2009;Pirrung et al., 2003).  

Water accumulates rapidly within maar craters and forms anoxic environments 

which prevent the weathering of material (Pirrung et al., 2008; Zolitschka et al., 

2015). If pyroclastic material had been deposited into the lake immediately, it might 

be expected to have been preserved. Therefore, any pyroclastic material that was 

present in the maar catchment must have been weathered prior to its deposition into 

the presumed maar lakes in Maars 1 and 3 (Pirrung et al., 2003). Here, it is proposed 

that Facies 8–10 and the mottles found in Facies 2–6 represent the remnants of 

pyroclastic materials that were weathered on land before being deposited into the 

maar crater lakes.    
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Figure 84: Facies in M1H1 (left) and M1H2 (right) showing Facies 1 to 6. 
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Figure 85: Facies in M3H1 (left) and M3H3 (right) showing Facies 1 to 7, excluding 6. 
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Figure 86: Facies in M3H5 showing Facies 8 to 10. 
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Figure 87: Average density across facies. 

 

Figure 88: Average magnetic susceptibility across all facies 
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Figure 89: Average L* across all facies 

 

Figure 90: Average a* across all facies. 
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Figure 91: Average b* across all facies. 

 

Figure 92: Averaged pXRF Mn and Nb for all facies. 
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Figure 93: Averaged pXRF Mo, Pb and Rb across all facies. 

 

Figure 94: Averaged pXRF Fe and Ti across all facies. 
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Figure 95: Averaged pXRF Sr, Y, Zn and Zr across all facies. 
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6 Chapter 6 

Discussion 

This chapter covers the geological evolution of the Hindon Maar Complex.  

6.1 The Hindon Maar Complex Eruption Phase 

The Hindon Maar complex erupted sometime between the beginning of the 

Miocene and 15 Ma, resulting in 4 maar craters (Möller et al., 2017). The length of 

the eruption is unknown. However, maar-forming eruptions generally last less than 

one year (Kurszlaukis & Fulop, 2013; Németh & Kereszturi, 2015). During the 

eruption of a typical maar, an area of 2–5 km surrounding each eruption site is 

covered in pyroclastic deposits.  The tephra ring deposits are thinly bedded and  

thickest near the crater rim (Lorenz et al., 2017). The thickness of the tephra ring is 

dependent on the size of the eruption, with larger tephra rings corresponding with 

larger eruptions (White & Ross, 2011). The tephra ring usually dips between 5° and 

20° away from the maar crater (Carrasco-Núñez et al., 2007; White & Ross, 2011), 

and consists of interstratified pyroclastic deposits comprising tephra, lapilli, tuff 

breccia and scoria blocks. These deposits are commonly found within tephra rings 

associated with maars (Self et al., 1980; Carrasco-Núñez et al., 2007; Németh et al., 

2008). The tephra can consist of up to 90% country rock material, which I believe 

to be the case for the Hindon Maar complex as no primary pyroclastic material has 

been preserved.   

Maar eruptions which occur in hard-rock environments produce steep sided craters, 

where the lower section of the crater wall is exposed country rock (Lorenz, 2003; 

Lorenz et al., 2017). The initial depth of the maar craters would have likely been 

between 10 and 200 m (Valentine et al., 2017).  

Maars found within hard rock environments generally have lower water availability 

(Lorenz et al., 2017). Often, such maars transition into magmatic eruptions due to 

low water availability. Therefore, maars sometimes are accompanied with scoria 

cones, lava lakes and lava flows (Kereszturi et al., 2010; White & Ross, 2011). 

No evidence of a tephra ring is observed in the field associated with either Maar 3 

or Maar 1, although M3H5 has been interpreted as the highly weathered remnants 

of a tephra ring for Maar 3 (5.2 Facies of M3H5). No scoria cone or significant 
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pyroclastics, which could indicate magmatic activity, have been observed anywhere 

in the complex. 

Maar eruptions are phreatomagmatic, and produce pyroclastic material that 

weathers quickly due to its small particle size, high surface area and unstable 

mineral content (Churchman & Lowe, 2012). Additionally, tephra rings often erode 

away early in the development of a maar crater (White & Ross, 2011). As the HMC 

is assumed to be Miocene in age, it is likely that the tephra ring existed but has 

subsequently been eroded (Németh et al., 2008; Kaulfuss & Moulds, 2015). A 

boulder field near M3H5 was determined to consist largely of basaltic boulders and 

is here interpreted as the remnants of a lava flow. These boulders are lying on the 

present-day ground surface overlying Maar 3. However, the author believes this 

lava flow was not formed as a result of the Hindon Maar eruptions, because it 

overlies the maar lake deposits. Although there is very little evidence of eruption 

style and no evidence of eruption intensity, there is no evidence to indicate that the 

Hindon Maar Complex differs from the generalised model of maar-forming 

eruptions described above. 

