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ABSTRACT 

The southeast Otago region forms the present leading edge of the outboard zone of 
continental collision between the Pacific and Australian plates. This study focuses on 
Quaternary motion of two northeast-striking, steeply southeast-dipping, reverse faults, the 
Akatore and Titri Faults, and subsidence of the Taieri Basin to the west. 

The Akatore Fault (-65km long) alternates between onshore and offshore segments; 
maximum throw along the central onshore segment is 130m. Holocene fault scarps are well 
preserved along the central onshore segment. Buried peat and wood horizons in blocked 
swamps along the fault trace, and two marine terraces preserved along the seaward edge of 
the block, together record two uplift events post-loess deposition. Radiocarbon dating 
constrains these events to -1.15 and -3.8ka. Uplift per event averages 3m, but increases to a 
maximum of 4m near the south end of the central onshore segment. Evidence for Pleistocene 
motion is predominantly from marine terraces; two terraces (35 and 65m) restricted to the 
Akatore block are interpreted to be 105 and 125ka in age, and indicate a period of Akatore 
Fault uplift between 80-125ka. From 80-3.8ka, however, the fault appears to have undergone 
a period of quiescence. 

The Titri Fault System is also -65km long, but is probably linked at depth to the reverse 
Castle Hill Fault to the southwest. Structure contours drawn on basement of the coastal range 
indicates the "Titri Fault" is segmented; segment lengths range from 13-25km. Maximum 
total throw is -650m. The fault system consists of a master fault and several frontal strands; 
the latter locally deform loess-covered alluvial fans. There is no evidence for Holocene 
motion. Alluvial fans can be divided into four sets; the oldest two are everywhere deformed, 
whereas the second-youngest is locally deformed near Moneymore. Optically stimulated 
luminescence (OSL) dating provides some control on fan ages, as well as loess stratigraphy. 
These ages indicate that the last widespread deformation along the Titri Fault System was 
-150-70ka, with localised deformation (Moneymore) occurring between 60 and 25ka. Uplift 
of a marine terrace interpreted to be 80ka in age further constrains the last period of 
widespread motion to -80-70ka. Uplift of higher marine terraces indicates earlier fault motion 
between 125 and 400ka, with evidence from deformed alluvial fans for a major period of 
deformation and erosion during 01 stage 7 (245-186ka). 

The Taieri Basin is a tectonic depression on the downthrown side of the northern Titri Fault 
System. It is also faulted on its north-western margins by the west-dipping, reverse, 
Maungatua and North Taieri Faults. The latter faults have deformed alluvial fans of 
interpreted penultimate glacial and antepenultimate age, but not last glacial age, indicating 
middle and late Quaternary activity. Water bore logs, drillhole logs, a high resolution seismic 
survey and gravity surveys indicate the basin is asymmetric, with maximum depths of -200-
300m occurring adjacent to the Titri Fault System (southeast side), suggesting the Titri Fault 
System is controlling subsidence. 

Synthesising the above evidence for timing of fault movement leads to the interpretation that 
the Akatore Fault and Titri Fault System are moving episodically, on the time scale of tens of 
thousands of years. Furthermore, there is some evidence for switching between the two. 
Episodic behaviour is also recognised in central Otago, and supports the interpretation that the 
Otago reverse faults are linked by a sub-horizontal, mid-crustal ductile shear zone. Episodic 
behaviour has significant implications for seismic hazard analysis, both in Otago and world
wide. 
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Chapter one: 

INTRODUCTION 

~'"~ 

Physiography of the southeast Otago region, adapted from Benson (1935). The coastal range is coloured, 
and divided into the Titri-Castle Hill block (red) and the Akatore block (green). 
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1.1 REGIONAL TECTONIC SETTING 

New Zealand sits astride the obliquely convergent Pacific-Australian plate boundary (Fig. 

l. lA). Offshore, oblique subduction of the Pacific Plate is occurring along the east coast of 

New Zealand north of Kaikoura, whereas south of Milford Sound the polarity is reversed and 

the Australian Plate is being obliquely subducted. The onshore segment of the plate boundary 

between the two subduction zones is a highly oblique convergence zone, on which a large 

proportion of the motion occurs on the oblique dextral strike slip Alpine Fault (e.g. Norris et 

al. 1990). Two wide-angle reflection experiments across the plate boundary in the central 

South Island show that the Alpine Fault (zone) dips -40° SE and probably extends to a 

detachment 20-30km deep, resting on inferred oceanic crust (e.g. Stem & McBride 1998; 

Davey et al. 1998). A similar mid-crustal detachment or ductile shear zone east of the Alpine 

Fault has been proposed beneath the reverse fault province in Otago (Fig. l. lB) (Beanland & 

Berryman 1989; Norris et al. 1990). Otago reverse faults and folds extend much further east 

than similar structures in central and south Canterbury; the boundary between the two regions 

coincides approximately with the northwest-striking Waihemo Fault and related faults (Fig. 

l.lB), and is probably related to the rheological change from subgreenschist greywacke 

basement in Canterbury to thickened, weakened Haast Schist basement in Otago (Koons et al. 

1999). 

Faults in the Otago reverse fault province strike both northeast and northwest (Fig. 1.2), and 

at least some are reactivated middle Cretaceous normal faults (Mutch & Wilson 1952; Bishop 

& Laird 1976). Fault-related folding accompanies reverse faulting, evidenced by rotation of the 

generally flat-lying Haast Schist basement schistosity (e.g. Norris et al. 1987; Markley & 

Norris 1999). Deformation of the re-exposed late Cretaceous erosion surface cut into Haast 

Schist basement (the Otago Peneplain, e.g. Bishop 1994a, or Waipounamu Erosion Surface of 

LeMasurier & Landis 1996), gives rise to a characteristic basin and range topography. The 

long-term evolution of these basin and ranges can be evidenced from their influence on drainage 

patterns (Jackson et al. 1996). 
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Fig. 1.1 A New Zealand plate tectonic setting. S. Alps = Southern Alps, MS = Milford Sound, 
K = Kaikoura. B Major faults of the lower South Island. The Otago reverse fault province is 
stippled, and the study area is coloured yellow. Schematic cross-section showing mid-crustal ductile 
zone is from Berryman & Beanland ( 1989), to which the Akatore Fault has been added. AF = 
Alpine Fault, WF = Waihemo Fault. 

This study is situated at the leading-edge of the Otago reverse fault province, in southeast 

Otago (Fig. l. lB). It is notable that many of the leading-edge faults, including a number of 

clearly young faults offshore (Fig. 1.2, Map 1) (e.g. Carter 1988; Johnstone 1990; Bishop & 

Turnbull 1996), dip southeast, in contrast to the northwest-dip of the majority of faults in the 
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Otago region (Fig. l. lB). This study focuses on two east-dipping reverse faults, the Titri 

Fault System and the Akatore Fault (Fig. 1.2, 1.3). Together these faults have uplifted the 

coastal range, a series of low altitude (maximum 470m) hills extending from Dunedin city in 

the northeast to the lower Clutha plain in the southwest (Fig. 1.3, chapter frontispiece). To 

the west, the broad, gently seawards (southeast-) dipping, Barewood Plateau is locally 

disrupted by another set of reverse faults, the west-dipping Maungatua and North Taieri 

Faults (Fig. 1.3). The down-faulted block between these faults and the Titri Fault System is 

the Taieri Basin, which is also investigated in this study. 

N 

l 

20 km 

!IT]] 

r,;:-:n 
L..!Ll 

Late Cretaceous to 
Quaternary cover 

Pre-middle Cretaceous 
basement 

Fig. 1.2 Major faults of the Otago reverse fault province. Faults with known late Quaternary 
activity are shown in red. N=Naseby, O=Oamaru, D=Dunedin, F. = fault, F.Z. = fault zone, F.S. 
= fault system, E. =escarpment.Adapted from Mortimer (1993). Offshore faults are from Carter 
(1988), Johnstone (1990), and Allan (1990). 
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Fig. 1.3 Geology of the southeast Otago area. Adapted from Bishop & Turnbull (1996). KSB = 
Kaitangata Sub-basin. 

1.2 QUATERNARY TECTONIC SETTING 

Many of the faults in the Otago reverse fault province have evidence for late Quaternary 

activity (Fig. 1.2). Results of paleoseismological studies for some of these faults are given in 

Table 1.1. From Table 1.1 it is clear that there is some evidence for Holocene activity, but 

with the exception of the Akatore Fault, individual fault events have not been dated. Much of 

the evidence for geologically recent faulting comes from deformation of alluvial fans, generally 

dated by correlation with glacial advances. These lack direct dating control. 
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However, based on evidence such as that summarised in Table 1.1, Berryman & Beanland 

(1991) estimated average recurrence intervals of several tens of thousands of years. This 

corresponds well with generally low historic seismicity in the Otago region ( e.g. Reyners 

1989; Anderson & Webb 1994) (Fig. 1.4A) and low geodetically determined velocities 

( <3mm.yr-1
) relative to other parts of New Zealand (Henderson et al. in review) (Fig. 1.4B). 

1.3 AIMS AND SCOPE 

The main aim of this study is to define and understand Quaternary motion on faults at the 

deformation front of the Otago reverse fault province in coastal southeast Otago, between 

Dunedin city and the lower Clutha Plain (Fig. 1.3) (henceforth referred to as the southeast 

Otago area or region). Although the basic geology of the southeast Otago region has been well 

established (e.g. Ongley 1939; Harrington 1958; Benson 1968; McKellar 1990; Bishop 1994b; 

Bishop & Turnbull 1996), as described in section 1.6, very little attention has been paid to the 

Quaternary geology. 

Questions that are addressed in this study are: 

(i) When did the Titri and Akatore Faults last rupture, and what is their rupture history? By 

establishing a rupture history for these faults, the seismic hazard in Dunedin may be assessed. 

(ii) What is the longer-term Quaternary uplift rate of the coastal range, and subsidence rate of 

the Taieri Basin? Because of the proximity to the coast, absolute rates can be assessed using 

sea level as a datum, providing eustatic sea levels can be constrained. 

(iii) How do faults in the southeast Otago region interact with each other, as well as central 

Otago faults, both physically and in time? For instance, do these structures conform to a 

characteristic earthquake model? What do they suggest about the mechanics of the Otago 

reverse fault province? 
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Fault name Last movement Recurrence Longterm Quaternary faulting evidence / material dated Reference 
(yr BP) interval mvt rate 

{xrs} {mm.xr-1
} 

Nevis-Cardrona F.S. <10 000 ave.<3600 Scarps on alluvial fans and terraces assigned ages based on Beanland & Barrow-Hurlbert 
geomorphology (Officers of the Geological Survey 1984). (1988) 
Radiocarbon dates of buried paleosols in trenches. 

Pisa-Grandview F.Z. >23 000 1 Asymmetric folding of alluvial fan surfaces assigned to Beanland & Berryman (1989) 
glacial advances at 120-90ka and 70ka. 

Dunstan Fault 1000-5000 ave. 8000 Scarps on alluvial fans and terraces assigned to glacial Officers of the Geological Survey 
(2 segments) advances 500ka to 15ka. Radiocarbon dates from trenches. (1983); Madin (1988) 

Blue Lake Fault <1000? Scarp across modem floodplain. Madin (1988) 

Spylaw Fault <10 000 >3500 5m scarp on terrace considered to be <10000 yrs represents Beanland & Berryman (1986) 
at least two events 

Blue Mountain no. 1 <16 000 >8000 Scarps on fan correlated to 23000-16000 yrs deposits in the Beanland & Berryman (1986) 
Fault Upper Clutha area represent at least one movement 

Hyde Fault <14 000 4000-5000 0.4-0.5 Two fault scarps across alluvial fans overlain by loess Norris et al. (1994) 
assigned a minimum age of 14ka. 

Waihemo Fault <14 000 0.5m displacement of post-glacial terrace M. Hanson pers. comm. (2000) 

Akatore Fault 1200 6000 - 12 000 Radiocarbon dates of organic material in swamp silts Makgill & Norris (1983); 
deposited behind fault scarp, and shells and overlying Norris et al. (1994) 
slumped material from a marine terrace. 

Table 1.1 Paleoseismological studies of late Quaternary movement on faults in the Otago reverse fault province. F.S. = Fault System, F.Z. = Fault Zone. 
->. 
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Fig. 1.4 A New Zealand earthquakes ofML::2:4.0 and a depth of s40km, for the period 1964-1987 
inclusive. Earthquakes are grouped in bins of ML, smallest circles= M4.0-4.9, largest= M7.0. 
From Reyners (1989). 8 Geodetically derived velocity map of the South Island. Data includes 
all available highest order GPS and terrestrial geodetic survey data. Error ellipses are 95% probability. 
From Henderson et al. (in review). 
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1.4 THESIS ORGANISATION 

This thesis is divided into distinct topics that could potentially be published as individual 

papers. A paper on Holocene motion of the Akatore Fault ( chapter 2) is currently in press 

(Litchfield & Norris 2000). 

Chapters 2 and 3 describe late Quaternary faulting on the Akatore Fault (chapter 2) and the 

Titri Fault System ( chapter 3). Holocene paleoseismology of the Akatore Fault is a major 

focus of chapter 2 and deformation of late Quaternary alluvial fans along the Titri Fault 

System forms a large part of chapter 3. 

Chapter 4 contains a study of uplifted marine terraces cut into the seaward edge of the coastal 

range. The Akatore Fault cuts obliquely across the terraces and thus both differential and 

regional uplift of the coastal range relative to sea level is examined. 

Chapter 5 examines subsidence of the Taieri Basin. Much of this chapter contains joint work 

with the Institute of Geological and Nuclear Sciences and the Research School of Earth 

Sciences, Victoria University of Wellington. 

Chapter 6 contains details of the relatively new luminescence dating technique, used to date 

many of the geomorphological surfaces which constrain timing of Quaternary faulting 

described in the preceding chapters. The sample preparation method employed for 6 samples 

processed at the Research School of Earth Sciences, Victoria University of Wellington is 

described in some detail. 

Chapter 7 summarises timing of Quaternary motion on the Akatore and Titri Fault Systems 

and places these into a regional context. In particular, implications for the geometry and 

mechanics of the Otago reverse fault province are discussed. 
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1.5 QUATERNARY TIME SCALE 

Throughout this thesis much reference is made to the Quaternary time scale. Care is taken to 

give numerical ages where possible, but it is often useful to use oxygen isotope stages ( e.g. 

Imbrie et al. 1994), as they can be related to global climatic events. A copy of the New 

Zealand Quaternary time scale, with corresponding isotope stages, is given for reference in Fig. 

1.5. The definition of early, middle and late Quaternary, as used here, is also shown. 

1.6 PRE-QUATERNARY GEOLOGY OF THE SE OTAGO REGION 

The basement rocks of the southeast Otago region mainly comprise Permian to Jurassic 

quartzofeldspathic and volcanogenic sandstone and mudstone of the Torlesse, Caples and Dun 

Mountain - Maitai Terranes (Fig. 1.3). These were deposited in accretionary prism and/or 

trench settings on the edge of Gondwana. Terrane juxtaposition and thickening in the early 

Jurassic resulted in metamorphism ranging from prehnite-pumpellyite to greenschist facies. 

The uplifted foliated rocks exposed within a 100km wide belt across the terrane boundary are 

collectively known as the Haast Schist. Mortimer (1993) mapped the complex 

Caples/Torlesse terrane boundary using geochemical and isotopic criteria, and showed it to lie 

between the Chain Hills and Brighton in the study area (Fig. 1.3). Coombs et al. (1998) have 

recently shown that the "Chrystalls Beach to Brighton block" (i.e. the coastal range) possesses 

a geochemistry more similar to the Torlesse than the Caples terrane however, and raise the 

possibility that it may in fact be a separate tectonic block. 

Terrane collision also resulted in major uplift and erosion of the basement rocks from late 

Jurassic to early Cretaceous, although erosion locally continued to the middle Tertiary in west 

Otago (e.g. Bishop 1994a). Rifting of New Zealand from Gondwana commenced in the middle 

Cretaceous and resulted in the formation of extensional half-grabens. Normal movement on the 

Titri and Castle Hill Fault systems at this time resulted in deposition of the Henley Breccia 

fanglomerate (Matakea Group) on their southeast sides (Fig. 1.3) (Mutch & Wilson 1952; 

Sherwood et al. 1992). 
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Post-rift crustal cooling and passive continental margin subsidence resulted in expansion of the 

newly-formed Canterbury and Great South Basins (including the Kaitangata Sub-basin) and 

deposition of a marine transgression sequence (e.g. King et al. 1999). The transgression 

sequence in southeast Otago (Onekaka Group) is represented by basal coal measures and 

fluvial deposits (Taratu Formation), overlain by marine sandstones and limestone (Wangaloa 

Formation, Brighton Limestone), in turn overlain by variable thicknesses of mudstone, 

greensand and sandstone (Abbotsford Formation, Green Island Sand, Burnside Formation (Fig. 

1.3) (see summary in Bishop & Turnbull 1996). 

Maximum submergence in the middle Oligocene coincided with the establishment of a new 

plate boundary (Alpine Fault) though New Zealand, probably responsible for unconformities 

such as the Marshall Paraconformity of Carter (1985) (e.g. King et al. 1999). At Milburn and 

southwest Dunedin the paraconformity is marked by a burrowed surface on the underlying 

marine transgression sequence, infilled and overlain by thin greensand (Concord Greensand) 

and limestone (Milburn and Scroggs Hill Limestone) (Carter 1985). The marine regression 

sequence that followed (Otakau Group) is poorly represented in the southeast Otago area 

because of subsequent erosion. The thickest unit preserved is the early Miocene Caversham 

Sandstone (up to 250m thick at Caversham, McKellar 1990). 

Volcanism (Dunedin Volcanic Complex, Coombs et al. 1986) interrupted the regressive 

sequence in southeast Otago in the middle Miocene (-13-1 OMa) (Fig. 1.3). Volcanism was 

predominantly basaltic, but rocks show a compositional range, including trachytes and 

phonolites (Coombs et al. 1986). Initial volcanism was submarine, but later stages were 

subaerial and the deposits are locally interbedded with non-marine volcanigenic sediments (e.g. 

Benson 1968). Tilting and erosion of the underlying sequence prior to deposition of the 

volcanics suggests uplift had commenced prior to volcanism, particularly southwest of 

Dunedin. 

Post-volcanism Pliocene units are scarce, restricted to alluvial channel deposits such as the 

Post Office Stream Beds (Y oungson 1990) on the Barewood Plateau west of Maungatua, and 

in a paleo-Tokomairiro River channel near Milton (P. Wopereis pers. comm. 1999) (Fig. 1.3). 