6.2 The Structure of the Hindon Maar Complex 

All four maars within the Hindon Maar Complex are within 1.5 km of one another, 

and at its greatest extent the complex is 3.5 km wide. The four maars have been 

identified through gravity surveys and are not thought to form one large maar 

structure (Martin et al., 2007), because 3.5 km would be abnormally large for a 

maar (Begét et al., 1996; Jordan et al., 2013). Although such a size is possible, this 

generally only occurs in areas with soft substrates or high water availability. This 

is unlikely for the Hindon Maar Complex, which is hosted in a hard-rock 

environment (Begét et al., 1996).  

The deposits found within the three maars examined in this thesis are similar but 

not the same, and are here considered to have been deposited in different craters. 

Furthermore, the difference in elevation between Maar 3 and Maar 1 is 

approximately 80 m. Differential subsidence can occur within a maar, with greater 

subsidence occurring in the centre (Suhr et al., 2006; Kurszlaukis & Fulop, 2013). 

However, the overall topography is not consistent with a model in which all four 

maars are part of the same crater, with the elevation difference due to differential 

subsidence; Maar 3 has the lowest elevation yet is not in the centre, and the 
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surrounding topography does not indicate one large depression structure. I therefore 

conclude that the Hindon Maar Complex does not represent one single crater. 

The coalescence of multiple maar vents has occurred at the Hindon Maars. 

Coalescence often results in shallow craters (Carrasco-Núñez et al., 2007; Jordan et 

al., 2013); however, Möller et al (2017) concluded that organic-rich sediments, such 

as those found in Maar 1 and Maar 3, indicate that the maars formed stratified lakes. 

The HMC also does not show the characteristics of known coalesced maar craters. 

For example, the coalescence of Lake Purrumbete, Australia, was a result of a 

migrating multiple vent system. This ultimately formed a 3 km maar structure with 

one diatreme (Jordan et al., 2013). However, the gravity anomalies for Hindon Maar 

indicate 4 separate diatremes (Bowie, 2015). Furthermore, the coalescence of 

multiple maar vents often results in one large maar structure (Begét et al., 1996; 

Jordan et al., 2013). As stated previously, this is not consistent with the present-day 

geomorphology at the site. Though coalescence is possible, it is thought to be 

unlikely at the Hindon Maar complex. 

It is possible that the Hindon Maar complex is an example of a polycyclic 

monogenetic volcano, as described in Chapter 2 Literature Review. This could 

account for the proximity of the maar craters to each other. However, the gravity 

anomalies indicate that the maars are between 1 km and 1.5 km apart, which may 

exceed the defined distance between maar craters for polycyclic maars (Németh et 

al., 2010). As the actual size of the maar volcanoes is impossible to determine with 

the information currently available, whether the maars are within half the width of 

one volcanic edifice or not cannot be determined (Németh, 2010). The elemental 

distribution of lake sediments shows some variation in chemical composition. 

However, as this analysis is on clastic lake sediments and not on pyroclastic 

eruptive material, it is unknown whether the volcanic complex is polymagmatic or 

not. Without dates, the time between eruptions in the Hindon Maar complex cannot 

be determined. Polycyclic monogenetic volcanoes can have as little as a year 

between eruptions (Németh et al., 2001), or  eruptions may be separated by tens of 

thousands of years (Kereszturi et al., 2010). Both scenarios are possible for the 

Hindon Maar complex.  

As no primary pyroclastic materials was preserved in the maar sediments, it is 

unlikely that an eruption of one of the maars occurred whilst another maar was a 

lake. If this had been the case, the pyroclastic material produced from the eruption 
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event would likely have been deposited in the nearby lake and been preserved 

(Lowe, 1988; Haberle & Lumley, 1998; Schneider et al., 2017). Although this 

project did not drill to depths greater than 18 m, Facies 5, found in both Maar 1 and 

Maar 3, would have accumulated early in the evolution of the lakes (Chapter 5 

Facies Description). This implies that the eruptions did not occur during the 

depositional period of the maar lakes, as they are preserved today. Facies 5 was 

likely deposited 10 to 100 years after the eruption (Chapter 5 Facies Description), 

and the lifespan of maar lakes can exceed 150,000 years; although, the thickness of 

carbonaceous sediment observed indicates the lake lifespan is likely 10,000 years 

(Pirrung et al., 2008; Fox et al., 2015); therefore, the eruptions may have been 

separated by more than a thousand years. Alternatively, all four eruptions in the 

Hindon Maar complex may have occurred within a ten to hundred year window.  

It is possible that pyroclastic material was deposited into surrounding maar lakes 

and was subsequently eroded. Alternatively, one eruption could have produced the 

four craters over a short eruptive period. This would be similar to the Ukinrek Maars, 

Alaska, where two craters were produced within the space of four days (Kienle et 

al., 1980). 

6.3 Maar 1 

The results from Maar 1 show a typical succession of sediments that is consistent 

with other maars found throughout the world. Sediments fine upwards, beginning 

with breccia and finishing with carbonaceous lake sediment. Morphologically, 

Maar 1 is straightforward in comparison to Maars 2 and 3. Maar 1 is located within 

a shallow depression. Based on the present-day geomorphology, which shows an 

elongated depression at the location of the maar, the crater of Maar 1 is elliptical 

(section Map).  

Deposition within the crater would have begun during the eruption, resulting in 

syneruptive deposits. These deposits would have consisted of mostly material from 

the crater wall and tephra ring (Pirrung et al., 2008). Maar craters can yield 

hundreds of metres of material (Mertz et al., 2000; Kaulfuss, 2017), but Maar 1 was 

only drilled to a depth of 17.85 m; therefore, it is unlikely that the syneruptive 

deposits were collected in the core.  It is unclear how deep Maar 1 is, or how many 

metres of material are below 17.85 m. Previous research has included geophysical 

analysis of Maar 1, and it was hypothesised that there was 300 m of diatomite 
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preserved in Maar 1 (Bowie, 2015). This was found not to be the case during this 

drilling project. 

It is likely that the deposits collected and tested within Maar 1 were deposited sub 

aqueously. Water accumulates in maars immediately following eruption, and 

therefore it is assumed that a lake would have formed very early in the evolution of 

the maar (Pirrung et al., 2008). 

6.3.1 First phase of evolution for Maar 1 

The first phase of evolution of Maar 1 consisted of a series of rock falls and rock 

slides (Figure 96; Chapter 5 Facies Description). No primary pyroclastics were 

observed, therefore it is assumed that the tephra ring consisted of a high proportion 

of country rock material and was stabilised before the first unit was deposited 

(Lorenz, 2007). Furthermore, the time between the eruption and the deposition of 

the first unit was probably insufficient for extensive weathering of fine-grained 

pyroclastic materials (Chapter 5 Facies Description) (Churchman & Lowe, 2012). 

The stabilisation of the tephra ring likely began in part due to the recolonization of 

exposed slopes by vegetation, the effect of stabilisation would increase with time 

(Pirrung et al., 2008). 

Rock falls occurred frequently in the early evolution stage as a result of crater wall 

instability (Pirrung et al., 2008). Both the breccia and the gravel (Chapter 5 Facies 

Description) are indicative of instability of the crater wall. Due to the high 

proportion of country rock in these facies, I believe that the crater wall failures were 

lower in the crater, where country rock was exposed. Rock falls would have been 

localised, as evidenced by Facies 6, which is only observed in M1H1.   
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Figure 96: Infilling of Facies 5 and 6 into Maar 1, predominantly through rockfalls 

6.3.2 First phase of evolution for Maar 1 

The second phase of evolution consisted mostly of a series of mass flows into the 

maar 

(

 
Figure 97; Chapter 5 Facies Description). Minor rock falls would have occurred 

near the crater walls and background sedimentation from erosion of the crater wall 

would have also occurred. The mass flows consisted of turbidity currents and debris 
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flows (Facies 2, 3 and 4). The overall grain size decreased in size across this phase 

from fine gravel breccias to silty clays. The decrease in overall grain size suggests 

that crater wall stability during the second phase of evolution was higher than in the 

first phase (Pirrung et al., 2008). However, the presence of a series of mass flow 

deposits is an indication of some crater wall and tephra ring instability. During the 

second phase, multiple debris fans would most likely have been found at the outer 

margins of the maar, as this is a feature observed in other maars (White, 1992; 

Pirrung et al., 2008). Debris fans were probably concentrated in areas where the 

crater wall was the steepest, with coarser grains observed closer to the crater wall. 