The rarity of these units and evidence for both pre- and post-volcanism erosion suggests that 
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uplift in the southeast Otago area has probably been occuning since the middle Miocene. 

However, there is no specific control on which, if any, of the faults studied here were 

responsible for this uplift. 
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Chapter two: 

AKATORE FAULT 

Oblique aerial view of the Akatore block (view to NE). The relatively flat, tilted surface 
in the middle and far distance is the re-exposed erosion surface cut into Haast Schist 
basement. In the foreground the bedrock is Taratu Formation. Two antecedent gorges, 
Nobles Stream and Bull Creek, can be seen cutting across the block in the middle ground. 
Swamp on L.H.S. is Nobles Stream blocked swamp, beach on R.H.S. is Chrystalls Beach. 



2-Akatore Fault 

2.1 INTRODUCTION 

The Akatore Fault is a northeast-southwest, to north-south striking, 65km long reverse fault, 

dipping --60° SE, that runs along the south coast of Otago, alternating between onshore and 

offshore portions (Fig. 1.3, Map 1). 

The central onshore portion, between approximately Taieri and Tokomairiro river mouths 

uplifts a tilted block (Akatore block, see chapter frontispiece) of Haast Schist basement and 

locally preserved Taratu Formation (Map 1). A thin fault-angle wedge of late Cretaceous and 

early Tertiary sediments is preserved along the downthrown side (Map 1). The fault is 

notable for its well-preserved scarps along hillsides and across marine and fluvial terraces (Fig. 

2. lA,B). At the entrances to antecedent gorges through the Akatore block, scarps have 

periodically blocked the drainage, thereby preserving a stratigraphic history of recent 

movement on the downthrown side. 

The eastern, coastal edge of the Akatore block is characterised by a flight of Holocene and 

Pleistocene marine terraces that have been uplifted by fault movements (Map 1 ). The marine 

terraces are discussed in detail in chapter 4. 

2.2 PREVIOUS WORK 

Benson (1935) was the first to show a fault in the position of the Akatore Fault, on two west

east trending cross sections, one showed it to continue offshore. Benson attributes most of the 

uplift to anticlinal folding, however, from structure contours drawn on the surface of the late 

Cretaceous unconformity cut into Haast Schist basement. Ongley (1939) was the first to map 

and name the Akatore Fault. He noted that the fault is very young due to the presence of a 

fresh scarp, but did not suggest a dip or movement type. The uplifted block, the Quoin Point 

Block, was noted to extend offshore to include Taeiri Island. 

Harrington (1958) mapped the southwestern portion of the onshore fault, but did not trace it 

to the south side of Tokomairiro River. He considered the fault to have first moved in the 
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2-Akatore Fault 
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Fig. 2.1 A Akatore Fault scarp across Nobles Stream, looking downstream (SE). B Akatore 
Fault scarp across lowest Pleistocene marine terrace near Taieri River mouth (view to SW). Fault 
is not exposed, but lies to the right of the loess in the foreground. C Akatore Fault exposure at 
Loe. 4 (view to NE). 
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middle Tertiary, possibly the Miocene, and then to be rejuvenated in the Pliocene. He did not 

consider the fault to be active, however. Harrington mapped two marine terraces along the 

coast between Tokomairiro and Clutha river mouths. 

McKellar (1966) mapped the entire central onshore portion of the Akatore Fault for the first 

time. Active traces were shown at Taieri Mouth and across Big Creek, Nobles Stream, 

Tokomairiro River Mouth, and Rocky Valley Creek. 

A 350m-long fault monitoring survey network was set up over a recent scarp crossing the 

lowest Pleistocene marine terrace near Taieri School at Taieri Mouth in 1979 by the New 

Zealand Geological Survey Earth Deformation Studies unit (e.g. Brill 1981). It is co-monitored 

with the Department of Surveying, Otago University. Measurements since the survey was set 

up were summarised by C. Pearson in Norris et al. (1994), who concluded that any 

displacement due to earth deformation to that time were within the errors of measurement and 

therefore not detectable. 

Uncompleted MSc thesis work by K.P. Makgill (early 1980s), including a number of 

radiocarbon ages, was the first paleoseismology work on the Akatore Fault. Most of these 

results were presented by Makgill & Norris (1983) and others have been summarised by 

Norris et al. (1994). The latter work concentrated on a seismic hazard assessment of the fault 

northeast ofTokomairiro River. The results included an estimated last movement date of 1200 

cal. yr BP, an approximate vertical slip for the last event of 2m, a calculated maximum 

magnitude for an earthquake event of 6.8-7 .3 and an estimated return period of between 6000 

and 12000 years. 

Johnstone (1990) was the first to positively identify and map the Akatore Fault offshore. 

High resolution sub-bottom profiling and side-scan sonar surveys showed the Akatore Fault 

continues both southwest and northeast of its onshore trace. 

Recent mapping of the Akatore Fault was published by Bishop (1994b) and showed late 

Quaternary traces across each of the antecedent streams and at Taieri River mouth. Bishop & 

Turnbull (1996) show the entire on-land Akatore Fault trace northeast of Tokomairiro River 
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as an active trace. They also interpreted the fault to extend onshore northeast of Waldronville, 

towards Dunedin City (Map 1). 

2.3 METHODS AND SCOPE 

This study continues and builds upon the work begun by Norris et al. (1994). The south

western half of the central onshore portion was the main focus of this study. 

Field mapping was at a scale of 1 :12 000, and was complemented by aerial photo analysis at 

the same scale and at 1 :25 000 scale. Mapping included locating fault traces, some mapping of 

the late Cretaceous - Tertiary sediments, and identification of faulted Holocene features such 

as river and marine terraces. The results are summarised on Map 1. 

Detailed studies at four blocked swamp sites included 37 auger cores and 4 percussion cores. 

Selected samples were radiocarbon dated and palynological studies of samples from the 

percussion cores were performed by D. Mildenhall (Institute of Geological and Nuclear 

Sciences) and B. McLea (Victoria University of Wellington). 

2.4 DESCRIPTION (SW-NE) 

2.4.1 Offshore portion - southwest of Measly Beach 

The southern portion of the fault was mapped by Johnstone (1990) using sub-bottom 

profiling and side scan sonar. Offshore of Clutha River mouth it is composed of three strands, 

-10 km long, striking north-south, at least one of which is accompanied by folding (Map 1 ). 

Each strand was interpreted to terminate southwards against the northwest-southeast striking 

offshore extension of the Castle Hill Fault (zone) (Map 1). 

To the northeast, a single strand uplifts a submarine ridge, interpreted to be basement (in this 

case Tuapeka Group, or unmetamorphosed Caples Terrane ), although this was not sampled. If 

the ridge is basement, then a calculation of throw based on offset of the late Cretaceous 
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erosion surface requires a throw of several hundred metres, given its estimated depth of up to 

600m beneath the Kaitangata Sub-basin onshore ( e.g. Measly Beach drillhole, Lindqvist 1995), 

which does not seem likely. An attempt to sample the ridge was made by the author and B. 

Grant. However, no single ridge was able to be located using echo-soundings, instead 

numerous ridges of Wangaloa Formation striking north-south were located that clearly link 

with exposures on-land. The most likely scenario is that the fault-ridge is composed of Taratu 

or W angaloa Formation. 

2.4.2 Central onshore portion 

The fault also strikes north-south where it appears onshore at Measly Beach. A "4m high 

scarp cuts across the lowest Pleistocene marine terrace (Loe. 12) and scarps cut across 

drainage flats of Rocky Valley Creek and Tokomairiro River. There are no visible fault scarps 

on the hill slopes south of Nobles Stream swamp area, however. The poor expression of the 

scarp may simply be due to it cutting the soft Taratu and Wangaloa Formations. In addition, 

the scarp crossing the Tokomairiro River flats strikes WNW-ESE, which is more westerly 

than the typical northeast-southwest strike on either side of the river. This suggests the fault 

may locally break up into short strands with different strikes. 

For the majority of the onshore portion, between Nobles Stream swamp and Taieri Beach, the 

fault is well expressed by a break in slope and across drainage flats (e.g. Fig. 2.lA), discussed 

in detail in section 2.5.1. In places the trace splits into two strands, such as at locations 2, 7 

and 10. Fault plane exposures occur in five road-cuts and one quarry (Loe. 3, 4, 5, 6, 8), where 

the fault is generally marked by a -5cm thick, soft green clay gouge zone (dipping 45°-60° 

E/SE), accompanied by variable thickness (up to Im) of sheared schist. In addition, the quarry 

exposure immediately southwest of Big Creek swamp (Loe. 8) shows folding of the footwall 

Wangaloa sediments (see Norris et al. 1994 figure 2.3). The fault strike is generally 035°-040° 

along this onshore portion, but locally swings to north-south (e.g. Loe. 3 to 4, 9, 11). At Loe. 

4 (Fig. 2.1 C), slickenside orientations on the fault planes were found to trend west-east, 

suggesting that the motion on this north-south striking section is pure westward thrusting, 
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whereas the northeast-southwest striking portions either side are undergoing more oblique 

motion (Norris et al. 1994). 

A scarp 2m high is cut across the lowest Pleistocene marine terrace at the northeast end of the 

onshore portion (Loe. 1, Fig. 2.lB). The base of the loess on this surface was determined by 

hand-augering to be offset by 1. 7m vertically. 

Total throw across the fault in the onshore portion has been calculated in Fig. 2.2 using the 

elevation of the late Cretaceous erosion surface cut into Haast Schist basement on either side 

of the fault. Throw ranges from 30 to 120m, although this is poorly constrained at the 

southwest end because of Cretaceous tectonics in the Kaitangata sub-basin. Nevertheless, the 

greatest throw appears to coincide approximately with the centre of the onshore portion at 

Big Creek (see also Fig. 3.2). 

2.4.3 Offshore portion - Taieri Mouth to Waldronville 

The continuation of the fault offshore to the northeast is well expressed for at least 2km by 

the presence of a rocky reef and Taieri Island on its upthrown side. A loess-covered terrace on 

Taieri Island probably correlates to the lowest Pleistocene marine terrace on the Akatore 

block, MP Al. North of there, Johnstone (1990) demonstrated that the fault is marked by a 

submarine ridge lying -lkm offshore and subparallel to the coast. An exposed ridge on the 

immediate upthrown side of the fault was interpreted to be Haast Schist basement, although it 

has never been sampled. The close proximity of the fault to the shore meant that the detailed 

structure of the fault was not well imaged by sub-bottom profiling, but the ridge is clearly 

visible on side-scan sonar profiles. If the ridge is Haast Schist basement, a throw of -60m can 

be calculated using the late Cretaceous erosion surface cut into Haast Schist basement (Fig. 

2.2). 
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2.4.4 Possible north-eastern onshore portion 

Bishop & Turnbull (1996) mapped an on-land extension of the fault northeast from the 

projected position of its offshore trace at Waldronville (Map 1). Evidence used includes offset 

of structure contours constructed on the base of the Caversham Formation and deformation of 

Green Island Loose Sand and Burnside Mudstone in a road-cut at GR I44 092 734 (I.M. 

Turnbull pers. comm. 1996). The fault strikes northeast-southwest where it comes onshore, 

but 2-3km northeast of Waldronville it is shown to swing to a west-east strike at a position 

mid-way down the slopes formed by Te1iiary sediments and overlying volcanics above Green 

Island suburb. There is no evidence for a Holocene fault trace between Waldronville and 

Corstorphine similar to that along the central onshore portion. No work has been performed 

on this portion of the fault in this study. Attempts to reconstruct the structure contours 
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utilised by Bishop show that the contacts are poorly constrained in the area, so calculation of 

throw is somewhat subjective. 

The fault is shown finally to disappear beneath the Holocene fill of south Dunedin, but there 

are also a number of suggestions (unpublished) that the fault may continue along and control 

the northeast-southwest orientation of Otago Harbour. Sub-bottom profiling within the 

shipping channel on the western side of the harbour northeast of Port Chalmers do not image a 

major fault running along the deepest side of the harbour (Evans 1990; Coumane 1992; P.O. 

Koons unpubl. data). 

2.5 HOLOCENE MOTION 

Evidence for Holocene motion on the Akatore Fault comes from two sources: 

(i) At the entrance to antecedent gorges across the Akatore block, incised terraces on the 

upthrown side and swamp sequences on the downthrown side of a fault scarp preserve 

evidence of at least two faulting events since deposition of loess on the upper surface (i.e. 

post 12ka). Three of these "blocked swamp" sites (Bull Creek, Nobles Stream and Rocky 

Valley Creek) were mapped and sampled by hand auger and percussion core and are discussed 

in detail below. Data are also available from two other sites, Big Creek (Norris et al. 1994) and 

Tokomairiro River (LC. McKellar unpubl. data), and are included in the discussion below. 

(ii) Two non-loess covered marine terraces are restricted to the coastal Akatore block, and also 

provide direct evidence of fault uplift events. These terraces are discussed in chapter 4. 

2.5.1 Blocked swamp site descriptions (NE-SW) 

Four of the blocked swamps are shown in Fig. 2.3. Plane table and/or pace and compass maps 

of these sites, showing the location of auger and percussion cores, are given in Fig. 2.4A-2.7 A. 

The auger core logs have been projected onto a single plane in Fig. 2.4B-2.7B. 
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Fig. 2.3 ·A Big Creek swamp and antecedent gorge (viewed downstream, i.e. SE). B Bull Creek 
swamp and Akatore Fault scarp (view to NE). C Nobles Stream swamp and Akatore Fault scarp 
(view to NE). D Rocky Valley Creek swamp and Akatore Fault scarp (view to east). 
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2.5.1.1 Big Creek swamp (Fig. 2.3A, 2.4) 

Big Creek is situated in the "middle" of the onshore portion of the fault; elevation of the 

swamp site is 90-1 OOm.a.s.l. This site is the most accessible as the coastal road crosses the 

swamp flats. The swamp surface on the downthrown side has the smallest surface area of all 

of the sites, measuring <500m long by -250m wide. The swamp surface is skewed slightly 

northwards, but Big Creek itself undergoes minimal deflection before crossing the scarp (Fig. 

2.4A). The mapping and coring of this site were described by Norris et al. (1994). 

The scarp and uplifted terrace here are 2m high. The terrace strath, cut into Haast Schist 

basement, is 0.5m above river level, and is overlain by thin gravels and loess (see core CS in 

Fig. 2.4B). 

The downthrown side was sampled by four percussion cores, one of which was extended by 

hand auger (Fig. 2.4B). All cores showed a similar sequence: a sticky silt layer, overlying 

gravel at l.5-2.8m depth. In cores Cl-C3, a layer of peat was preserved at or near the 

boundary between the silt and the basal gravel. A series of bison seismic refraction profiles 

were made by Norris et al. (1994) and were interpreted to indicate a strath surface on Haast 

Schist basement at -4m depth below the present swamp surface. 

2.5.1.2 Bull Creek swamp (Fig. 2.3B, 2.5, 2.8A) 

Bull Creek swamp is long and narrow, measuring -750m long by 200-250m wide. Like Big 

Creek swamp, is also highly skewed northwards and Bull Creek undergoes a left-step across 

the fault, running parallel to the northern end of the scarp (Fig. 2.3B). Elevation of the swamp 

is 70-80m.a.s.l. Alluvial fans occur around the edges of the site, including a fan coming off the 

immediate downthrown side onto the southwest end of the swamp (Fig. 2.5A). The toe of this 

fan was probably cored by cores B4 and Bl, which indicate it is composed ofreworked loess. 

Bull Creek swamp site is unique in that two terraces are preserved on the upthrown side of 

the fault (Fig. 2.3B, 2.5); the higher lies up to 4m above the present swamp level, the lower 

1.2m. Haast Schist basement is exposed in the creek -30m downstream of the scarp. The 
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strath surface cut into the schist is 0.5m above river level, but it probably rises in height 

towards the scarp. Auger core BS on the upper te1rnce is entirely within loess, which was 

found to be ~lm thick. In contrast, the lower te1Tace does not appear to have a loess cover, 

core B7 instead sampling a thin organic clay overlying gravels that are provisionally 

interpreted to be chips of in situ schist basement. 

Nine hand-auger cores and two percussion cores were taken from the downthrown, swamp 

side of the fault (Fig. 2.5). The seven cores closest to the fault scarp (Bl, B2, PB2, B12, PBl, 

B 11 and B8) contain an organic-rich brown clay of variable thickness immediately below the 

topsoil and modern swamp muds (Fig. 2.5B, 2.8A). The base of this layer ranges from l .05-

3m depth. Below the brown clay is a grey silt with various amounts of iron-staining that is 

usually organic-free (Fig. 2.5B, 2.8A). The silts coarsen downwards into sands in some cores. 

In many of the cores peats are preserved beneath the silts/sands and all overlie gravels at 

depths of 2.3-3.8m. 

2.5.1.3 Nobles Stream swamp (Fig. 2.1A, 2.3C, 2.6, 2.8B,C) 

Nobles Stream swamp has the largest area of the four swamps studied (-2000 x 500m). This 

may reflect the greater thickness of soft late Cretaceous - Tertiary sediments on the 

downthrown side at that site. It is also highly skewed northwards and one branch of the 

stream runs along the northern paii of the scarp, although it has been artificially modified. The 

elevation of the swamp surface is 50-60m above sea level. 

The scarp and terrace on the upthrown side is the highest of all of the sites at 4m above 

present swamp level. Exposures in the river bank and auger core N7 show the strath surface 

cut into Haast Schist basement to be up to 2m above river level, and to be overlain by lenses 

of gravel up to lm thick and loess averaging lm thick (Fig. 2.6B). Approximately 50m 

downstream of the scarp on the upper terrace is an incised, abandoned meander (Fig. 2.lA, 

2.6A). The base of the meander in its deepest part is only slightly (-0.75m) above the present 

swamp surface. Although partially infilled, the meander was naturally abandoned at the time 

(1980) of artificial filling (J. Mitchell pers. comm. 1997). Therefore, as at Bull Creek, two 

periods of downcutting are indicated at this site. The upper strath surface was abandoned with 
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incision of a meander that cut down to -0.75m above present river level, which itself has since 

been abandoned when the river cut down to its present level. 