Debris fans can be a source of distal sedimentation in maars. Failures on the surface 

of these fans result in turbidity currents and debris flows (White, 1992; Pirrung et 

al., 2008; Schindler & Wuttke, 2015).  

The mottles which occur in Facies 3, 4 and 5 have been interpreted in Chapter 5 

Facies Description as weathered pyroclastic material. Their increased presence in 

Facies 4 compared to Facies 3 indicates that the failures that resulted in the 

deposition of Facies 4 occurred higher up the crater wall and into the tephra ring, 

as this is where the juvenile (and subsequently weathered) pyroclastic material is 

likely to have been located. After the crater wall became stable, Facies 2 is the result 

of background sedimentation. 

Mass flows within maars behave in similar ways to mass flows in other systems 

(see Talling et al., 2012, for a detailed review). However, maars are usually small, 

closed basins, and therefore cannot have long runouts like those observed in marine 

subaqueous flows. As a result, flows with considerable energy reflect on impact 

with the opposite crater wall. This can occur multiple times until the energy of the 

flow has dissipated (Németh et al., 2008). Evidence for this has been found in Pula 

Maar, Hungary, and has been described by Németh et al. (2008), who found that 

this process produces soft sediment deformation and dewatering structures. 

Although no obvious soft sediment deformation and dewatering structures have 

been observed within Maar 1, it is possible that liquefied areas of core which have 

been interpreted as caused by drilling fluid injection may in fact be soft sediment 

deformation and dewatering structures (Figure 27). Liquefaction of the core appears 

in both M1H1 and M1H2 at similar depths (11.85–12.7 m and 13.26–14 m, 

respectively).  If sections of liquefied core are in fact evidence of dewatering 
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structures, one reflected turbidite may have occurred, but the rest of the mass flow 

deposits observed within Maar 1 formed discrete deposits. 

All but two of the mass flow deposits found in the Maar 1 cores are alike, but not 

similar enough to be regarded as being from the same flow. Thus, I here interpret 

them as representing discrete flows rather than multiple deposits from a reflected 

flow. Consequently, it is likely that most of these mass flows were small and did 

not have long runouts. This implies that no larger scale crater wall failures occurred 

during the second phase of evolution. 

   

  

 



 

140 

 

Figure 97: Showing a series of mass flows into the Maar crater consisting of Facies 2 

to 4. 

6.3.3 First phase of evolution for Maar 1 

At the end of the second phase, the crater wall became stable and mass flows 

stopped occurring (Figure 98). This marked the beginning of the third phase of 

evolution. During this time, large quantities of organic matter accumulated, 

resulting in Facies 1. Facies 1 is a laminated organic mudstone and diatomite, which 

indicates a calm deep permanently stratified lake where leaves and pollen from 

surrounding forests accumulate (Möller et al., 2017). These deposits likely reflect 

seasonal variation in vegetation growth and would have accumulated for thousands 

of years (Pirrung et al., 2003; Fox et al., 2015). As organic matter accumulated, the 

maar would have eventually turned into a swamp, after which the maar would 

become completely infilled (Pirrung et al., 2003). However, no swamp deposits 

have been preserved. 
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Figure 98: Showing the final depositional phase of Maar 1 where organic matter 

accumulated, ultimately forming the topography seen today. 

 

6.4 Maar 3 

The lake sediments associated with Maar 3 do not occur in a circular depression 

like Maar 1. However, they do occur in a depression between Maar 2 and M3H5 

(Figure 83). The gravity anomaly assumed to represent the Maar 3 diatreme is 

centred around M3H5. There is no significant gravity anomaly located underneath 

the lake sediments in M3H1 and M3H3 (Figure 4).  

Gravity and magnetic anomalies have been successfully used in many cases to 

determine the location of maars (Mrlina et al., 2009; Blaikie et al., 2014). This is 

because diatremes host dense material with is dense than the surrounding rock. 

However, in some cases the gravity anomaly is offset from volcanic landforms 

observed in the field; all calculations tend assume homogeneity of below ground 

volcanic structures (Cassidy et al., 2007; Blaikie et al., 2012). Domain Maar in the 

Auckland Volcanic Field has an offset gravity anomaly, however this has been 

attributed to a nearby scoria cone, and not an offset between the Maar diatreme and 

Maar crater. (Cassidy et al., 2007). It is important to note that the diatreme found 

underneath maars is what forms the gravity anomaly used to detect them. There is 

no evidence in literature which shows a diatreme not in the centre of the maar crater. 

Geophysical analysis has been conducted extensively on the subsurface 

morphology of maars but there are few studies of the geophysical data comparing 

the subsurface morphology to eruptive histories and above ground volcanic features 

(Cassidy et al., 2007). 

It is assumed that the lake sediments associated with Maar 3 are offset from the 

gravity anomaly. If the boulder field is larger than what was expressed at the surface 

it may have been enough to offset the gravity anomaly. This does not explain why 

lake sediments are found adjacent to the gravity anomaly. Therefore, there must 

have been other geological processes which have occurred. The lake sediments 

located in between M3H5 and Maar 2 are associated here with Maar 3 rather than 

Maar 2 because the gravity anomaly over Maar 2 neatly covers the positive feature 

of Maar 2. M3H5 is here interpreted to have drilled through the tephra ring of Maar 

3 (see Chapter 5 Facies Description for further discussion of this interpretation). As 
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mentioned above, the intensity of the eruptions is unknown; therefore, it is possible 

that the deposit associated with the tephra ring at M3H5 continued downwards for 

several metres. 

6.4.1 Evolution of Maar 3 

Maar 3 follows the same three evolution phases as Maar 1 (Figure 99: Showing a 

simplified model for sediment accumulation within Maar 3, starting with rockfalls, 

later showing mass flows and ending with lake sediment accumulation.). The first 

phase of evolution of Maar 3, represented by Facies 5 and 4, is a series of rock falls 

associated with crater wall instability. The second phase is a series of mass flows 

of gradually decreasing grain size, represented by Facies 2, 3 and 4. However, 

unlike in Maar 1, there is no evidence of reflective turbidity currents. Facies 4 is 

also thicker in Maar 3 (Figure 99).   

During the second phase, a localised slump deposit occurred in Maar 3, forming 

Facies 7 (Figure 99). Slump deposits are often found within biogenic sediments in 

maars, but are not limited to these sediments (Pirrung et al., 2003; Kaulfuss, 2017). 

The formation of slump deposits is often the result of subsidence within the maar 

crater due to diatreme compaction (Suhr et al., 2006).  

The third phase of evolution is the accumulation of black carbonaceous sediment. 

No published studies have been conducted on the carbonaceous sediment of Maar 

3. However, it is similar to the carbonaceous sediment of Maar 1 and is therefore 

assumed to represent a similar environment. This indicates that Maar 3 produced a 

deep lake that would have ultimately infilled, producing a swamp (Figure 99) 

(Pirrung et al., 2003). 
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Figure 99: Showing a simplified model for sediment accumulation within Maar 3, 

starting with rockfalls, later showing mass flows and ending with lake sediment 

accumulation. 

The basic model of sedimentation described in Maar 1 partially applies to Maar 3, 

as shown in Figure 98. However, it does not adequately account for the differences 

in deposits found between M3H1 and M3H3. No lake sediments are found in M3H1, 

and lake sediments are found in M3H3 to a depth of 13.65 m, despite M3H1 and 

M3H3 having been drilled approximately 70 m away from each other (Figure 83). 

Sediments within maars can vary spatially, especially between crater wall and distal 

deposits (Pirrung et al., 2008). The lack of lake sediments in M3H1 indicates that 

either the lake sediments have been eroded from the top of M3H1, or they were 

never deposited in the first place. It is possible that M3H1 represents a debris fan 

building out from the edge of the crater. Debris fans are commonly found in maars 

(Pirrung et al., 2008). The building up of a debris fan could infill the side of the 

maar crater, which would therefore prevent lake sediment accumulation. However, 

debris fans produce distinct bedding, none of which has been observed (White, 

1992). Furthermore, the grain sizes observed in M1H3 are predominantly silt to fine 

sand which are generally deposited further away from the crater wall (Pirrung et al., 

2003). Lastly where M3H1 was drilled, the debris fan would have to have extended 

to the top of the crater wall to prevent depositions of lake material before the crater 

wall became stable where lake sediments would have been deposited. Therefore, it 

is concluded that it is unlikely that M3H1 is a debris fan.  Two other possible origins 

for this spatial variability are discussed below 

6.4.2 Fault Within Maar 3 

If lake sediments were originally deposited at the site of M3H1, this part of the lake 

bed may subsequently have been uplifted or subsided due to faulting, resulting in 

the removal of the lake sediments by erosion (Figure 100). Maars in a monogenetic 

field are often aligned with and occur along identified faults, and ring faults may 

form around maar diatremes (Lorenz, 1986; Jordan et al., 2013). Active faulting has 

occurred in Otago since the Hindon Maars were formed (Jackson et al., 1996). 