Ten hand auger and two percussion cores (PNl and PN2) were taken from the downthrown 

side of the fault, the deepest 4.25m below present swamp level (Fig. 2.6B). Basal gravels were 

reached in all of the cores, and are overlain by a complicated swamp stratigraphy. Nine of the 

cores contain grey silt above the basal gravels, which in turn are overlain by organic-rich brown 

clay of variable thickness. Two percussion cores (PNl, PN2) however, consist entirely of the 

organic-rich brown clay. Large pieces of wood (labelled L for log in Fig. 2.6B) encountered in 

cores Nl 1, N9, N8, PNl and Nl at l-2.2m depth are considered to belong to a buried forest 

observed by K. Makgill during excavation of the drainage channel in 1980 (Fig. 2.8B,C). 

Twigs, peat, and tree stumps, some in life position, were found and some had Hyridella sp. (a 

freshwater mussel) caught within the roots. Sections drawn by Makgill show organic brown 

clay overlying steel-grey clay, the buried forest occurring just above the boundary at l-2m 

depth. 

2.5.1.4 Tokomairiro River swamp 

A 3m high scarp is preserved on the southern side of Tokomairiro River. The scarp is 

somewhat unique in that it strikes WNW-ESE, and therefore, does not line up directly with 

the inferred position of the fault to the northeast, as discussed earlier. The surface of the 

swamp on the downthrown side is -0.Sm above high sea level. 

The fault uplifts a marine terrace, rather than a fluvial strath surface at this site (Map 1). On 

the northeast side of the river a shell bed in the uplifted marine te1rnce was sampled and 

radiocarbon dated by LC. McKellar (unpubl. data). 

In -1964, LC. McKellar & D.J. McIntyre dug a 1.8m deep pit on the downthrown side of this 

scarp on the southwest side of the river, containing sands and gravels considered by them to 

have been deposited against the scarp. A sample of wood and pollen at 0.4-0.Sm depth was 

radiocarbon dated (unpubl. data). 
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2.5.1.5 Rocky Valley Creek swamp (Fig. 2.30, 2.7) 

Rocky Valley Creek swamp is long like Nobles Stream swamp (-1500m), but narrow (-250m 

wide). There is no obvious skewing of the swamp, but the creek does step left as it crosses the 

scarp (Fig. 2.3D). The elevation of the swamp surface is <lOm above sea level, but is 

currently protected from the sea by sand dunes. 

The height of the scarp and terrace on the upthrown side is -1.2m above river level. Exposed 

in the bank is -0.5m of fine sandy gravels overlain by -0.25m of loess. These sands are 

considered to be of either beach or aeolian (sand dune) origin at this site due to the low 

elevation and close proximity to the present coast; the site is protected from the sea by sand 

dunes at present. 

Ten auger cores were taken on the downthrown side and show a remarkably consistent 

stratigraphy (Fig. 2.7B). Peat layers up to 0.5m thick occur in cores R3, R7, R4 and R9 

between monotonous grey silts and the basal sand to sandy-gravel (2.15-2.6m depth). The 

basal sands/gravels correlate well with that observed on the upthrown side. Wood horizons 

also occur within the grey silts, including a conspicuous horizon at 1.2-1.4m depth. The 

organic brown clay at the top of cores at Bull Creek and Nobles Stream appear to be absent 

here. 

2.5.2 Grey silt petrology 

The grey swamp silt contains scattered plant material and, when dry, superficially resembles 

loess. Primary loess is exposed overlying gravels on the upthrown terrace. Its presence might 

also be expected at the base of the swamp sequence on the downthrown side. In order to test 

the origin of the grey silt, a petrological study of both the clay and sand fraction of grey silt 

from Nobles Stream swamp (core PNl) was carried out. 

X-Ray Diffraction (XRD) analysis of oriented clay fraction samples of the grey silt was 

performed using standard techniques. The mineralogy was found to be composed of quartz, 

feldspar, kaolin, and interlayered illite-vermicullite and illite-smectite. This mineralogy is 
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identical to primary loesses at a number of sites in the coastal Otago region (see section 4.4.3.2 

for detailed comparison). 

The minor sand size fraction of the grey silts was separated by wet sieving and examined as 

loose sand and as a grain mount, and then compared with the primary loesses used for the 

XRD analysis, plus a sample of loess from the slopes adjacent to Nobles Stream swamp. The 

sand fraction does show a number of differences from the sand fraction in primary loess: the 

sand from the swamp silt is better sorted, generally finer grained, less angular and more 

monomineralic than primary loess sand. The dominant mineral is quartz. Notably, milky 

quartz is more abundant in the swamp silt than in primary loess, in comparison with 

colourless and orange-stained quartz. Other minerals include subordinate amounts of feldspar, 

a minor but conspicuous component of glauconite and traces of micas. All the minerals also 

occur in the primary loesses, but the micas are notably more abundant in the swamp silt. 

2.5.3 Palynology 

Sixteen samples were examined by B. McLea (VUW) from core PBI, four from the 

carbonaceous brown clay at the top and the remainder from the grey silt down to 2.4m (Fig. 

2.8A, 2.9). D. Mildenhall (IGNS) also studied a sample of the grey silt from 1.85m. 

Enough palynomorphs for counting were only found in the top three samples (0.3, 0.4 and 

0.5m) in the carbonaceous clay and in the grey silt at 2.0m (Fig. 2.9). Fig. 2.9B indicates the 

area immediately surrounding the swamp was forested during deposition of the top Im, with a 

rimu-matai-totara (Dacrydium cupressinum - Prumnopitys taxofolia - Podocarpus totara type) 

forest accompanied by tree fems. A similar conclusion was reached by D. McIntyre (unpubl. 

data 1964) of an auger core from Nobles Stream swamp. Deposition was slow enough that 

abundant pollen collected, suggesting background swamp conditions. 

The grey silt was found to possess only trace amounts of palynomorphs and those that were 

counted were found mainly to be fems; the spores at 1.85m were identified by D. Mildenhall 
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as consisting predominantly of Hypolepsis. The general lack of palynomorphs and the 

considerable range in grain sizes (silt to granule sized) suggests that the sediment was 

deposited rapidly. A similar lack of palynomorphs has been found in silts from sag ponds 

along the Awatere and Hope Faults (B. McLea pers. comm. 1998). 

2.5.4 Radiocarbon ages 

Radiocarbon ages obtained for all sites along the Akatore Fault are listed in Table 2.1 and those 

collected in this study are shown in Fig. 2.4B, 2.5B, 2.6B, 2.7B. They are discussed below in 

terms of the horizons targeted during sample collection. All ages quoted in the text are 

calendric ages. 

2.5.4.1 Gravels on the upthrown side 

The oldest radiocarbon age from the swamp sites is a -10.5ka age of wood collected by 

McIntyre & McKellar (unpubl. data -1964) from Nobles Stream. The exposure, described as a 

carbonaceous horizon in gravels resting on the strath cut into Haast Schist basement, 1-2 

chains downstream of the scarp on the south bank at river level, appears to no longer exist. 

This age is slightly younger than anticipated, given that the loess overlying the gravels on the 

upthrown side at each side should be at least 12ka ( end of the last glacial period, e.g. Suggate 

1990). To test this, a sample has been collected from a silt layer within gravels on the strath 

terrace at Nobles Stream (Fig. 2.6A), for dating by optically stimulated luminescence. At the 

time of writing however, the processing of this sample had not been completed. Sampling 

details are contained in appendix 1. 

2.5.4.2 Base of the swamps 

The ages of material from the base of the swamps fall into two groups: one ranging from 1499 

to 994 yr BP (Big Creek, Nobles Stream and Rocky Valley Creek), the other a single age from 

Bull Creek, of 3984-3838 yr BP. 
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Locality Lab no. Auger Horizon and material sampled 
core 
no. 

Taieri Beach Wk-3045 Twigs from slump above raised beach (3m ten-ace) 

Big Creek Wk-314 Woodchips in peat at l.5-l.6m depth* 
Big Creek Wk-3046 Twig in peat at 1.75m depth, base of swamp* 

Bull Creek Wk-317 Peat at 1.0-1.lm depth within brown clay* 
Bull Creek Wk-5808 B9 (1) Peat at l. l- l .3m depth, base of swamp* 
Bull Creek NZA-9145 B9 (2) Plant material in gravel at 3.6m depth, base of swamp* 

Nobles Stream Wk-313 Heartwood from tree at l .1-1.2m depth in drainage ditch 
Nobles Stream Wk-315 Wood fragments at 1.32-1.42m depth in drainage ditch 
Nobles Stream Wk-316 Twigs in peat at l. l - l .2m depth in drainage ditch 
Nobles Stream NZA 9146 NI Twigs in peat at 4.08-4.24m depth, base of swamp* 
Nobles Stream NZA 9345 PNl Wood in peat at 3.85m depth, base of swamp* 
Nobles Stream ? - 1966 Log from lens within ten-ace gravels on upthrown side 

Rocky Valley Ck Wk-312 Wood and twigs at 0.7-0.8m depth within brown clay* 
Rocky Valley Ck Wk-5809 R3 Wood in peat at 1.8 to 1.95m depth, base of swamp* 
Rocky Valley Ck Wk-5810 R4 Wood in peat at 1.4m depth within grey silt* 
Rocky Valley Ck Wk-5812 R7 (1) Wood in peat at 1.75m depth, base of swamp* 
Rocky Valley Ck Wk-5811 R7 (2) Wood in peat at 2.25m depth, base of swamp* 

Toko. River Mouth ? - 1963 Wood in hole, 0.6m depth 
Toko. River Mouth GS-9211 Shells from shell bed in raised beach (3m ten-ace) 

Table 2.1 Radiocarbon ages that constrain movement on the Akatore Fault. 
* sample collected by hand auger or percussion core 
$ calendric ages calculated from Stuiver & Pearson (1986) after applying a southern hemisphere con-ection 
# estimated age of death of tree after subtracting 600 years from calendric age 
& Calendric age calculated from marine calibration curve of Stuiver et al. (1986) 

Conventional 
age (yr BP) 

1010 ± 45 

1570 ± 70 
1300 ± 45 

900 ± 70 
1320 ± 50 
3622 ± 57 

2090 ± 50 
1489 ± 60 
1440 ± 50 
1518 ± 63 
1037 ± 71 

9490 ± 115 

550 ± 40 
1260 ± 50 
1200 ± 70 
1180 ± 50 
1270 ± 60 

680 ± 54 
1865 ± 50 

Calendric age 
(yr BP)$ 

1065 - 975 

1530 - 1345 
1275 - 1345 

920 - 700 
1289 - 1178 
3984 - 3838 

1520 - 1350# 
1390 - 1295 
1345 - 1285 
1499 - 1325 
983 - 916 

10 878 - 10 358 

553 - 532 
1266 - 1089 
1223 - 994 
1165 - 994 

1275 - 1089 

666-652 
1410 - 1310& 

Reference 

Non-is et al. (1993) 

K. Makgill (unpubl.) 
Non-is et al. (1993) 

K. Makgill (unpubl.) 
This study 
This study 

K. Makgill (unpubl.) 
K. Makgill (unpubl.) 
K. Makgill (unpubl.) 
This study 
This study 
LC. McKellar (upubl.) 

K. Makgill (unpubl.) 
This study 
This study 
This study 
This study 

LC. McKellar (unpubl.) 
LC. McKellar (unpubl.) 
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2-Akatore Fault 

The ages from the base of the Nobles Stream sequence are somewhat problematic in that they 

are identical to those from the buried tree horizon sampled higher in the sequence. There is 

some stratigraphic evidence to suggest erosion of the basal sediment. Two cores (PNl, PN2), 

one of which has an age for the basal peat, are composed entirely of organic-rich brown clay, 

which is present at the top of the sequence in the other cores. The presence of brown clay 

throughout cores PNl and PN2 may therefore indicate that the lower sequence of grey silt and 

organic material could have been removed in that location by subsequent channelling (see 

conelation of units in Fig. 2.6B). Core Nl does have grey silt overlying the dated horizon, but 

here the grey silt was unusually rich in large wood and organic material content, which may 

represent transported debris. Therefore, it is possible that the peat material dated either was 

(i) contaminated, or (ii) was in fact material analogous to the upper buried forest horizon in the 

other cores, that subsequently filled in a localised channel. These ages have not been used in 

the final analysis. 

2.5.4.3 Buried forest horizon at Nobles Stream (and Bull Creek) 

The remaining ages are from peat or wood horizons part way down the swamp sequence. At 

Nobles Stream this corresponds to the buried forest horizon observed by K. Makgill (Fig. 

2.8B,C), as described earlier. Makgill's ages from the forest horizon match those from wood at 

l. l-1.3m depth at Bull Creek. 

2.5.5 Discussion of Holocene motion 

A fault slip event cannot be dated directly at the swamps, as the fault plane is not exposed, 

nor are faults offsetting dateable sedimentary units. Instead, an attempt has been made to date 

sedimentation events in the downthrown sediment trap upstream of the fault scarp. In using 

the data to constrain the timing of fault events, the sedimentation units need to be interpreted 

in terms of fault slip history in order to correlate between them. There are uncertainties 

associated with dating sedimentation events. There are also uncertainties in correlating the 

events with fault ruptures. 

2-24 



2-Akatore Fault 

The following basic observations on the relationship of faulting and sedimentation are made 

before arguing more detailed interpretation of the sedimentary sequences. First, displacement 

on the fault places a barrier across the stream valleys. This is clearly visible today as a 2-4 m 

high scarp. Second, the emplacement of this barrier has led to sediment accumulation upstream 

of the scarp and to stream incision downstream of it. We now discuss the interpretation of 

these resulting sedimentary sequences in relation to fault rupture events. 

2.5.5.1 Model of swamp evolution 

At the base of all the swamp sequences, except at Rocky Valley Creek, is a fine (l-20mm) 

quartz and greywacke sandy gravel that is impenetrable with a hand auger. These gravels are 

considered to be fluvial in origin based on their moderate sorting, sub-rounded shape, and their 

resemblance to modem gravels in the creek beds. They are also considered to correlate with 

those exposed on the strath surface of the upthrown side. Exposures in the creek upstream of 

the auger sites, and the bison seismic refraction experiment at Big Creek by Norris et al. 

(1994 ), suggest that the gravels lie directly on Haast Schist basement. Consequently, the late 

Cretaceous - Tertiary sediments preserved on the slopes around the sites have been locally 

stripped during cutting of the strath surface. The coarse sands to fine gravel at Rocky Valley 

Creek are possibly beach or dune in origin, and are also considered to c01Telate across the fault. 

The swamp stratigraphy between the basal gravels and the present swamp muds is complex, 

particularly in the two thickest sections (Bull Creek and Nobles Stream). Three sediment 

types make up the stratigraphy: featureless grey silt, carbonaceous brown clay and peat. The 

petrology study demonstrated that, although the mineralogy is identical to primary loess, the 

grey silts are more texturally mature. Rounding and sorting of the sand-size grains suggest 

fluvial transport processes. It is concluded that the deposits probably represent reworked 

loess and other materials. The palynology results suggest that the material was flushed into 

the system at a rapid rate, occasionally picking up pieces of vegetation. The reworking of the 

sediments, combined with the evidence for fast flushing, suggests that the material was 

slumped off the hillsides into the river or onto the strath surface. 
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Only the upper half of the brown clay in core PB 1 was found to be rich in pollen, and 

therefore the presence of organic-rich brown clay cannot necessarily be taken to indicate 

normal swamp conditions. The significant boundary in that core is the log horizon. The buried 

forest horizon at l-2m depth at Nobles stream appears to have been sampled by nearly every 

core of this study. Samples from the brown clay around the wood material were examined for 

ash, to test for a possible burning origin of the tree horizon. The level of ash content was not 

found to be anomalously high and therefore forest fire origin was ruled out. In at least two of 

the cores at Bull Creek (B9 and BIO), wood material in that same l-2m deep horizon is 

overlain by grey silts. These silts are also interpreted to have accumulated by ponding after a 

faulting event, like the lower horizon. 

To summarise, the stratigraphy indicates at least two faulting and river-damming events. One 

event was responsible for the burial of the basal gravels at the sites, (although not necessarily 

the same event at all localities), the other the burial of a forest. One event horizon is thus the 

contact between the gravels and the overlying swamp silt, and the other is the contact between 

the forest horizon and overlying swamp silt. 

2.5.5.2 Timing of fault events 

The age at the base of Bull Creek swamp was from plant material in silty fine gravel (Fig. 

2.5B, Table 2.1 ). Based on the presence of gravel, this age is considered to constrain the end of 

gravel deposition at Bull Creek site, and thus provides a maximum age for faulting of 3984-

3838 yr BP. Ages from the base of the swamp sequence at Nobles Stream are considered to be 

too young for swamp initiation, and are likely to instead represent material from the second 

event, deposited in a channel. Based on evidence such as the incised meanders on the 

upthrown side, indicating two periods of downcutting, and the large Holocene offset of the 

gravel horizon (6.5m), it is interpreted that, like at Bull Creek, two uplift events have occurred 

at Nobles Stream. The timing of gravel burial at Nobles Stream is thus correlated to the post-

3984-3838 yr BP event at Bull Creek. 

Radiocarbon ages from the buried forest horizon at Nobles Stream overlap with, or are slightly 

older than, ages from peat within the log horizon at Bull Creek and peat at the base of Big and 
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Rocky Valley Creek swamps. The peats resting directly on basal gravels ( or sand) at Big and 

Rocky Valley Creek swamps are considered to represent soil and vegetation growing on the 

gravel surface at the time of the faulting event, which were subsequently buried by silt. Peats 

dated from within the overlying silt at these sites have identical ages to those at the base ( e.g. 

compare age from R4 with R7, Fig. 2.7B) which indicates (i) the overlying silt layer was 

deposited rapidly, and (ii) the dated material was reworked from the basal peat. Thus both the 

ages from the wood and buried forest layer 1-2m deep at Bull and Nobles Creek, and peats at 

the base of the swamps at Big and Rocky Valley Creek are considered to predate a single 

faulting event, with a maximum age of 1530-916 yr BP. Two ages from within the overlying 

brown clays at Bull and Rocky Valley Creeks (Table 2.1) constrain a minimum age of faulting 

of 920-532 yr BP. 

The maximum and minimum age constraints for this last major faulting event at the blocked 

swamps matches well with the inferred age of uplift of the youngest (3m) marine terrace (Fig. 

2.10, chapter 4), and thus they are considered to represent the same fault event. Together, the 

ages tightly constrain that event to -1150-1000 yr BP (Fig. 2.10). By analogy with that event, 

we can speculate that the earlier faulting event at Bull Creek and Nobles Stream sites, dated as 

immediately post 3.8ka, may have resulted in the uplift of the 6m marine terrace (see chapter 

4 for further discussion). 