Therefore, it is possible that faulting could have occurred in between M3H1 and 

M3H3. Resulting in M3H3 being downthrown. However, the deposits found in 

M3H1 and M3H3 do not correlate well with one another (Figure 100), therefore 
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comparing the deposits in M3H1 to M3H3 in order to determine the presence or 

absence of a fault is difficult. Furthermore, faults within maar basins generally 

result in subsidence (Suhr et al., 2006; Kurszlaukis & Fulop, 2013).  

During the early Miocene, the reactivation of Oligocene-aged normal faults resulted 

in high angle reverse faulting within the Otago region (Alder et al., 2016; Smith et 

al., 2017).  However, exact the age of the Hindon Maar complex is unknown. It is 

early Miocene in age and may be as young as 15 Ma (Kaulfuss & Moulds, 2015; 

Möller et al., 2017), and the reactivation of normal faulting occurred for only 5 

million years from the start of the Miocene. It is therefore possible that the maars 

formed after early Miocene faulting (Alder et al., 2016).  

It is difficult to establish the presence or absence of faults by field observations, as 

there is very little rock exposure. Where rock is exposed, it is greenschist, which 

does not allow for easy observation of offsets. However, given that the age of the 

maars most likely post-dates the reactivation of Otago faults, it is unlikely that 

faulting which resulted in uplift is the reason for the lack of black carbonaceous 

sediment in M3H1. 
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Figure 100: Showing the final outcomes of lake sediment deposition using the simple 

model versus the scenario of a fault. 

 

6.4.3 Differential Subsidence of the 

Diatreme 

It is possible that no or very little lake sediment accumulated at the site of M3H1. 

This may have been the result of differential subsidence of the maar basin. 

Subsidence within maar basins can exceed 1 km and can last for millions of years 

(Suhr et al., 2006; Delpit et al., 2014). The subsidence within the maar crater creates 

accommodation space, allowing for continuous deposition of material (Figure 101) 

(Manville et al., 2009; Schindler & Wuttke, 2015; Fristad et al., 2017). Subsidence 

is generally greater in the centre of the maar, resulting in greater deposition at that 

point (Suhr et al., 2006). Therefore, it is possible that M3H3 occurred closer to the 

centre of the maar, allowing for greater accumulation of lake sediments. However, 

the differential subsidence between the two holes would have been at least 10 m 

over 70 m. Furthermore, although the gravity anomaly is offset from the lake 

sediments, it is still the likely location of the diatreme. This is significant because 

subsidence in maars generally occurs in the diatreme (Suhr et al., 2006; Delpit et 

al., 2014). Subsidence within maar diatremes is often the result of the compaction 

of material within the diatreme which, over the space of millions of years, results 

in subsidence of the above ground crater (Suhr et al., 2006). As the lake sediments 

in Maar 3 are offset from the diatreme, subsidence in the crater would be of a lesser 

extent and both M3H1 and M3H5 would be on the outer edge of the diatreme, rather 

than M3H5 occurring at the outer extent of the diatreme and M3H5 occurring closer 

to the centre of the diatreme. Neither of these two scenarios adequately explains 

what is occurring in Maar 3. It is possibly a combination of both processes, as both 

subsidence and faults occur regularly in maars. However, a satisfactory conclusion 

cannot be made with the information available. 
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Figure 101: Showing sediment accumulation with ongoing subsidence of the maar 

diatreme for Maar 3. 

6.5 Maar 2 

Maar 2 is a positive feature and is therefore unlike a typical maar, which forms a 

depression. Limited analysis conducted on Maar 2 indicates similar deposits to 

Maar 1 and Maar 3.  Unit 2 is a bluish grey fine sand with extensive mottles found 

throughout the deposit. This is similar to Facies 4, identified in Maar 1 and Maar 3. 

Also, Unit 1 and Facies 2 are both fine-grained sandy silts with no mottles. 

Furthermore, thin section analysis of Maar 2 indicates that the majority of the 

exposed outcrops are made up of mica and quartz grains, much like the siliciclastic 

sediment observed in Maar 1 and Maar 3. In addition, no primary pyroclastics were 

observed in Maar 2.  

Although Maar 2 is a positive feature in the landscape, the deposits were poorly 

consolidated and had relatively minor components of weathered volcanic material, 
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and there is no indication that the structure is a tuff cone in origin. For example, no 

bedded lapilli or tephra are present in exposed outcrops.  

Few conclusions can be drawn from Maar 2 due to the lack of availability of sample 

material. This is because only small samples were collected and rock outcrop 

exposures were limited in the field. What is known about Maar 2 is that the positive 

feature in the landscape resides above the gravity anomaly detected, and that 

deposits found in outcrops of Maar 2 seem likely to be   sediments from the early 

evolution of a maar crater, based on their similarity to those found in Maars 1 and 

3. Further research is needed to confirm these assumptions and explain why Maar 

2 is a positive feature rather than a depression. 

Maar 2 may have been uplifted along a normal fault that runs between Maar 2 and 

Maar 3; this could have resulted in the rotation of the block containing M3, which 

is why the slope exists between the site of the anomaly and the edge of M2. This 

could also explain why M3H1 is higher up the slope. M3H1 could be further back 

from the fault, and therefore have dropped down less, resulting in no lake sediments 

due to erosion.  Whereas M3H3 could be closer to the fault, and therefore 

downthrown more, resulting in more accommodation space for carbonaceous lake 

sediments to accumulated.  

The geomorphological positive anomaly of Maar 2 could be the result of the 

reactivation of ring faults resulting in uplift. During the Miocene, the area 

underwent a reversal of many faulting systems (Alder et al., 2016), and perhaps 

something similar occurred at Maar 2. However, this was not observed in any of 

the other maars. Further research is required to establish the presence or absence of 

faulting and direction of any offset. 
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6.6 Further Research 

The Hindon Maar Complex is relatively unstudied, leaving a large scope of possible 

further research. This research can be broken down into 2 categories: adding to the 

knowledge of Maar 1 and Maar 3, and analysis of Maar 2 and Maar 4.  

Firstly, longer drill holes in Maars 1 and 3 into the diatreme deposits would enable 

analysis of the entire maar depositional sequence. This could also uncover 

pyroclastic material that could be used to infer eruption type and intensity. 

Furthermore, multiple holes in different locations would help with the correlation 

of sediments found within each of the maars.  Geophysical surveys could identify 

the below-ground architecture of the maars. This would be useful for Maar 3, and 

could help explain the offsets found between the gravity anomaly and the sediments. 

Detailed geochemical and clay analysis of M3H5 would yield insight into the 

depositional environments, and may confirm whether M3H5 is the product of the 

weathered tephra ring. 

As no real analysis has been conducted on Maars 2 and 4, there is significant 

potential for further research into these two maars. Drilling in Maar 2 and Maar 4 

would not only help to determine the depositional and evolutional settings of the 

maar, but could also shed light into the Hindon Maar Complex as a whole. Drilling 

in Maar 2 could confirm whether or not the sediments were deposited in a lake, and 

why the maar is a positive feature.
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7 Chapter 7 

Conclusion 

7.1 Section  

Maar eruptions are phreatomagmatic and form as the result of magma interaction 

with water, creating steep sided craters. Maar craters form unique sediment traps 

and as a result are often used in paleoclimate reconstruction studies. There are 

limited studies into the early siliciclastic sedimentation within maars, which often 

incorporate pyroclastic and country rock material.  

The Hindon Maar Complex resulted from a series of maar forming eruptions, 

creating four separate explosion craters, Maars 1 to 4. Five cores were obtained 

from Maar 1 and Maar 3, ranging in depth from 8–18 m. A limited outcrop survey 

was conducted in Maar 2 and geomorphological mapping was conducted in the area 

which encompassed Maars 1, 2 and 3. Geomorphologically there is little evidence 

of the maars existing. Maar 1 is situated in a shallow depression, Maar 3 is found 

along a slope, and Maar 2 is a positive feature in the landscape. It is assumed that 

the maars were formed by typical maar eruptions producing a tephra ring of 2–5 km 

in diameter surrounding each of the vents. The close proximity of the vents to one 

another indicates that the Hindon Maar Complex is an example of either a 

polycyclic maar complex or a clustered maar complex.  

A total of 10 facies have been identified within the Hindon Maar complex as a series 

of mass flows or extremely weathered tephra deposits. Nonconsolidated mottles are 

found throughout facies 2–5 and are interpreted as weathered pyroclastic material. 

No primary pyroclastics were observed in any of the facies within the Hindon Maar 

complex; this is assumed to be due to weathering.  