2.5.5.3 Holocene throw 

Throw on the fault since inception of the blocked swamps should ideally be calculated using 

the strath surface cut into Haast Schist basement as a datum. However, the depth to the strath 

surface on the downthrown side has only been constrained at Big Creek, using the bison 

seismic hammer. At the other sites, only the offset of the surface of the gravels and/or sand 

resting on this surface can be determined, and this represents a minimum offset of the strath 

surface (Table 2.2). 

The main feature of the offset values in Table 2.2 is that throw on the fault during the 

Holocene at Bull Creek and Nobles Stream is greater, possibly by up to a factor of two, than 

that at Big Creek and Rocky Valley Creek. This matches well with the interpretation from the 
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boxes) that constrain the last Akatore Fault uplift event. * = dates inferred from field evidence to 
post-date last uplift event. 

Big Creek Bull Creek Nobles Rocky Valley 
Stream Creek 

Height of terrace gravel above swamp (m) 0.4 1.5 2.3 0.5 
Depth to gravel in swamp (m) 2-2.9 2.3 - 3.8 2.4 - 4.3 2.2 - 2.6 

Total offset (m) 2.4-3.3 3.8-5.3 4.7-6.6 2.7-3.1 

Table 2.2 Total Akatore Fault throw at the blocked swamp localities since deposition of the basal gravel or 
sand. 

swamp stratigraphy and radiocarbon ages described above, that the former two sites record 

two uplift events (post 3.8ka and 1.15-lka), whereas Big and Rocky Valley Creek swamps 

only record the 1.15-lka event. 

If it is accepted that single faulting events were responsible for the uplift of the 3 and 6m 

marine terraces, the heights of the marine terraces above modem sea level can be used as a 

direct measure of uplift, given that sea level attained its present elevation at -7300 cal. yr BP 
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in New Zealand (Gibb 1986). Each event resulted in an average of 3m of uplift of the coast. 

Calculations of throw at the blocked swamps, based on offset of the gravels, is a maximum of 

-3m per event (Table 2.2). 

In detail however, the Holocene uplift is clearly not uniform along the Akatore block. Total 

Holocene throw at the blocked swamps reaches a maximum of 6.5m at Nobles Stream and 

decreases to 3m at Big Creek and Rocky Valley Creek (Table 2.2). The 3m marine terrace also 

slightly increases in height south-westwards to "4-m at Nobles Stream mouth. The 6m terrace 

is best preserved between Big Creek and Nobles Stream mouths. Finally, scarps across the 

marine terrace ( dated at Taieri Beach as 80ka by Rees-Jones et al. in press) are -2m high at the 

northeast end and -4m at the southwest end. Based on all these observations, a graph of throw 

per Holocene event was constructed (Fig. 2.11 ). 

A comparison of Holocene throw in Fig. 2.11 with long-term throw in Fig. 2.2 shows that 

whereas the long-term throw has been clearly symmetrical about the centre of the onshore 

portion, Holocene uplift events have been clearly focused near the southwest end. 

Furthermore, the 1.15-lka uplift event appears to have ruptured the entire onshore fault 

portion, whereas recognisable offset during the penultimate (post 3.8ka) event is restricted to 

the portion of the fault south of Big Creek. 
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2.6 PLEISTOCENE AND EARLIER MOTION 

The evidence for Pleistocene motion on the fault is also from two sources. The first is the 

effect of faulting on drainage patterns. Drainage west of the fault is flowing seawards, 

consequent on the Titri block. As it crosses the Akatore block, it is either deflected, or 

continues to cut an antecedent gorge through the block, the Holocene history of which has 

been discussed above. 

The second source of evidence is uplift and deformation of flights of up to six marine terraces 

that occur along the coast between Kaikorai estuary and Clutha River mouth. The mismatch of 

terraces across the Akatore Fault record differential uplift of the coast, which can be related to 

more regional uplift of the coastal range. The terraces are discussed in chapter 4. 

2.6.1 Drainage patterns 

Drainage affected by uplift of the Akatore block can be divided into two types: (i) parallel 

consequent drainage southeast of the Akatore Fault, resulting from uplift and tilting of the 

Akatore block, and (ii) antecendent streams crossing the fault block, namely the rivers and 

streams discussed in the preceding sections (Fig. 2.12). 

With the exception of the large Taieri and Tokomairiro Rivers, the antecedent drainage crossing 

the Akatore block is consequent on the larger Titri block to the northwest, upon which 

streams also have a sub-parallel pattern (Fig. 2.12). The greater degree of dissection, less 

perfect parallel drainage pattern and greater distance between the drainage divide and the range

bounding fault on the Titri block (Fig. 2.12) suggests that the drainage pattern, and 

consequently uplift of the block is older than that on the Akatore block. 

Fmihermore, if the Akatore block is older than the Titri block, it is unlikely that the 

antecedent streams could cut through the Akatore Fault scarp at all, which is up to 120m high. 

Therefore, it is more likely that some of the streams were already flowing in that position and 

were powerful enough to be able to maintain their course to the sea across a rising Akatore 

block. Such streams have a watershed area equivalent to 3rd order or larger size (Fig. 2.12B). 
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The majority of catchments of the antecedent streams are asymmetric away from the centre of 

the Akatore block, namely Taieri Beach Creek (informal name used here) and Akatore Creek, 

which are at the northeast end of their catchments and Bull Creek and Nobles Stream, which 

are at the southwest end of their catchments (Fig. 2.12A). Big Creek catchment, which is 

approximately at the centre of the central onshore fault portion does not appear to be 

asymmetric. The asymmetry may reflect lateral propagation of the fault with time ( e.g. 

Jackson et al. 1996), for which there is other good evidence ( discussed below). Also, the shape 

of the late Cretaceous erosion surface that the drainage flows on is notably dome shaped, due 

to internal mechanics of faulting of the Titri Block (Norris et al. 1994; chapter 3). It is difficult 

to separate these two factors, but it is likely that both are having an effect. 

Locally, where Bull Creek, Nobles Stream and Rocky Valley Creek cross the fault (i.e. at the 

swamp localities), they appear to be dextrally skewed, which may be the expression of a 

minor dextral component of motion on the fault. 

2.6.2 Air gaps and stream capture 

The spacing of the antecedent gorges through the Akatore block is relatively regular (2-2.5km), 

apart from four notable exceptions (Fig. 2.12B), three of which are northeast of the centre of 

the block. Norris et al. (1994) point out that prominent air gaps occur in the position where 

the "missing" streams ought to cross the scarp. Therefore, it seems that the north-easternmost 

stream (Taieri Beach Creek) has been deflected around the northeast end of the fault whereas 

the other three have been captured by either Akatore Creek or Tokomairiro River. 

Accordingly, Akatore Creek has a notably greater catchment size than the other streams 

consequent on the Titri block. 

The timing of abandonment of the air gaps can be quantified somewhat if the original height of 

the streams relative to sea level can be estimated. An age can then be assigned from the 

corresponding marine terrace from chapter 4. Heights of the air-gaps were roughly estimated 

by comparison with the present stream profiles, and are listed in Table 2.3 with the ages 
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assigned from the marine tetTace data. The centre of the fault is taken as Trig A (222m), at Big 

Creek. 

Although the actual ages of air gap abandonment are only poorly constrained, it is clear that 

the timing of stream capture decreases away from the centre of the fault, which is consistent 

with elongation of the uplifted fault block with time. If the cotTelations and ages could be 

better constrained it would be possible to calculate rates of elongation of the fault block. 

No. Distance from Elevation Likely height a.s.I. at time Marine Average age 
centre (m) (m) of downcutting (m) terrace (ka) 

1 9250N 75 <20 M5e 125 
2 5000 N 130 --40 M9 310 
3 2750N 155 60-70 >M9 > 310 
4 5750 S 60 20 MSc 105 

Table 2.3 Air gap spacing and possible age of abandonment along the Akatore Fault scarp 

2.6.3 Cross-sectional shape of antecedent gorges 

A series of cross sections across each antecedent gorge (Fig. 2.13A) shows an interesting 

pattern in that the gorges are all consistently steeper on their northeast side. The antecedent 

stream catchments show a pattern of asymmetry away from the centre of the fault, which 

might be expected to be mitTored in the shape of at least the entrance to the gorges of each. A 

consistent asymmetry may therefore suggest a larger tectonic control. One interpretation is 

that the block is undergoing a small dextral component of motion, consistent with the small 

dextral dog-leg in the streams as they enter their gorges and the west-east slickenside 

orientations measured at Loe. 4 (section 2.4.2). 
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2.7 CONCLUSIONS 

Using the late Cretaceous erosion surface on Haast Schist basement as a marker, total throw 

on the Akatore Fault has a symmetrical shape, with the maximum (-120m) centred at Big 

Creek. At the ends of the central onshore portion, the throw reduces to -60m, which suggests 

that the ridge exposed along the fault southwest of Measly Beach mapped by Johnstone 

(1990) cannot be Haast Schist (or Caples Terrane) basement. Instead it must be one of the 

overlying sedimentary units, locally thickened in the Kaitangata Sub-basin. 

Holocene motion on the fault is well evidenced by the presence of young scarps along the 

central onshore portion. At sites where the fault crosses streams antecedent through the 

Akatore block, a terrace is preserved on the upthrown side. A corresponding buried swamp 

sequence on the downthrown side records stream blocking and the creation of sediment traps 

following faulting events. Detailed hand-augering of four of these sites has revealed evidence 

for up to two Holocene events. Radiocarbon ages of material either buried by, or incorporated 

into silts flushed into the swamps immediately following these faulting events combined with 

uplift ages of a 3m marine terrace, constrain the age of the two events to 1.15-1 and 3 .8ka 

(maximum age) respectively. Holocene throw is a maximum at the southwest end of the central 

onshore portion. The 1.15-lka event appears to have uplifted the entire Akatore block, 

whereas the previous event was centred in the Bull Creek - Nobles Stream area. Each event 

resulted in an average of 3m uplift. 

Pleistocene motion has affected consequent drainage off the Titri block. Asymmetric 

catchments reflect both an underlying dome shape of the bedrock and deflection away from 

the point of maximum uplift at Big Creek. As a result, uplift has caused stream capture of up 

to four of these streams. An approximate age of stream capture can be assigned by correlation 

from marine terraces, which demonstrates lateral propagation of the fault with time as the 

Akatore block emerged out of the sea. Cross sections drawn across the antecedent gorges are 

asymmetric, with a steeper northeast side. This, along with the small dextral offsets of the 

antecedent streams as they cross the fault and the west-east orientation of slickensides 

measured at Loe. 4, may suggest a small oblique dextral component of motion on the Akatore 

Fault. 

2-35 



·1 

( 

./ 



~ 

;-

., 

Chapter three: 

TITRI FAULT SYSTEM 

Exposure of the Titri Fault System (view to SW) at Snowdrift Quarry (see Map 1 for 
location). Henley Breccia of hanging-wall is characteristically red on the left. Note 
bedding of Milburn Limestone (R.H.S.) is sub-parallel to the fault. Photo taken 
by A. Barber. 



3-Titri Fault System 

3.1 INTRODUCTION 

The Titri Fault System is a major reverse fault system that, with the Castle Hill Fault, has 

uplifted the coastal range on its southeast side (Fig. 3.1). The Akatore Fault block rides piggy

back on the seaward edge of the Titri-Castle Hill block. 

The "Titri Fault" is described here as consisting of three major segments which are composed 

of multiple fault strands (Fig. 3.1, Map 1), hence the name Titri Fault System. The system is 

also considered to be linked to the reverse Castle Hill Fault to the southwest, for reasons 

described in this chapter. The surface extent of the system is -65km, not including the Castle 

Hill Fault, although the northeast termination is difficult to pinpoint within the Dunedin 

Volcanic Complex. 

There is considerable evidence for Pleistocene movement, generally restricted to frontal splay 

faults within the Taieri-Tokomairiro depression. Evidence includes faulted alluvial fans, raised 

river terraces and uplifted marine terraces on the seaward edge of the coastal range. However, 

no evidence for Holocene movement has been found. 

3.2 PREVIOUS WORK 

Marshall (1918) was the first to map a thrust fault scarp along the line of the Titri Fault 

System. Benson (1935; 1942) showed the Titri Fault System to consist of more than one 

parallel strands and considered that folding was an important mechanism of uplift from 

structure contours drawn on the late Cretaceous erosion surface cut into the Haast Schist and 

Henley Breccia basement. Benson mapped both reverse and normal faults. Ongley (1939) 

named the Titri Fault System from exposures near Titri of "covering strata conglomerate" 

dipping against the underlying schist. He also mapped a number of faults at right angles to the 

Titri Fault within the upthrown block. 

Benson (1942) was the first to propose that the Henley Breccia (see section 1.5) was 

deposited as a fault-angle fanglomerate. Mutch & Wilson (1952) extended this model to 
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Fig. 3.2 
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Quaternary 
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basement. 

Fig. 3.1 Summary map of the Titri Fault System. Toko. Depr. = Tokomairiro Depression. TA= 
Titri Anticline. KA = Kaitangata Anticline. 

demonstrate that the Titri Fault System had reversed its motion from an earlier middle 

Cretaceous normal phase. They showed that the Henley Breccia was originally deposited on 

the downthrown, eastern side of the fault, and its confinement to that side, now uplifted, 

suggests that the fault was subsequently reversed. Chadwick (1996) studied deposition of the 

Henley Breccia in some detail and mapped the Titri Fault System where Henley Breccia was 

preserved on the upthrown side. 

Harrington (1958) provided the first detailed geological map of the Titri Fault System and 

Castle Hill Fault southwest of Milton, although his work largely concentrated on the 
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Kaitangata Sub-basin sediments. McKellar (1966) mapped the Titri Fault System as a 

continuous fault trace that cut faults at Tokomairiro River - Otokia Hill region. Benson (1968) 

and McKellar (1990) mapped the Titri Fault System in the Mosgiel to Outram area and 

showed the fault as a single strand with Haast Schist basement on the downthrown side. 

Bishop (1994b) mapped the central and south-western parts of the Titri Fault System, which 

were described as several arcuate strands, although not all of these strands were considered to 

have been reactivated. A number of complex cross-cutting relationships with northwest

southeast trending faults were shown at the south of Clarendon. The extension of the Titri 

Fault System through the Dunedin Volcanic Complex has been inferred by a number of recent 

workers including McKellar (1990), Allan (1990) and Bishop & Turnbull (1996). 

Defo1med Quaternary gravels have been described at a number of localities along the Titri 

Fault System (Fahey & Paterson 1962; Mitchell 1984; McKellar 1990; Bishop 1994b; 

Robertson 1997). McKellar (1990) and Bishop (1994b) formalised two alluvial fan units as 

the Gladstone Road Gravel formation and the Titri Gravel formation. "Alluvium predating the 

last glaciation" was also mapped along the downthrown side of the fault in many localities by 

McKellar (1966). 

Some of the data presented here were published by Barrell et al. (1998) and Barrell et al. 

(1999). 

3.3 METHODS AND SCOPE 

The main focus of this study was to investigate Quaternary motion on the fault system. 

Therefore mapping was concentrated on the faults bounding the west side of the coastal range, 

where Quaternary markers such as alluvial fans and river terraces could be used to constrain 

fault motion. Possible continuations of the system to the northeast and southwest are also 

briefly discussed here. 

Detailed field mapping along the master faults and frontal splays was undertaken at a scale of 

1 :25000, accompanied by aerial photo interpretation at both 1 :25000 and 1 :9000 scale (Map 

3-4 



3-Titri Fault System 

1 ). Measured sections were taken within the alluvial fan deposits wherever possible. The fan 

sets were dated by optically stimulated luminescence (OSL); described in detail in chapter 6. 

Uplifted marine terraces on the seaward edge of the Titri block were mapped at a scale of 

1 :25000 and are described in detail in chapter 4. A high resolution shallow seismic profile was 

also shot across the Titri Fault System at the entrance to the lower Taieri gorge, but due to its 

implications for evolution of the Taieri Basin, is discussed in detail in chapter 5, as are other 

data relating to the downthrown side of the Titri Fault System in the Taieri Basin area. 

3.4 FAULT SEGMENTS AND FAULT DESCRIPTION 

3.4.1 Geomorphological evidence for fault segments 

Structure contouring the re-exposed late Cretaceous erosion surface (Waipounamu Erosion 

Surface of LeMasurier & Landis 1996) on Haast Schist and Henley Breccia basement of the 

hanging-wall block (Fig. 3.2) highlights three structural highs, centred on: 

(i) Gledknowe 

(ii) Lookout - Gorge Hill= dome described by Norris et al. (1994) 

(iii) Mt Misery 

Taieri and Tokomairiro Rivers flow through the intervening structural low points. This can 

also be demonstrated by a graph of the elevation of the late Cretaceous erosion surface on 

basement shown in Fig. 3 .3. 

Based on the above, and some structural observations reported below, the Titri Fault System 

is divided into three fault segments, the boundaries between which coincide with the entrances 

to the lower Taieri and Tokomairiro gorges (Fig. 3.1). No obvious overlap or transfer features 

are visible between the fault segments, but fault expression is generally too poor to constrain 

that in any detail. Thus the definition of fault segments here is based on observations of slip 

distribution, rather than fault geometry, or seismic data. The segments are inferred to be 

seismic segments, however, based on observations of patterns of Quaternary faulting on 

frontal strands, described below. The three fault segments are given the informal names: 
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(i) Allanton Segment 

(ii) Waihola Segment 

(iii) Moneymore Segment 

after the closest townships to each (Fig. 3.1, Map 1). 
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fault scarp 

Fig. 3.2 Structure contour map of the exhumed late Cretaceous erosion surface on Haast Schist 
and Henley Breccia basement (Waipounamu Erosion Surface of LeMasurier & Landis 1996) of 
the coastal range. 
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The structure of each fault segment is described below. Two types of faults are recognised: (i) 

a range-bounding master fault, which is the strand along which middle Cretaceous movement 

and the majority of reverse motion has taken place, and (ii) frontal splays west of the master 

fault, which are demonstrably younger. 

3.4.2 Allanton Segment 

Allanton Segment is the straightest segment of the Titri Fault System, and has a total length of 

-20km. Maximum elevation of the hanging-wall block is 475m at Saddle Hill (Map 1), 

including its volcanic and sediment cap, but the maximum height of the late Cretaceous erosion 

surface cut into basement is -300m at Gledknowe (Map 1, Fig. 3.2, 3.3). 

The range-bounding master fault is not exposed along Allanton Segment, but is mapped at 

the break of slope at the base of the coastal range, separating the elevated Henley Breccia and 

Haast Schist basement of the hanging-wall block to the east from Haast Schist basement 

overlain by late Cretaceous - Tertiary sediments at low elevations to the west (Map 1). For 

much of its length it is buried by Quaternary age alluvial fans (Fig. 3.4A), although in the 

Henley area the fans have probably been eroded by the Taieri River and alluvial plain deposits 

cover the fault (Map 1 ). Localised splinters of schist basement occur, caught up between fault 

strands. 

A single frontal splay (Allanton 1, Fig. 3.4A) is -15km long, although the southwest end has 

probably been obscured by Taieri River alluvium (Map 1). At Allanton, Haast Schist 

basement of the hanging-wall block is overlain by Tertiary limestone (Scroggs Hill Limestone) 

and Dunedin Volcanics, marking the point of maximum uplift along Allanton 1 strand. 

Quaternary fan gravels onlap onto the Tertiary sediments and Haast Schist basement. Some of 

the fan gravels have been uplifted and deformed (see section 3.5). 

On the downthrown side of Allanton Segment is the Taieri Basin, as defined and described in 

chapter 5. Water bores and drillholes indicate the basin sediments are predominantly 

composed of fluvial gravels and sands, with sparse lacustrine and/or muds. Water bores near 
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Fig. 3.4 A View of the Titri Fault System near Allanton (view to east). B View across the Titri 
Fault System (Moneymore Segment) near Mt Misery. (View to south) 
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Mosgiel may reach late Cretaceous - middle Miocene sediments (see section 5.4), including 

marine sandstone (Mosgiel Woollen Mill bore) at -1 OOm depth. A 154m deep drillhole near 

Henley (Waipori 99-1) does not reach recognisable late Cretaceous - middle Miocene 

sediments, however ( chapter 5). Gravity data indicate a depth to Haast Schist basement of 

250-350m beneath the surface immediately adjacent to the Titri Fault System near Henley, 

Allanton and East Taieri (see chapter 5), the deepest part of the basin. This indicates a 

maximum throw of -650m for the Allanton Segment (Fig. 3.3). 

3.4.3 Waihola Segment 

Waihola Segment is the most complex of the three segments in that it contains the most frontal 

splays. The total length is -25km. A prominent feature of this segment in the larges-bend near 

Milburn. 

The position of the range-bounding master fault is generally poorly constrained as it is again 

largely buried by alluvial fan gravels. The single exception is at Snowdrift Quarry (see Map 1 

for location), where Henley Breccia is exposed faulted against Milburn Limestone and 

Abbotsford Formation (chapter frontispiece). All are locally dragged to be aligned with the 

fault plane, which dips -65° E. The position of the master fault is also constrained on the 

high-resolution seismic profile at the entrance to the lower Taieri gorge (see chapter 5), 

marking the contact between Henley Breccia and Haast Schist basement. No Holocene 

movement is evident on the master fault in the seismic profile. 

Three frontal splays have been mapped along the leading edge of Waihola Segment, Waihola 

1, 2 and 3 (Map 1). They range in length from 6 to 10km and are arranged in a complicated 

overlapping pattern. Each strand uplifts Haast Schist basement with or without Dunedin 

Volcanics and older Tertiary strata, the latter gently dipping towards the master fault. These 

are in turn overlain by variably deformed alluvial fan gravels (section 3.5). Waihola 1 strand 

was imaged in the lower Taieri gorge high resolution seismic profile, accompanied by an 

anticline on its southwest side ( chapter 5). The anticline is considered to be formed in gravels 
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analogous to a sequence of faulted and folded gravels once exposed along state highway one 

~500m to the south (Fig. 3.6C), described in section 3.5. 

The footwall block of Waihola Segment is the southern end of the Taieri Basin and northern 

half of the Tokomairiro depression. The latter comprises a fault wedge of fluvial gravels that 

thickens towards the Titri Fault System. A simple projection of the southeast-dipping late 

Cretaceous erosion surface on schist basement towards the Titri Fault indicates a depth of 

~150m. Gravity data (appendix 2) suggests the erosion surface is ~160m deep to the north of 

Milton. A maximum throw of ~590m at the Lookout is therefore estimated (Fig. 3.3). 

3.4.4 Moneymore Segment 

Moneymore Segment is the shortest of the three segments with a length of 13km. The fault 

strikes north-south immediately west of Mt Misery, where Harrington (1958) mapped it as 

splitting into two strands, Hillfoot Fault and Mine Fault (Map 1). The fault system appears 

eventually to die out within the Kaitangata Sub-basin, as there is no evidence for faulting 

directly along-strike at the coast (chapter 4). The maximum elevation of the basement erosion 

surface of the hanging-wall block is ~300m at Mt Misery. 

The range-bounding master fault is not exposed. A frontal splay (Moneymore 1) uplifts a 

ridge of poorly exposed Haast Schist basement. Basinward and parallel to the master fault and 

Moneymore 1, a degraded ( ~ 1 Om high) fault scarp cuts the extensive alluvial fans 

(Moneymore 2, Fig. 3.4B). 

The footwall block ofMoneymore Segment, between the Tokomairiro River and Moneymore, 

is the Tokomairiro depression. Glenore Mine drillhole logs (P. Wopereis pers. comm. 1999) 

indicate that the late Cretaceous erosion surface cut into Haast Schist basement dips ~ 1.5° SE 

beneath at least the western half of the plains. Gravity data collected along Allison Rd to the 

southeast (appendix 2) supports the continuation of that surface with a similar dip towards 

the Titri Fault System, to a maximum depth of ~140m below sea level near Moneymore (see 

appendix 2). This indicates a maximum throw of ~470m at Mt Misery (Fig. 3.3). 
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3.4.5 Northeast end 

A number of previous workers have suggested that the Titri Fault System continues north

eastwards through the Dunedin Volcanic Complex to link with the Waitati Fault (or the Leith 

Valley Fault Zone of Price & Coombs 1975), which extends along the Waitati Valley, and is 

inferred across Blueskin Bay Estuary (e.g. McKellar 1990; Allan 1990, Bishop & Turnbull 

1996) (Fig. 3.1). Allan (1990) extended this system even further north to link with a fault 

inferred immediately offshore of, and parallel to, the coast between Comish Head and Shag 

Point. 

There is, however, some evidence to suggest that the Titri Fault System actually dies out 

within the Dunedin Volcanic Complex. First, road-cut exposures along the hairpin bend in 

Three Mile Hill Road (GR I44 112 810) comprise anomalously steeply dipping volcanic and 

volcaniclastic beds (this study, K Liggett unpubl. data - M. Turnbull, pers. comm. 1998). 

Liggett also mapped the surrounding hillslopes, and concluded that the deformation of the 

volcanic beds was due to a northeast-trending and plunging anticline, rather than faulting. 

Secondly, both the map pattern of the late Cretaceous-Tertiary sequence at the northeast end 

of the Chain Hills ( e.g. McKellar 1990) and structure contours drawn on the late Cretaceous 

erosion surface cut into Haast Schist basement (Fig. 3.2) also suggest folding into a northeast

plunging anticline there. This is supported by gravity data; Evans (1990) showed a gravity 

high centred on the Chain Hills. Evans considered the positive anomaly to relate to a large 

body of volcanics beneath Saddle Hill, but the data could equally be interpreted as a northeast

plunging anticline ofHaast Schist basement (P.O. Koons, pers. comm. 1999). 

Immediately along strike to the northeast is another set of northeast-striking reverse faults, 

marking the east side of Flagstaff - Swampy Ridge, first mapped by Benson (1968), and 

referred to here as the Flagstaff Faults (Fig. 3.1). These faults are upthrown to the east (i.e. the 

same as the Titri Fault System), which is counterintuitive to the large rise in topography to 

the Flagstaff-Swampy Ridge west of the fault (Graham 1967; Benson 1968; Badger 1972). 

The Flagstaff Faults have previously been linked with the Waitati Fault within the Leith 

Valley Fault Zone of Price & Coombs (1975). Little is known about the Waitati Fault as it is 

not exposed; its position constrained by a clear mismatch of units across Waitati Valley ( e.g. 
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Benson 1968; Harvey 1978). Harvey (1978) proposed a model of deposition of Miocene 

"non-marine" deposits in a half-graben on the west side of the Waitati Fault during an early 

phase of normal motion and suggested that subsequently the fault has reactivated as a reverse 

fault, uplifting the west side. A number of unpublished 3rd year projects (Department of 

Geology, University of Otago) report folding of the late Cretaceous-Tertiary units on the west 

side of Waitati Valley (e.g. MacDonnell 1981; Ford 1984; Dau 1987) and a gravity survey 

reported by Ford (1984) may indicate a shallow, west-dipping thrust fault in the position of 

the Waitati Fault. 

In summary, considerable data suggest that throw on the Titri Fault System is dying out 

rapidly northeast of the mapped area, and probably passes into a northeast-plunging anticline 

in the vicinity of Three Mile Hill Road (Fig. 3.1). The Flagstaff Faults immediately along

strike to the northeast do have the same sense of throw, whereas the Waitati Fault even 

further northeast appears to have the opposite. Therefore, if all these faults are linked, they do 

so in a very complicated fashion and must comprise separate fault segments. There is no 

known evidence for Quaternary motion on any of the faults between the mapped area and 

Blueskin Bay Estuary, but the lack of good marker beds of the Dunedin Volcanic Complex and 

Quaternary tenaces makes mapping and interpretation difficult. 

3.4.6 Southwest end - Castle Hill Fault 

The sigmoidal, but generally north-south striking, east-dipping reverse Castle Hill Fault 

bounds the west side of the Kaitangata Sub-basin, with the lower Clutha Plains on its 

downthrown, western side (Fig. 3.1, Map 1). The hanging-wall block between Kaitangata and 

the coast is folded into a broad anticline, the Kaitangata Anticline (Harrington 1958; Duff & 

Bany 1989; Sherwood et al. 1992) (Map 1). Bishop & Turnbull (1996) map the Castle Hill 

Fault extending north to connect to the Tuapeka Fault System. This contrasts with 

interpretations by Hanington (1958) and Lindqvist (1996), who show the fault swinging to 

the northeast near Lake Tuakitoto, in sigmoidal fashion sub-parallel to the southeast end of the 

Titri Fault System (Fig. 3.1). It should also be noted that the Castle Hill Fault and the 

Tuapeka Fault System dip in opposite directions. 
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The Castle Hill Fault, like the Titri Fault System, is a reactivated middle Cretaceous normal 

fault ( e.g. Sheiwood et al. 1992), and its movement history is well constrained from the 

extensive drilling of the late Cretaceous - Tertiary sediments (particularly the Taratu 

Formation) in both the hanging-wall block and the footwall block near Lake Tuakitoto (NZ 

Coal Resources Survey open file data). The normal phase of movement is characterised by 

thickening of syn-tectonic lower Taratu Formation units on the eastern, then downthrown 

side. Later the units overlapped the fault zone and were deposited over both sides ( e.g. 

Sherwood et al. 1992; Lindqvist 1996). 

Evidence for the reverse phase of movement is provided by: (i) the present difference in coal 

rank across the fault, (ii) offset of con-elated coal members, (iii) juxtaposition of Taratu against 

Wangaloa Formation at the southern end, and (iv) folds such as the Kaitangata Anticline on the 

upthrown side (Sherwood et al. 1992; Lindqvist 1996; J.K Lindqvist pers. comm. 1999). 

There is very little constraint on the timing of the reverse phase of motion. The youngest 

Tertiary unit to be faulted in the Lower Clutha Plains area is the Wangaloa Formation, which 

is early Eocene in age (J.K. Lindqvist pers. comm. 1999). There is little evidence for 

Quaternary displacement along the fault, but the Clutha River, Lake Tuakitoto and the sea 

have probably eroded potential markers such as alluvial fan deposits in the lower Clutha 

Plains area. Drillholes in the Lake Tuakitoto region reveal a sequence of Quaternary gravels, 

sands and silts thickening southwards, but do not demonstrate a clear thickening towards the 

fault (Fig. 3.5). Near Kaitangata township, surfaces are preserved on the hanging-wall block 

(Barrell et al. 1998, Map 1). These may represent uplifted alluvial ten-aces and/or fans, or even 

marine terraces, but no exposures of the underlying sediment have been found. 

Johnstone (1990) mapped a zone of northwest-striking faults offshore of Clutha River mouth. 

She considered these faults to be the offshore continuation of the Castle Hill Fault (e.g. Fig. 

1.2). Johnstone's sub-bottom profiles show no evidence of disruption of the modem sea floor 

sediments, but old sediment-filled channels run along the fault zone, somewhat obscuring the 

effects. Bishop & Turnbull (1996) show that the zone could equally link with the northwest

striking Livingstone Fault, the major fault separating the Caples and the Dun-Mountain

Maitai basement ten-anes. 
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Fig. 3.5 Quaternary sediment thickness in the eastern lower Clutha Plains, from New Zealand 
Coal Research Ltd (open file data). 
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3.5 QUATERNARY MOTION -ALLUVIAL FANS AND FAN GRAVELS 

Alluvial fans occur along the entire coastal range-front. The fans are between ~0.5 and 3km in 

length, and coalesce to form a piedmont surface, with surface gradients of 1 to 8°. All fans are 

loess covered and no longer appear active. Good exposures of the fan gravels occur northeast 

of Milburn, particularly in road-cuts and gullies (Plate 1, Fig 3.6C); southwest of there 

however, the mapping of fans is largely based on surface morphology alone. 

Four sets of alluvial fans have been recognised, although the older two no longer possess a well 

preserved fan morphology. The correlation of fan sets between fault segments is tentative, and 

is based on: (i) lithology where possible, (ii) surface morphology, (iii) the correlation of a 

conspicuous angular unconformity between the oldest two sets, and iv) the degree of tectonic 

deformation (in order of decreasing importance). The fan sets are shown in Fig. 3.7. 

Stratigraphic logs of gravels exposed in the fan sets (labelled FL = fan log) are shown in Plate 

1, the positions of which are shown on Map 1. 

3.5.1 FT4 

The set of alluvial fan deposits mapped as FT4 are so deformed and/or eroded they no longer 

have a recognisable fan surface (Fig. 3.6A). In many localities they are unconformably overlain 

by the younger sets (e.g. Fig 3.6C). At FL2 and 3 FT4 gravels are back-tilted towards the 

range, dipping 14° and 46° SE respectively. Additionally, a road-cut, now removed, near 

Waihola (FL 7) displayed FT4 gravels folded into an eroded, faulted anticline (Fig 3.6C, Fahey 

& Paterson 1962). FT4 has only been identified along Allanton and Waihola Segments. 

The alluvial fan deposits consist of gravel beds interbedded with sparse sand beds and an 

unusually high number of silts (Plate 1 ). The complete lack of sedimentary structures, light 

buff colour, and where dry, presence of vertical jointing, leads to the interpretation that these 

mud/silt layers are in fact buried loesses, analogous to those described recently within the 

Maniototo Conglomerate (formerly Maori Bottom Beds) in central Otago (Schmitt & Landis 
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Fig. 3.6 A Alluvial fan sets along Allanton Segment (view to SW). B Alluvial fan sets along 
Waihola Segment (view to NE). C FT3 fan set unconformably overlying FT4 at FL 7, a roadcut, 
now removed, on S.H.1 (view to east). Photo taken by L. Seeuwen - 1962. 
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Fig. 3.7 Schematic summary of fan sets along the Titri Fault System. The oldest, FT4 no longer 
have fan morphology, FT3 are back-tilted towards the range, FT2 and FTJ are not deformed and 
still have fan morphologies. 

1985; Youngson et al. 1998). At FL5 the silts possess grey veins and at many sites, fine gravel 

stringers occur sporadically throughout the silt/mud units. A petrographic analysis ( chapter 4) 

of loess between two gravel beds at Gladstone Road (FLl) revealed no observable differences 

between that unit and the uppermost surface loess. 

The lithology of gravel clasts in the fan sets changes from northeast to southwest. Along 

Allanton Segment the gravels possess a high percentage of quartz clasts (:S;60%), that are 

occasionally well-rounded ( e.g. base of FL 1 ). The well-rounded clasts are considered most 

likely to represent recycled Taratu Formation. Gravels along the north-eastern portion of 
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Waihola 1 splay (Henley Road) are also quartz-rich, but schist and/or greywacke clast content 

rapidly increases to the southwest. Associated with this is a colour change from cream-yellow 

to light grey-brown. In addition, some greywacke and schist clasts possess a red coating, and 

are slightly more rounded than other clasts, suggesting localised reworking of the Henley 

Breccia. 

FT4 deposits along Allanton Segment were mapped by McKellar (1990) as the Gladstone 

Road Gravel formation, a bedded sandy quartz-greywacke gravel with a type section at FL 1 

(Gladstone Rd). Bishop (1994b) correlated some of the FT4 deposits described here along the 

Waihola Segment with the Gladstone Road Gravel. The detailed study performed here 

suggests that the gravel lithology changes along the range-front and, as described below, FT4 

deposits are generally lithologically indistinguishable from deposits of the other fan sets. 

Thus, describing these deposits as formations is considered unreliable and the fan sets are 

more usefully distinguished in terms of geomorphology, combined with observations of the 

internal contact relationship between units. 

3.5.2 FT3 

FT3 fan set is characterised morphologically by a relatively planar, dissected, surface back

tilted towards the range, now either horizontal or dipping towards the range by up to 8° (Fig 

3.6). They are best developed onlapping FT4 fan set along the southwest half of Allanton 1 

strand and Waihola 1 and 2 strands (Map 1); there are no exposures beneath the fan surfaces 

mapped as FT3 along Moneymore Segment, but the surface is sub-horizontal and they appear 

to be truncated by a fault scarp. Along Allanton Segment, an isolated east-dipping surface 

underlain by gravels resting on Dunedin Volcanics immediately east of Dunedin airport (Map 

1) is also likely to belong to this set, suggesting that the fans once extended southwest of their 

present distribution and have been subsequently eroded by the Taieri River. 

Good exposures of FT3 deposits are confined to road-cuts along the north-eastern end of 

Waihola Segment, where it is possible to distinguish the lithology of the underlying FT4 

deposits. At several locations (FL7,8,9,10), a prominent angular unconformity exists between 
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them (Plate 1, Fig. 3.6C). FT3 gravels are dominated by schist and greywacke clasts and are 

interbedded with silt beds, which, as in the FT4 fans, are interpreted as buried loesses. 