Facies 1 is laminated black carbonaceous sediment which consists almost entirely 

of organic matter. Facies 1 was deposited into the Hindon Maar lakes once the crater 

had become stable due to vegetation along the crater rim and has formed a deep 

stratified lake with an anoxic bottom.  

Facies 2 is a nonconsolidated bluish grey clay rich silt with minor sand and gravel 

lenses. Facies 2 is predominantly laminated, comprising mostly mica and quartz 

grains. Facies 2 has elevated magnetic susceptibility, which is believed to be a 
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product of the high clay content of 35% within this deposit. Facies 2 resulted from 

the weathering of the crater wall after significant stabilisation.  

Facies 3 is a bluish grey weakly consolidated poorly sorted sandstone which ranged 

in size from fine sand to coarse sand with discrete gravel lenses. Normal grading 

was observed in the lenses. Facies 3 is believed to result from turbidity currents.  

Facies 4 is a fine-grained bluish grey breccia with a matrix consisting of fine to 

coarse subangular sand. Facies 4 included up to 35% mottles and is interpreted as 

the result of mass flows originating from the tephra ring.  

Facies 5 is a fine-grained gravel breccia with a matrix of fine to coarse, angular to 

subangular sand. Lithics within this deposit are schist and quartz. Overall this 

deposit is poorly sorted with normal grading observed. Within Facies 5 there is 

significant variability in magnetic susceptibility, which has been interpreted as a 

result of the heterogeneity of the unit. Facies 5 was deposited when the crater wall 

was unstable.  

Facies 6 consists of loose schist and quartz grains ranging from fine gravel to 

medium pebbles, is sub angular and poorly sorted. Facies 6 is the result of localised 

rockfalls into Maar 1, and would have occurred early in the sedimentation of the 

maar.  

Facies 7 is a result of a localised sump deposit found in Maar 3. Facies 7 is a white 

nonconsolidated clay-rich silt with a high proportion of titanium. It shows 

convoluted bedding and no organics, and is interpreted as having been deposited 

rapidly within the maar. Tthere is no evidence of mica or quartz grains within this 

deposit and therefore it is believed to have different parent material from other local 

facies.  

Facies 8, 9 and 10 are found in Maar 3 and have been interpreted as extremely 

weathered pyroclastic material, likely originating from the tephra ring. These facies 

are similar to one another, having high densities and magnetic susceptibilities 

greater than 80 x10-8 m3/kg, consistent with basaltic material. Furthermore, there is 

no evidence of country rock within this deposit. Pyroclastic material weathers 

rapidly and as the maar is a minimum of 15 million years old, sufficient time has 

passed for pyroclastic material to be completely weathered to clays. It is assumed 

that the tephra ring was exposed at the surface for long enough for weathering to be 

complete before being buried below the present-day ground surface. 
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The facies succession observed in Maar 1 is consistent with  studies of other early 

post-eruptive maar sediments. Firstly, Facies 5 and 6 were deposited, which were 

the result of crater wall collapses and rock falls into the crater. Facies 5 and 6 would 

have been deposited days to years following the eruption, with the frequency of 

such rock falls decreasing with time. This was followed by Facies 4, which was the 

result of failures within the upper crater wall and tephra ring. This is indicated by 

the higher percentage of mottles within Facies 4. Facies 3 was then deposited and 

formed a series of mass flows within the maar basin. During the deposition of Facies 

3 debris fans would have formed around the crater wall. After this, the crater wall 

became stabilised and significant vegetation cover prevented coarse grains entering 

the lake. Facies 2 was deposited as a result of erosion of crater wall material. Facies 

2 formed debris flows within the maar basin. Finally, Facies 1 would have been 

deposited after the lake became stratified, forming an anoxic bottom layer. 

Ultimately, the crater basin would have filled up, producing a swamp and later the 

current day topography.  

Facies accumulated within Maar 3 in a similar succession. However, the presence 

of significant organic matter in M3H3 and the absence of organic matter in M3H1 

indicates that additional geological processes must have occurred. These processes 

may have involved significant subsidence of the diatreme, or faulting. It is believed 

that M3H5 represents weathered tephra ring deposits and is therefore not part of the 

siliciclastic crater-floor sedimentation.  

Analysis of outcrop sediments in Maar 2 show that the deposits are similar to Facies 

2 to 4. As Maar 2 is a positive feature in the landscape, it does not conform to 

normal maar diatremes. The reason for this morphological abnormality is unknown. 

However, it is likely that the sediments have originally accumulated in a similar 

depositional setting to Facies 1 to 4.  
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