Some of the FT3 fan deposits along Waihola Segment were described and mapped by Bishop 

(1994b) as the Titri Gravel formation, a brown weathered "terrace gravel". Some of the gravels 

originally mapped by McKellar (1990) as Gladstone Road Gravel along Allanton Segment are 

also now included in the FT3 unit, based on surface morphology. Due to this difference in 

mapping, difficulties in distinguishing fan units in terms of lithology, the presence of silt beds, 

and the reinterpretation of the Titri Gravel formation as an alluvial fan deposit rather than a 

terrace deposit, the Titri Gravel formation is not used as a mapping unit. 

3.5.3 FT2 

FT2 fan set is characterised by "abandoned" fan surfaces that still have a surface gradient 

towards the basin (1 ° to 4°) and are at a higher elevation than FTJ (Fig. 3.6). FT2 fans appear 

to be present along all segments (Map 1), although the distinction from FTJ is not as clear 

along Moneymore Segment. Along the southwest third of the Allanton 1 strand they occur 

between, and at a lower elevation, than tilted FT3 fans, whereas along the northeast two-thirds 

they generally onlap the rear tilted surfaces of FT3. The change probably reflects an increase 

in the distance between the range front and the Allanton 1 frontal splay. A single exposure of 

gravel occurs along Allanton Segment (FL4) and is overlain by loess. There the gravels have an 

attitude of 150/16° W, in keeping with a depositional fan slope. 

At Clarendon (Waihola 2), FT2 fan sets appear to rest directly on FT4 (Map 1), although the 

lack of exposures do not permit a rigorous distinction of either unit from FT3 there. At the 

southwest end of Waihola Segment, Waihola 3 strand truncates a surface that is horizontal at 

the northeast end, but sloping basin-wards at the southwest end. Gravels are exposed 

underlying the surface east of Milton; where Bishop (1994b) measured a basinward (i.e. west) 

dip of 20° at the sawmill (GR H45 770 490). 
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Along Moneymore Segment extensive fans up to 2.5km long are cut by a degraded fault scarp. 

These fans can be subdivided into incised sets, but a rigorous distinction between FT2 and 

FTJ sets is not as clear here as along the other segments. Nevertheless, the set of fans offset 

by the Moneymore 2 degraded scarp has been tentatively mapped here as FT2 based on their 

dissected morphology and the fact that the fault scarp is truncated by a clearly younger fan at 

the southwest end. On the downthrown side of the scarp, an offal pit beside School Road (GR 

H45 711 451) reveals gravels overlain by a highly variable, but thin (0 to 30cm) loess cap. On 

the upthrown side (FL14) the loess cap is at least lm thick, but does contain occasional 

angular schist clasts. 

3.5.4 FT1 

FTJ fans, described as "modem fans" by. Bishop (1994b), have a well-preserved fan 

morphology, but are covered in loess (one sheet), and do not appear to be active. They occur 

along all fault segments, and are undeformed. They either occur at lower elevations, incised 

between, and/or in front of, the older fan sets (Map 1, Fig 3.6A,B), or in the case of north

eastern Allanton Segment, onlap onto the backs of the older fans. 

Good exposures occur in freshly exposed road-cuts along Waihola 2, and show gravels 

interbedded with loess. The gravels are lithologically indistinguishable from the older sets, 

consisting of weathered clasts of schist and greywacke, and some red and sub-rounded clasts, 

suggest derivation from the Henley Breccia. 

3.5.5 Age of the fans 

3.5.5.1 Geomorphic model 

Alluvial fan formation has often been associated with climate (e.g. Bull & Knuepfer 1987; 

Dorn 1994). However, the climatic setting appears to be location-specific, as a wide range of 

climatic conditions have been proposed for the formation of fans from around the globe (see 
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summary in Dom 1994). There are several pieces of evidence to indicate the probable climatic 

setting for deposition of alluvial fans along the coastal range: 

(i) The presence of loess beds between gravel beds suggest either fan deposition was occurring 

simultaneously with loess deposition, or alternating with individual loess sheet deposition 

events. There is no evidence for erosion of individual loess beds. The fact that the loess beds 

are present in fans throughout the area suggests that they are probably not isolated deposits, 

but were deposited as widespread sheets. Major periods of loess deposition in New Zealand 

are correlated to glacial advances during the glacial periods ( e.g. Suggate 1990). 

(ii) None of the fans appears to be active today. Each is covered by at least one loess sheet, 

possesses no boulders on the surface, and prior to human interference, they were almost 

certainly covered with podocarp trees (McIntyre & McKellar 1970; McGlone 1988; 

McGlone et al. 1995; palynological evidence from Bull Creek, this study). This suggests the 

fans were probably not formed in the interglacial periods, if the Holocene can be taken as a 

modem proxy. 

(iii) In the southern Taieri Basin area, the erosion surface separating FT4 and FT3 is flat, sub

horizontal and lies a few metres above sea level. The mechanism of erosion is unlikely to be 

part of the alluvial fan formation process, as fans are usually depositional, rather than 

erosional in nature. Alternatives include terrace cutting by either a large river, or by waves in a 

shallow marine or estuarine setting. Terrace cutting by a large river, such as the Taieri or 

Waipori Rivers, suggests these rivers were either higher than present, or that the erosion 

surface has subsequently been uplifted several tens of metres. The absence of flights of 

degradational river terraces preserved around the Taieri Basin margins or in the gorges, and 

evidence from drillhole information, suggests that the Taieri River was generally lower than 

present during the last glacial period (Barrell et al. 1999). Thus river degradation is considered 

unlikely. In contrast, shells at shallow depths within the Taieri Basin, some of which have 

been radiocarbon dated, indicate extensive marine incursion via the lower Taieri gorge during 

the early and middle Holocene (see chapter 5). Despite the fact that no buried marine deposits 

have been found within deeper Taieri Basin sediments, there is no reason to suggest that the 
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sea did not likewise enter the Taieri Basin during other interglacial periods, such as the peak of 

the last interglacial, when sea level was 4-6m higher than present (see discussion in chapter 4). 

Based on the above lines of evidence, a model of fan deposition during glacial periods, and 

possible erosion during interglacial periods is proposed. The youngest fans (FTI and FT2) are 

overlain by a single loess sheet, and thus probably date from the last glacial period. The 

deformation and erosion of the older two sets suggests that they are considerably older, and 

thus date from at least the penultimate glacial period. In accordance, Barrell et al. (1998) 

assigned the two fan sets to OI stages 6 and 8 respectively. 

Uncertainties in this model are: 

(i) the southeast Otago region is removed from the direct influence of glaciers. Therefore it is 

possible that loess deposition is not as tightly linked in time to glacial advances as in inland 

settings. 

(ii) periods of fan deposition are based on recognising fan sets from geomorphology. Thus if 

any fans are buried by subsequent sets, fan-forming events may be missed. 

(iii) it is possible that fans are not linked to climate at all, but are solely driven by tectonics. 

3.5.5.2 Optically stimulated luminescence ages 

The presence of buried loesses means that fan dating was attempted by optically stimulated 

luminescence (OSL), which dates the time elapsed since a sediment was last exposed to 

sunlight (e.g. Aitken 1998). OSL dating of three samples was performed at the Research 

School of Earth Sciences, Victoria University of Wellington (VUW), in association with 0. 

Lian. Details of the technique and the full set of results are contained in chapter 6, and only a 

summary is presented here. 

The samples come from two sites, Titri Road (FL9,10) and Clarendon (FL12) (Map 1, Fig 

6.1), both along Waihola Segment. The loess units sampled come from three fan units, FT4, 

FT3 (samples TLB, TLA at Titri Rd site) and FTI (sample CLO at Clarendon site). (See Plate 

1 for stratigraphic logs). 
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Samples were collected as blocks, and the silt (4-llµm) fraction separated. K-feldspar 

luminescence was then measured and the equivalent dose calculated using the regeneration 

method. Dose rates were calculated from the collected sample by a range of methods (see 

chapter 6). Water content was also estimated from the collected sample. 

The optical ages obtained are: 

CLO 

TLA 

TLB 

3.5.5.3 Discussion of fan ages 

(FTJ) 

(FT3) 

(FT4) 

92 ± 5ka 

151 ± 5ka 

beyond the range of the technique 

(> 150ka, O.Lian pers. comm. 1999) 

The optical ages for TLA (FT4) and TLB (FT3) fit the geomorphologic model proposed above 

in that they predate the last glacial period, and that the age for TLA falls within a glacial 

period, namely the penultimate glacial period, or OI stage 6 (l 86-128ka). The optical age for 

CLO does not fit the proposed model however, in that it is older than anticipated, and falls 

within the last interglacial period. 

A date from the last interglacial period for the youngest fans recognised is surprising. If 

correct, the optical age implies little or no fan deposition since the last interglacial. Since the 

southeast Otago region has gone through a complete glacial/interglacial cycle since then, this 

suggests fan deposition is totally independent of climate. 

An alternative hypothesis is that the optical age is too old#. There are a number of possible 

geological reasons that can be proposed to account for this: 

(i) the unit sampled is not loess, and was not exposed to sufficient sunlight to reset its 

"luminescence clock". 

(ii) similar to the above, the sample is locally redeposited loess, but during redeposition, the 

luminescence clock was not completely reset ( e.g. cloud of material too dense for light 

penetration). 
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(iii) the sample has been bioturbated and/or contaminated by other material subsequent to 

deposition 

(iv) the sample does not come from fan set FTJ, but is from an older set subsequently buried 

by a FT 1 fan, and not able to be distinguished on geomorphological grounds. Although the 

sampled horizon occurs well below the morphological fan surface and could conceivably 

belong to an older sequence, there is no field evidence for an erosion surface within the 

sequence sampled. 

There is no visible field evidence for any of the above possibilities, but a detailed 

sedimentologic investigation would be required to unequivocally rule each out. 

Errors in the laboratory are also possible (see examples discussed in chapter 6), but there is 

nothing unique that occurred during the processing of this sample compared with any of the 

others. It is also difficult to obtain an age that is too old in the lab, rather than one that is too 

young, which may be attributed to exposure to light during sample collection, or during 

processing (or even during its burial history). 

From the above, there is no unique reason for rejecting the optical age of CLO over the others, 

but based on the stratigraphic and geomorphic evidence, the date is considered too old to 

constrain the age of the youngest fan set FT 1. The preferred ages for the fan sets are thus: 

Fan set O I stage Age (ka) 

FTJ 2 14-24 

FT2 4 59-71 

FT3 

FT4 

6 

8 

128-186 

245-303 

[#NB. To test the date for CLO, a sample has been collected for OSL dating with J. Rink from 

an FT2 fan near Moneymore (see Map 1 and Fig. 6.1 for location). At the time of writing 

however, this sample has not been processed. Site and sample details are contained in 

appendix 1.] 
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3.6 QUATERNARY UPLIFT - MARINE TERRACES 

Marine terraces uplifted along the seaward edge of the coastal range are described in chapter 4 

and are briefly discussed here in the context of Titri Fault System uplift. Up to eight terraces 

can be recognised along the coast between Kaikorai Estuary and Clutha River Mouth, reaching 

heights of -160m above high sea level (a.h.s.l.). The two lowest terraces are restricted to the 

Akatore block, are clearly Holocene in age, and can be directly attributed to Akatore Fault 

uplift events (chapters 2 and 4). Of the remaining six Pleistocene terraces, three to four are 

preserved on the downthrown side of the Akatore Fault northeast of Taieri Beach and 

southwest of Rocky Valley Creek (Map 1 ), and thus have been uplifted by some mechanism 

other than movement on the Akatore Fault. 

Age control on the Pleistocene terraces is provided by geomorphology, loess stratigraphy, and 

luminescence dating (section 4.8.3). The lowest terrace along the coast is assigned in chapter 4 

to the last sea level highstand of the last interglacial, at -80ka (OI substage 5a). 

A fundamental question is whether terrace uplift can be directly attributed to the Titri (-Castle 

Hill) Fault System or whether the uplift is more regional. An important piece of evidence to 

support Titri-Castle Hill Fault System uplift is a mismatch of terraces across the Castle Hill 

Fault. The 80ka terrace described above (strandline height# -18m) extends without break 

southwest from Measly Beach to Clutha River Mouth, where it abruptly ends against the 

Castle Hill Fault (Map 1). In the lower Clutha Plains region to the southwest a series of 

terraces have been mapped by Barrell et al. (1998). No terrace directly correlatable to the 80ka 

terrace was found. Instead a terrace 1-2m a.s.l. (beach sand height#) near Otanomomo was 

dated by thermoluminescence at 134 ± 18ka, which suggests terrace cutting during the peak 

highstand of the last interglacial at -125ka (OI substage Se), when sea level was 4-6m above 

present (e.g. Bloom et al. 1974, see section 4.8.1). The present height of the beach sand, 1-2m 

a.s.l., thus suggests no net uplift, or possibly a small amount of subsidence, of the lower 

Clutha Plains since 125ka, in contrast with the coast east of the Castle Hill Fault, which has 

been uplifted to -18m. 

# See Fig. 4.2 for explanation of strandline, beach sand height etc. 
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A similar scenario exists northeast of Dunedin. The marine terrace at Warrington, although 

locally tilted, averages l-4m in elevation. It is argued in chapter 4 that this terrace was cut 

during the peak highstand of the last interglacial (125ka, OI substage 5e). The l-4m elevation 

of this terrace likewise suggests that there has been no regional uplift of the entire southeast 

Otago region since 125ka. 

Thus uplift of the southeast Otago region, at least since 125ka, appears to be confined to the 

coastal range, or the Castle Hill - Titri block. Therefore it is concluded that the Titri Fault 

System is directly responsible for terrace uplift. The continuity of marine terraces along the 

coast between Measly Beach and Clutha River Mouth, i.e. past the southwest end of the Titri 

Fault System proper, indicates that the Titri Fault System is also linked to the sub-parallel 

Castle Hill Fault at depth. 

Having connected terrace uplift with Titri - Castle Hill Fault System movement, the elevations 

and assigned terrace ages can be used to calculate a minimum Quaternary uplift rate (minimum 

due to the 5-lOkm distance between the terraces and the fault), as shown in Table 3.1. Uplift 

rates are calculated for each terrace, and due to the relatively large errors in both strandline 

height measurements (±lOm) and terrace dating (±20ka), are averaged, to calculate a combined 

average uplift rate of 0.21-0.27mm.yr-1 (the range a result of different sea level estimates, as 

described in caption for Table 3.1). This result is discussed further in section 3.7.4. 

3. 7 DISCUSSION AND CONCLUSIONS 

3.7.1 Fault Segments 

Evidence from geomorphology of the coastal range for the division of the Titri Fault System 

into three fault segments was presented at the beginning of section 3.4. From the description 

of the individual faults making up each segment, some characteristic features are obvious: 

(i) The north-easternmost range-bounding segment (Allanton) is straight, ~20km long, and is 

structurally simple with only one late Quaternary-active strand in front of the range-bounding 
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master fault. Maximum offset based on displacement of the late Cretaceous erosion surface on 

basement is -650m. The northeast end of Allanton Segment appears to die into an anticline 

that may transfer motion onto the Flagstaff Faults and ultimately the east-facing Waitati Fault, 

but these latter are clearly separate fault segments. 

(ii) The middle segment (Waihola) is the longest (-25km) and most complex, characterised by 

a series of overlapping, late Quaternary-active frontal splays. Its hanging-wall block reaches 

the highest elevation of the entire system. A major s-bend occurs near Milburn. These fault 

bends are discussed further below. 

(iii) Moneymore Segment also locally strikes north-south (southwest end), before apparently 

dying-out in the Kaitangata Sub-basin. The youngest known late Quaternary faulting occurs 

on this strand, offsetting fans of probable early to middle last glacial age. Continuity of 

uplifted marine te1Taces along the coast suggests that motion is transferred to the sub-parallel 

Castle Hill Fault to the southwest. 

SW of Rocky NE of Taieri 
Valle Ck Beach 
Strandline Terrace age uplift rate Strandline Terrace age uplift rate 
elevation m -1 elevation m -1 mm. r a mm. r 

18 80 0.225 8 80 0.1 
18 + 15* 80 0.413 8 + 15* 80 0.289 
50 220 0.227 50 220 0.227 
70 330 0.212 70 330 0.212 

120? 410 0.293 

average: 0.221 average: 0.202 
average:* 0.284 average:* 0.255 

combined 
average: 0.211 

(mm.yr·1
): 0.270* 

Table 3. 1 Uplift rates on the Titri - Castle Hill block from marine terrace data. Two uplift rates are derived: 
one assumes sea level during each highstand was Om (i.e. same as present), the other assumes sea level during 
the 80ka highstand was -15m relative to present. The latter data and rates are marked with an *. 
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3.7.2 Fault dips and footwall shortcuts 

Only one fault plane exposure has been observed along the Titri Fault System, at Snowdrift 

Quarry (chapter frontispiece). The fault exposed there is the master fault, which dips 65° E. 

This dip is at the upper end of the observed range for seismically active reverse fault dips 

(Sibson & Xie 1998), which can probably be attributed to reactivation of an originally nmmal 

fault. An important consideration is the dip of the fault at depth. The overall map pattern for 

the master fault is relatively straight, despite some notable bends ( discussed below). However, 

the Henley Breccia dips uniformly -20° NW; a dip obtained during normal faulting, as the 

surface was subsequently eroded and overlain unconformably by late Cretaceous sediments. If 

the Henley Breccia tilting was the result of domino-style fault block rotation, the Titri Fault 

would have originally had an almost vertical dip, which is unlikely. Therefore, the tilt is 

probably the result of roll-over on a listric fault. Both planar and listric middle Cretaceous 

normal faults have been imaged seismically offshore (Cook et al. 1999), but notably, are 

similarly steep in the upper portions. 

Map traces of the frontal splays are significantly more curved than the master fault, which 

probably indicates a shallower dip. The concentration of Quaternary motion on the frontal 

splays may therefore indicate that the steep portion of the master fault has locked up, and 

newer, more optimally orientated faults have developed as footwall shmicut thrusts. The 

development of footwall shortcut thrusts are characteristic of inverted normal faults ( e.g. 

Hayward & Graham 1989). 

3. 7 .3 Fault bends 

As noted above, two distinct bends to produce local north-south striking portions characterise 

Waihola and Moneymore Segments. The Castle Hill Fault has a similar s-shaped pattern to the 

southwest. Similar, but smaller-scale, bends occur on the Akatore Fault, and slickensides 

measured on the largest of these were found to indicate pure west-east thrusting along these 

north-south striking segments, and hence oblique motion along the northeast-striking sections 

of the fault (Norris et al. 1994). Slickensides have not been observed at the Snowdrift Quarry 
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fault exposure, but the dip-direction on the fault there is due east, suggesting pure west-east 

thrusting may also be occurring there. 

The origin of these bends is not clear. It is notable that they only occur along the southwest 

half of the Titri Fault System. On a regional scale, to the southwest of these structures, the 

basement terranes and bounding faults (e.g. Livingstone and Hillfoot Faults) strike northwest 

(Fig 1.2). Thus it may be that they are exerting a primary fabric control on the orientation of 

the northeast-striking faults and are deflecting them by incorporating older no1ihwest-striking 

structures within the overall northeast-striking system; such as those northwest-striking faults 

mapped in the hanging-wall block (Map 1). The Tuapeka Fault is also inferred to extend 

across the Titri Fault System in the vicinity of Tokomairiro Gorge (Bishop 1994b ). This too 

could influence fault orientations. Another important consideration is that both the Titri and 

Castle Hill Fault Systems are reactivated normal faults. The area where these bends occur are 

in the vicinity of the Kaitangata Sub-basin and thus Moneymore Segment and Castle Hill Fault 

in particular can be viewed as an en-echelon system of overlapping normal faults forming the 

original northwest and western edge of the Sub-basin (J.K. Lindqvist pers. comm. 1999). 

3. 7 .4 Late Quaternary motion 

Latest Quaternary movement, as evidenced by deformation of alluvial fans, varies between 

fault segments. Allan ton and W aihola frontal strands clearly deform two fans sets, FT 4 and 

FT3, attributed to or stages 8 and 6. The deformation events post-dating deposition of each 

fan set are thus assigned to or stage 7 and late or stage 6 to stage 5. The earlier event resulted 

in considerable folding, faulting and erosion of FT4, and due to the erosion period of unknown 

duration, or stage 7 should really be considered a minimum age. The second event was of a 

lesser magnitude, resulting in simple back-tilting. A surface uplifted along Moneymore 2 

strand is also tentatively assigned to or stage 6 (FT3) and thus Moneymore 2 strand was 

probably active during the second event. 

Moneymore 1 strand cuts the next youngest fan set (FT2), which has poor dating control, but 

is tentatively assigned to early last glacial period (i.e. Or stage 4). The youngest fan set (FTJ) 
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is not offset and tentatively assigned to late last glacial period (e.g. OI stage 2), thus 

constraining the last movement to middle last glacial period. 

Based on the above, minimum ages for the last movement on the Titri Fault System are thus in 

the order of -70ka for Allanton and Waihola Segments and -40ka for Moneymore Segment. 

3.7.5 Long term fault movement rates 

It was argued in section 3 .6 that uplift of marine terraces along the seaward edge of the coastal 

range, on the downthrown side of the Akatore Fault, was due to movement on the Titri-Castle 

Hill Fault System. Based on this, an average coastal uplift rate of 0.27mm.yr-1 was calculated 

for the last -41 Oka. This gives a minimum uplift rate relative to sea level for the Titri Fault 

System over that period. 

Evidence for subsidence rates of the downthrown side of the Titri Fault System is discussed in 

chapter 5. This discussion concentrates on the Taieri Basin region, where a -150m deep hole 

was drilled in February 1999 by Victoria University. Final results are not yet available for that 

study, but a preliminary U/Th date at 60m suggested a minimum age of -350ka (i.e. beyond 

the limits of the U/Th technique). The unit dated is considered a lake deposit and thus may 

have formed under conditions and at elevations similar to that of Lake Waihola today, which is 

approximately at sea level. This implies a maximum subsidence rate of O. l 7mm.yr-1
. 

Despite the fact that the uplift rate is a minimum estimate, and the subsidence rate a 

maximum, the values are remarkably similar, and together suggest a minimum total offset rate 

of 0.44mm.yr-1
. Calculated maximum total offset of the late Cretaceous erosion surface on the 

basement is -650m (Fig. 3.3). Assuming a constant offset rate of 0.44mm.yr-1, the total 

displacement could have been accomplished since l .5Ma, i.e. early Pleistocene. It is interesting 

to note that gravel deposits resting on Haast Schist basement in western Tokomairiro 

Depression have a palynological age of late Pliocene to early Pleistocene (P. Wopereis pers. 

comm. 1999). These may date basin formation, and hence commencement on reverse 

movement on the Titri Fault System in that area. 
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Chapter four: 

MARINE TERRACES 

Frontal sea cliff exposure into marine terrace MPCJ near Coal Point. The shore 
platform mid-way up the cliff is cut into Taratu Formation bedrock, and is 
overlain by free-running , bedded Pleistocene beach sands and loess, 
the latter characterised by vertical jointing. 



4-Marine Terraces 

4.1 INTRODUCTION 

Flights of marine terraces up to 160m above sea level are well preserved along the entire south 

Otago coast (Map 1, Fig. 4.1), including remnants preserved along the lower Taieri and 

Tokomairiro gorges. The terraces dip 1-3° seawards, but the relationship between dip and age 

is masked by the covering blanket of loess on all but the young Holocene terraces. 

A marine terrace can be defined as "a gently sloping, subplanar landform bounded along one 

edge by a steeper descending slope and along another by a steeper ascending slope, 

accompanied by evidence for marine origin such as being underlain by marine sediments and/or 

wave cut platform" (Pillans 1990a). In this study, wave cut platform is referred to as shore 

platform to avoid any connotation of mechanism of formation; it is considered that mechanical 

wave action is the dominant platform-cutting mechanism, but other mechanisms such as 

expansion-contraction of clay minerals, mass movement and even chemical and salt weathering 

or bioerosion (Griggs & Trenhaile 1994), or a combination of these mechanisms (e.g. Kirk 

1977) cannot entirely be ruled out. A schematic cross section through a flight of marine 

terraces showing terminology used here is shown in Fig. 4.2. It should be noted that the shore 

platform surface is often highly irregular, but when overlain by beach sand, and subsequently 

non-marine cover deposits such as dune sand and loess, the surface becomes much smoother. 

The important datum for relating terrace formation to paleo-sea levels is the strandline, the top 

of the beach sand at the base of the rear fossil sea cliff (Fig. 4.2). 

Paleo-sea level studies indicate that sea level has rarely been higher than present during the last 

2Ma, and the likely highest level it reached was 4-6m above present during the -125ka 

highstand of the last interglacial (e.g. Chappell & Veeh 1978, Harmon et al. 1983). Therefore, 

marine terraces above +6m elevation are inferred to have been either tectonically or 

isostatically uplifted. There is no reported evidence of marine terraces that have been uplifted 

isostatically in New Zealand (e.g. Pillans 1990a) and therefore it is assumed that the uplift of 

the southeast Otago area is tectonic. Terraces occur along the seaward edge of the coastal 

range, which consists of two fault blocks, uplifted by the demonstrably Quaternary-active 

Akatore Fault and Titri - Castle Hill Fault System (chapters 2 and 3) An increase in number, 
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A 

B 

Fig. 4.1 A Coastline northeast from Taieri Beach (foreground) to the hills of Dunedin. Note 
rocky coastline on upthrown side of Akatore Fault and sandy coastline on Titri Block. In the middle 
distance the lowest Pleistocene terrace on the Titri block (MPTJ) can be seen. B Coastline 
southwest of Tokomairiro River mouth (foreground) to Nugget Point, showing lowest Holocene 
and Pleistocene terraces. Note sand dunes on lv[f-!AJ in foreground. Photographs are courtesy of 
the Institute of Geological and Nuclear Sciences Ltd. 
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and decrease in spacing (both vertically and horizontally), of the tenaces occurs across the 

Akatore Fault (Map 1). 

Fossil 
sea cliff 

Marine terrace 1 

terrace 
riser 

l Marine terrace 2 
'r//J/ >;}I) I I J IJ J JI J II JI 

1 1 1 1 

1 1/:::::-:::·:::·:::::::·::·;:::::·::· 
' shore platform 

. i/i/11'''''''1'"" 1 1 ···j 
SOIi 1' "1 1 1 ,, ,, .............................................. ---.... STRANDLINE 

COVER { loessj:f ;;:;?/f j;j!j//j/~c}).,c·=, 
BEDS beach sand ::·.::.:·..-:-:.::,:.:::::,·::-:·,:·,:... . ii*- "'-.. SHORELINE 

· · · shore platform ANGLE 
modern 
sea cliff 

modern shore platform 

BEDROCK 

Fig. 4.2 Marine te1rnce terminology used in this study. Adapted from Pillans (1990a). The 
important datum for relating terraces to paleo-sea levels is strandline elevation. If not 
exposed, elevation is measured at the base of the rear terrace riser (*), beneath which the 
loess thickness must be estimated and removed. 

Coastline morphology is also influenced by tectonics. The coastline along the Akatore block is 

characteristically rocky, whereas the slower-rising segments have flat shore platforms overlain 

by variable amounts of beach and dune sand (Fig. 4.lA). Bedrock lithology exerts a secondary 

control on morphology. Tenaces cut into soft Cretaceous-Tertiary sediments are notably 

wider than those on harder rock such as Haast Schist basement (Map 1, Fig. 4. lA) or Dunedin 

Volcanic Complex (e.g. Barrell et al. 1998). The latter appears to be the hardest rock-type of 

all to erode, as it is generally fronted by steep cliffs, with narrow platforms only occurring 

locally on points. A third observable control on coastline morphology is distance from major 

river mouths. On either side of the mouths of the Clutha, Tokomairiro and Taieri Rivers, 

substantial dune sands have built up from the increased sediment supply (Fig. 4.1). 

Substantial dune sands also occur on south-facing beaches at the north end of the area (Kuri 

Bush to Blackhead) where the longshore component of the southern swell is deflected around 
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the Dunedin Volcanic complex, which must result in increased sediment supply to these 

beaches. 

4.2 PREVIOUS WORK 

Ongley (1939) published the first map showing marine terraces along the south coast. He 

mapped a 40-50ft raised beach northeast of Taieri River mouth and noted a higher bench at 

200ft. Southwest of Taieri River mouth, a Recent and Pleistocene unit was mapped, along 

which are labelled 20ft and 40ft benches, and southwest of Taieri River mouth a 60-100ft 

bench and a 200ft bench are marked. At Tokomairiro River mouth, terraces at 10ft, 20ft, 30ft 

and 50ft were also noted. 

Cotton (1957) discusses Ongley's marine terraces as evidence for "slow, general upwarping of 

the coast" compounded with eustatic sea level rises. Some minor modifications were made to 

the terraces mapped by Ongley (1939), including interpretation of the 20ft bench between 

Taieri and Tokomairiro River mouths as merely the 40ft terrace with the cover stripped off. 

Cotton (1957) also noted, quoting from Robinson (1957), that the 40ft bench at Taieri Mouth 

was offset by the Akatore Fault, but considered this to be a relatively localised and small 

effect. 

Harrington (1958) mapped four terraces southwest of Tokomairiro River mouth, the two 

lowest (Otanomomo and Finegand terraces) restricted to the lower Clutha Plains. The two 

highest terraces, (Marshall and Golf terraces), mapped between Clutha River mouth and 

Tokomariro River, broadly correspond to Ongley's 100ft and 200ft terraces. Harrington 

complies with Cotton (1957) in assigning last (Monastirian), penultimate (Tyrrhenian) and 

antepenultimate (Milazzian) interglacial ages to each of the Finegand, Marshall and Golf 

terraces respectively. 

A Holocene or non-loess covered terrace along the Akatore block was mapped as hl by 

Bishop (1994b ). Remnants of marine terraces were noted at higher levels on the Akatore 

block, but not mapped. Bishop (1994b) also mapped three sets of loess-covered beach 
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deposits up to 80m in elevation between Brighton and Taieri River mouth, although he only 

found exposures of beach deposits on the lowest surface (7-lOm). Two higher surfaces (also 

without beach deposits) were also noted, but not mapped, at 120 and 140m. McKellar (1990) 

mapped two terraces, 7 and 1 lm in elevation, between Kaikorai Estuary and Brighton. Bishop 

& Turnbull (1996) mapped some of the above-mentioned terraces along the entire seaward 

coastal range, and assigned them to the last three interglacial periods. 

Some of the work presented here was published by Barrell et al. (1998). All of the terraces 

that were mapped by workers mentioned above are summarised in Table 4.1, showing the 

correlation with the terraces described here. 

Ongley Cotton Harrington Bishop Bishop & Barrell et al. This study 
1939 1957 1958 1994b Turnbull 1998 

1996 

40 ft 40ft h2 Q5b M5u MPTJ 
200ft 200ft h3 Q7b M7 MPT2 

h4 Q9b M9 MPT3 
120m MPT4 

hl Qlb MHAJ 
MHA2 

20ft,40ft 40ft h2 Q5b M5a MPAJ 
h3 MSc MPA2 

M5e MPA3 
M7 MPA4 
M9 MPA5 

MII MPA6 

100ft 100ft Marshall Q5b M5u MPCJ 
200ft 200ft Golf Q7b M7 MPC2 

M9 MPC3 

Table 4.1 Summary of correlation with previous workers. See next section for explanation of terrace names 
used in this study. 

4.3 METHODS AND SCOPE 

Marine terraces were mapped using a combination of field mapping and aerial photograph 

interpretation, at a scale of 1 :25 000. Natural exposures of beach te1Tace cover deposits are 
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limited to the lowest terraces. Nearly continuous exposure exists along the frontal sea cliffs of 

the lowest Pleistocene terraces, only being patchy in places where: (i) sand dunes cover the 

cliff, near Brighton in the northeast and sporadically along the coast southwest of Tokomairiro 

River mouth, and (ii) where uplifted out of the way of the modem waves and protected by 

Holocene terraces on the Akatore block. Measured section locations are shown on Map 1 

with the prefix MS. Five hand auger cores have also been taken on the two lowest Pleistocene 

terraces to attempt to constrain the thickness and stratigraphy of cover beds such as loess. 

Terrace and strandline elevations were measured by electronic altimeter in a series of traverses 

perpendicular to the coast, shown on Map 1. The altimeter was calibrated to mean high tide 

level every two hours, and elevations are considered accurate to ±5m. In the following 

discussion all terrace elevations quoted are strandline elevations (see Fig. 4.2, Table 4.2) 

relative to mean high tide level, unless specified. Where the strandline elevation could not be 

measured directly it was calculated by subtracting an estimated thickness of loess, as shown in 

Table 4.2. 

4.4 TERRACES AND COVER BEDS 

Terraces mapped in this study are described below in two groups: (i) Holocene terraces 

restricted to the Akatore block, labelled in this study with a prefix MHA (Marine terrace, 

Holocene, Akatore block), and (ii) Pleistocene terraces, distinguished by having a loess cover. 

Pleistocene terraces are labelled with the prefix MPT for Marine terrace, Pleistocene, Titri 

block (between Kaikorai Estuary and Taieri Beach), MP A for Marine terrace, Pleistocene, 

Akatore block (Taieri Beach to Measly Beach), and MPC for Marine terrace, Pleistocene, 

Titri-Castle Hill block (between Measly Beach and Clutha River mouth). A description of a 

terrace near Warrington (-30km northeast of the study area, Fig. 1.3) is also included for 

comparison. Strandline elevations and cover bed stratigraphy are summarised in Table 4.2. 
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Terrace Terrace surface elevation 
(m.a.h.s.I.) 

Shore platform + 
beach sand at frontal 
sea cliff (m.a.h.s.l.) 

Strandline + 
loess elevation 
(m.a.h.s.I. )$ 

Strandline elev. Cover bed thickness 
(estimated) 

(m.a.h.s.1.)# 

MPTJ 3.5-11 3.5-7 11 8 Sand O - 3m 
.......................................................................................................................................................................................................................................................... Loess .0.4. -1.75m1 •• l-2 .sheets ......................................... . 

MPT2 40-55 55 50 -............................................................................................................................................................................................................................................................................................................................................................... 
MPT3 65-80 80 70 ............................................................................................................................................................................................................................................................................................................................................................... 
MPT4 120 

MHAJ 3 3 Sand O -3m 
No loess ............................................................................................................................................................................................................................................................................................................................................................... 

MHA2 6 - 6 No loess 
.................................................................................................. u .......................................................................................................................................................................................................................................................... . 

MPAJ 10-17 5-10 17 14 Sand 1 - 4.6m 
................................................. 23 .. SW of Nobles. Stream ...................................................................................................................................................... Loess .-0.5m, .. 1.sheet ........................................................ . 

MPA2 25-39 39 35 Loess :2:5m, 3+ sheets 
41 SW ofNobles Stream ............................................................................................................................................................................................................................................................................................................................................................... 

MPA3 45-71 71 65 -............................................................................................................................................................................................................................................................................................................................................................... 
MPA4 75-95 95 85 

............................... u ................................................................................................................................................................................................................................................................................................................................. . 

MPA5 95-120 -120 110 ................................................................................................................................................................................................................................................................................................................................................................. 
MPA6 120-160 -160 150 

MPCJ 15-40 6-16 20-40 18 Sand+ gravel 10 - 20m, includes alluvial fan 
(in drillholes = 5-14) deposits SW ofMitchells Rocks . 

.......................................................................................................................................................................................................................................................... Loess .2 .- . 5m.,. l -2. sheets ................................................. . 

............... MPC2 ........................................ 30-60 .................................................................................................. 40-60 .................................. 50 .................... Loess .:2:6.3m1 •• 3+ .sheets .................................................. . 
MPC3 40-80 -80 70 ................................................................................................................................................................................................................................................................................................................................................................. 

Table 4.2 Marine terrace elevation data, as measured by electronic altimeter. Terrace surface elevation= elevation of shore platform+ cover deposits (including loess ). 
Strandline = top of beach sand at rear edge of terrace (see Fig. 4.2). In practise however, what is measured in the field($) is the elevation of the base of the rear terrace 
riser, which for the Pleistocene terraces, includes loess. Thus the Ioess thickness has to be estimated and removed(#). Terrace elevations quoted in the text are strandline 
elevations, unless specified. 
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4-Marine Terraces 

4.4.1 Holocene terraces 

Holocene terraces are restricted to the seaward edge of the Akatore block and are cut into both 

Haast Schist basement (e.g. Fig. 4.3A) and Taratu Formation (Map 1). On the latter they are 

dominantly raised beach sands. 

4.4.1.1 MHA1 

The lowest Holocene terrace is well preserved, and varies from 1 to Sm in elevation (average 

3m), the greatest elevations being south of Big Creek (Table 4.2). At Chrystalls Beach the 

terrace surface is higher because of a dune sand cover (e.g. Fig. 4.lB). Where cut into Haast 

Schist basement the terrace is characterised by a white lichen cover which grows from - lm 

above the high tide line (e.g. Fig. 4.3A). Generally the terrace surface is grassy (e.g. Fig. 4.3A), 

with patches of raised beach sand preserved at its inner edge (e.g. Fig. 6.4). It is up to 30m 

wide on Haast Schist basement and up to 500m wide on Taratu Formation (Map 1). A 2m 

high bench cut into Haast Schist basement along the southern side of Akatore Creek gorge 

(Map 1) is considered to be a continuation of this surface, although no direct link can be 

observed to the coast due to dune sands covering the surface at Akatore Creek mouth. 

4.4.1.2 MHA2 

The second highest Holocene terrace is poorly preserved, recognised only as remnant "knobs" 

of Haast Schist basement bedrock intermediate in elevation (4.5-7m, average 6m a.h.s.l.) 

between MHAJ and the shore platform of MP Al (Fig. 4.3A, Map 1 ). It can only be recognised 

northeast of Nobles Stream, and is best preserved between Big and Bull Creek mouths. No 

cover deposits have been found. 
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Fig. 4.3 A Holocene terraces (MHAJ and MHA2) and two lowest Pleistocene marine terraces 
(MPAJ and MPA2) along the seaward edge of the Akatore block near Nobles Stream mouth. 
B Frontal (modern) cliff section cut into marine terrace MPCJ at Smiths Beach (see Map 1 for 
location). 
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4.4.2 Pleistocene terraces 

4.4.2.1 Titri block (Kaikorai Estuary to Taieri Beach) 

Four terraces have been cut into Haast Schist basement of the north-eastern Titri block, 

between Kaikorai Estuary and Taieri Beach (Map 1). The lowest (MPTJ), is the best 

preserved, and is the surface on which the coastal road lies (Map 1, Fig. 4.lA). MPTJ cover 

beds are well-exposed along much of the frontal (modem) sea cliff (see chapter 6 frontispiece), 

and consist of beach sands and/or gravels overlain by variable thicknesses of loess (Fig. 4.4). 

Terrace strandline elevation is estimated to be 8m (Table 4.2). Dune sand thickness locally 

increases immediately southwest of Brighton and at Taieri River Mouth. 

The lowest of a set of terraces preserved on the northwest side of Akatore lagoon (not 

mapped here - see Barrell et al. 1998 map 2) was hand-augered and interpreted to be overlain 

by alluvial sands (Fig. 4.4). This suggests that the terrace is either fluvial in origin, or has been 

subsequently overlain by alluvial deposits, and hence this and higher terraces there are not 

included in this study. 

There are no known exposures of beach deposits on higher terraces along this segment of the 

coastline. Consequently, terraces have been mapped on geomorphological grounds i.e. flat 

surfaces with frontal and rear fossil sea cliffs. Haast Schist basement crops out in a number of 

localities along the high MPT2 frontal sea cliff. On the surface of MPT2 (Loe. B) and MPT4 

(Loe. C) along Dicksons Road, Haast Schist basement is exposed overlain by thin (:s;lm) loess. 

A flat surface also occurs at -160m, but has not been mapped because it lacks a rear sea cliff. 

4.1.1.2 Akatore block (Taieri Beach to Measly Beach) 

Six terraces are mapped along the seaward edge of the Akatore block. The closer spacing of the 

terraces, both in terms of vertical elevation and horizontal width, compared to the 

downthrown side of the Akatore Fault (Map 1), contributes to the terraces' more subdued 

appearance ( e.g. Fig. 4.3A). 
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Fig. 4.4 Stratgraphic logs of frontal cliff sections and auger cores into the lowest Pleistocene terrace along the SE Otago coast. Position of samples collected for luminescence dating are shown. TL = thermoluminescence 
dating samples, OSL = optically stimulated luminescence dating samples. 
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MP Al is presently protected from wave action by the Holocene terraces and therefore has 

only sporadic exposures into its frontal sea cliff (e.g. Fig. 6.4). In these exposures, beach sands 

and gravels are overlain by variable thicknesses of loess (Table 4.2). Northeast of Nobles 

Stream these rest on a shore platform cut into Haast Schist basement, whereas to the 

southwest they rest on Taratu and/or Wangaloa Formations. With the change in bedrock 

lithology, strandline elevation ( also for MP A2) also changes across Nobles Stream (Table 4.2). 

That is, the terraces step-up in elevation to the southwest, the reasons for which are not 

entirely clear. There is no visible evidence for faulting there, so the change in bedrock may be 

exerting a control on terrace elevation. The terraces become notably narrower immediately 

south of Nobles Stream (i.e. along Chrystalls Beach), undoubtedly due to the greater frontal 

sea cliff erosion of the Taratu Formation bedrock. Furthermore, it was noted above, that the 

surface of the lowest Holocene terrace was elevated along Chrystalls Beach by dune sands, 

and so the estimates of strandline elevation there (Table 4.2) may be too high. [NB. For these 

reasons, in the following discussions care is taken only to compare terrace elevations across 

the Akatore Fault that are cut into the same bedrock.] 

Exposures of beach deposits on higher terraces have not been located. At Big Creek mouth 

(Loe. D), attempts to hand-auger through the cover sequence of MPA2 revealed loess ~Sm 

thick. 

4.1.1.3 Castle Hill - Titri block (Measly Beach to Clutha River mouth) 

Three terraces are recognised along the Titri-Castle Hill block, cut into Taratu, Wangaloa 

and/or Abbotsford Formations (Map 1). 

The lowest terrace, MPCJ, is locally exceptionally wide (up to 1.5km), particularly compared 

to terraces of comparable age (see later) cut into Haast Schist bedrock. Thus, its width 

probably reflects the ease of platform cutting into the soft bedrock sediments. Conversely, 

subsequent to terrace uplift each is likely to have been eroded at its frontal edge by a 

substantial amount, evidenced by the scalloped shape of the modem sea cliff (Map 1, Fig. 

4.lB). Basal beach deposits consist of sands and quartz gravels (Fig. 4.4), the latter clearly 

reworked from the underlying Taratu Formation, and they occasionally contain pieces of coal. 
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Southwest of Mitchells Rocks, gravels also occur higher in the sequence interbedded with 

loess (Fig. 4.3B). These deposits are interpreted as alluvial deposits, most likely fan deposits, 

because of: (i) their lateral extent along the coastline (i.e. an unlikely course for a single river, 

such as the Clutha River, during lower sea levels), and (ii) their similarity to alluvial fan 

deposits mapped in this study along the western margin on the coastal range ( chapter 3). The 

presence of these deposits contributes to much of the relatively high terrace elevation of 

MPCJ (Table 4.2). New Zealand Coal Resources Survey drillholes (open file data) along the 

coastal road southwest of Wangaloa Domain reveal a similar interbedded silt and gravel 

sequence, up to 15m thick, sometimes overlying sands (Fig. 4.5). 

No exposures are known of beach deposits on terraces MPC2 and MPC3. A hand-auger on 

MPC2 at Shortcut Road (Loe. G) revealed :2:6m of loess. As noted by Harrington (1958), the 

elevation of these te1Taces appears to increase slightly to the southwest (Table 4.2). 

4.1.1.4 Warrington terrace 

Remnants of a single 3-8m high terrace (shore platform+ beach sand is 2-6m high at frontal 

cliff) is preserved around the margins of Blueskin Bay Estuary, and along the coast northeast 

of Warrington (Fig. 4.6). The te1Tace is predominantly cut into Dunedin Volcanics, which 

contributes to its poor surface expression (Fig. 4.6, 4.7), compared to the terrace flights cut 

into Haast Schist basement and overlying sediments of the coastal range. Good cover bed 

exposures exist along the frontal (modern) sea cliff at the north end of Blueskin Bay Estuary 

and northeast of Warrington, consisting of a basal beach sand and/or boulder beach lag, locally 

overlain by a fluvial sequence at the northeast end of Warrington cliff section, and variable 

thicknesses ofloess (Fig. 4.7). 

The elevation of the shore platform along Warrington cliff section gently rises from 0.5m at 

the northeast end, to 3m at the southwest end, where it is abruptly uplifted to 4m across a 

small reverse fault (Fig. 4. 7 A). This fault does not appear to offset the loess. 
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Fig. 4.6 Aerial photo showing marine terraces at the north end ofBlueskin Bay Estuary and east of Warrington. 
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4.1.2 Loess Stratigraphy 

All terraces, excluding MHAJ and MHA2, possess a loess cover. Loess is identified here as a 

buff to light yellow, occasionally mottled brown, massive, sandy silt, often with a blocky 

structure defined by both vertical and horizontal joints and grey veins (Fig. 4.8A). Loess 

sheets are separated by erosion surfaces and/or paleosols, indicating periods of non-deposition 

and/or increased plant growth. The recognition of paleosols is difficult, as they are often 

simply represented by slightly darker brown layers which can be more visible from a distance 

than close up (e.g. Fig. 4.8B). Fragipans (cemented iron bands) are also interpreted to be 

remnants of a soil profile (b-horizon), along which groundwater has subsequently 

accumulated/ flowed (P.J. McIntosh pers. comm. 1997) (e.g. Fig. 4.8C). 

Loess is generally interpreted as alluvial silt reworked from outwash plains during the glacial 

stadials (Smalley 1966; Raeside 1964). Major periods ofloess deposition therefore correspond 

to the glacial periods. In the southern North Island, a late Quaternary loess chronology has 

been established (Milne 1973; Milne & Smalley 1979; Vella et al. 1988; Pillan~ & Wright 

1990; Vucetich et al. 1996), that has proved useful for marine terrace correlation (e.g. 

Berryman 1993; Ota et al. 1996}. In particular 3 - 4 loess sheets, corresponding to the three 

major advances of the last glacial period (in the South Island), have been recognised overlying 

last interglacial terraces. A disadvantage in the lower South Island is the lack of tephras so 

useful in loess correlation to the north, and the likelihood of increased erosion of loess 

(McIntosh et al. 1990). Nevertheless, it was considered useful to document loess distribution 

and to see if sheets could be correlated using standard sedimentological analyses. 

4.1.2.1 Counting loess sheets 

Exposures of sequences ofloess on the marine terraces are limited. The majority are restricted 

to modem sea cliffs cut into the lowest Pleistocene terraces. Generally only one sheet of loess 

has been identified in these cliff sections, but at a few notable localities, such as Brighton (Fig. 

4.8C) and Bruce Rocks (MS B), 5-lOcm thick fragipans occur part way down the loess. Also, 

as mentioned earlier, along much of the modem sea cliff cut into MPCJ southwest of Mitchells 

Rocks, loess is exposed interbedded with gravel beds (Fig. 4.3B, 4.4). Together 

4-18 



~ 

"-

'I 

.,. 

,, 

·( 

4-Marine terraces 
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B 

C 

Fig. 4.8 A Loess with good gammete vein structure, resting directly on the Haast Schist basement 
shore platform of MPTI near Kuri Bush. B Butlers Bridge section (exposure along S.H. 1) showing 
three loesses separated by paleosols, overlying Dunedin Volcanics. C Brighton section showing 
two loesses separated by a cemented pan horizon. See Map 1 and Fig. 4.9 for locations ofB and 
C. 
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these may indicate multiple periods of loess deposition. 

Loess on higher terraces is very poorly exposed and appears to vary considerably in thickness 

(Table 4.2). As mentioned in section 4.4.2, auger cores into the second highest Pleistocene 

terraces MPA2 (Loe. D) and MPC2 (Loe. G) revealed :2:6.3 and Sm of loess respectively, but 

did not reach the base. In each, three sheets were tentatively identified based on subtle changes 

in colour and texture. Loess on the highest terraces is either highly variable, or may actually 

decrease, in thickness with increasing terrace elevation. For example, at Loe. C (MPT4), E and 

F (MPA3,4), little (~0.5m) to no loess overlies bedrock of the shore platform, which indicates 

substantial stripping of both loess and beach deposits from the terrace surfaces. 

4.1.2.2 Petrography 

Petrographic analysis was carried out on loess from the lowest Pleistocene terraces at Brighton 

(Fig. 4.9A, Map 1) and Warrington (Fig. 4.9, 4.7) and at two inland sites, Butlers Bridge and 

Gladstone Rd (Fig. 4.9A, Map 1). In addition, Holocene silt from Bull Creek swamp along the 

Akatore Fault trace from core PBl (Fig. 2.5, 2.8A) was also analysed for comparison. 

Stratigraphic logs of the loess sections are given in Fig. 4.9B. 

Weighed, fist-sized blocks were disaggregated in cold water with sodium hexametaphosphate 

for 5hrs, after which the silt and clay fraction was poured off and settled onto glass slides for 

X-Ray Diffraction (XRD) analysis. The remainder was wet sieved at 4~ (63µm) to isolate the 

sand fraction, air dried and weighed to calculate a sand/silt ratio. Dry sieving was then 

performed on the sand fraction using a combination of 1 and 0.5~ intervals. Sand grains were 

examined with a reflecting microscope and selected samples were also examined as grain 

mounts and thin sections of the entire loess. 

Texture 

All of the loess samples are clearly silt-dominated, but have a considerable sand and granule 

fraction of 4-31 % (Table 4.3), hence are very poorly sorted. As expected for a mud-dominated 

sediment, grain-size percentage plots for the sand fraction (Fig. 4.10) show a general fining 
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Location O/o CaC03 Qz+ Schist Mica+ Heavy Sponge Agg. Org. 
sand feld chlorite S£iC. 

Warr. A 5 tr 72 11 2 tr 15 tr 
Warr. B 26 tr 20 3 1 tr 76 tr 
Warr. C 31 tr 44 - 3 2 tr 49 some 
Butlers A 4 33 14 1 52 some 
Butlers B 7 tr 39 8 2 51 tr 
Butlers C 21 - 32 1 2 65 tr 
Glad. A 10 - 40 4 1 tr 55 some 
Glad. B 14 43 4 1 52 tr 
Bright. A 11 tr 60 tr 3 2 35 tr 
Bright. B 18 tr 60 18 4 1 17 
Bull Ck 28 74 10 1 3 12 lots 

Table 4.3 Loess sand fraction mineralogy, given as percent of the total sample. Sponge Spic. = sponge 
spicules, Agg. = aggregates, Org. = organics, which have been excluded from the count. 

trend, although notable exceptions do occur (Brighton B and Butlers Bridge C), and are not 

fully understood. 

Samples from Brighton, Butlers Bridge and Gladstone Road also have a second modal peak 

around O<j> (Fig. 4.IOA, B). An examination of the mineral% estimates for each fraction (Table 

4.3, appendix 3, discussed below) shows that aggregates dominate this fraction. The origin of 

the aggregate particles is discussed briefly below, and because these may represent a 

secondary product the data have been replotted without the aggregate grains in Fig. 4.1 OC and 

the modal peak at O<j> disappears. The remaining 3<j> peak in the Brighton B sample 

corresponds to Haast Schist clasts that are considered to be locally derived from the 

underlying bedrock. 

Sand fraction composition 

Mineral percentages were estimated by eye and are summarised in Table 4.3, with the full set 

of results (i.e. for each sieved fraction) included in appendix 3. 
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4-Marine Terraces 

Quartz and feldspar have been grouped together because of difficulties in separating them as 

loose grains, but it is clear that quartz is the overall dominant mineral. Much of the quartz is 

vitreous and very angular. 

The second-largest component in all samples except Bull Creek silt is aggregates. Aggregates 

are dominantly yellow-brown, cemented (probably with limonite), rounded clusters of smaller 

minerals that do not "disaggregate" with the rest of the sample, even after several days to 

weeks of soaking. It is not clear how these aggregates form. Also included in the aggregate 

fraction are opaque "altered" grains, particularly in the fine sand intervals. An XRD analysis 

of opaque white grains showed them to be composed of kaolinite clay (possibly halloysite). A 

final component is Mn-Fe nodules in Warrington Loess B. In the largest sand fractions these 

are hollow tubes, considered to be root casts (P.J. McIntosh, pers. comm. 1998). These, and 

the aggregates, are considered to be soil-forming features. 

The mica + chlorite fraction is dominated by chlorite and then muscovite, but also includes 

rounded glauconite and sparse biotite. The minor Heavy mineral fraction includes Ti

magnetite, epidote ( although clear grains may have been counted in the Quartz and feldspar 

fraction) and sparse hornblende. Ti-magnetite is likely to have been sourced from the Dunedin 

Volcanic Complex (A. Reay pers. comm. 1997). An examination of paleosols between loess A 

and B, and B and C at Butlers Bridge found the magnetite content to be considerably higher in 

the paleosols, which suggests they were probably left behind as a lag deposit during soil 

processes (P.J. McIntosh pers. comm. 1997). 

Schist clasts are found in Brighton loess B and Bull Creek silt. Large pieces (::;;2cm) in 

Brighton loess Bare clearly too large to be transported any distance aerially, and thus must be 

locally derived from the underlying bedrock. 

Other components are organics (plant material) and sponge spicules. Sponge spicules are 

found in trace amounts in all Warrington loess and Gladstone Road A loess. They are elongate 

colourless pitted tubes with either a hollow or clay-filled centre. Raeside (1964) considered 

sponge spicules to indicate a continental shelf source for the loess, but fresh water sponges 
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have since been discovered (C.A Landis pers. comm. 1997), so an inland source can no longer 

be ruled out. 

Overall, the mineralogy is typical for east Otago loess (e.g. Eden 1970; Situmorang 1981; 

Churchman & Bruce 1988); the quartz + feld +mica+ chlorite suggest a predominant Haast 

Schist basement source, some of the heavy minerals, including Ti-magnetite indicating a 

secondary Dunedin Volcanic Complex source (A. Reay pers. comm. 1997). Like the studies of 

Eden (1970) and Situmorang (1981), examination of Table 4.3 suggests no systematic variation 

in mineralogy down-section or any correlation of loess units in a similar stratigraphic position. 

Instead the greatest variability appears to be between sites. However, there are also no 

consistencies between sites on the coast versus those inland. 

Clay composition - X-Ray Diffraction analysis 

Clay was settled onto glass slides ( 4 per sample) for 19 hrs and dried with a heat lamp. One 

slide was then left untreated, one was treated with ethylene glycol for -24 hrs, one was baked 

for 5 hrs at 150°C and one for 5 hrs at 550°C#. Each slide was measured by XRD over a 28 

range of 3 to 35°, at steps of 0.02°. The resulting diffractograms are given in appendix 3, 

accompanied by brief discussion of mineral identification. The final results are summarised in 

Table 4.4. 

[# The first few samples were heated at 110 and 500°C, but these temperatures were 

eventually considered too low for identification of minerals with particular collapsing 

characteristics such as Kaolinite, so higher temperatures (150 and 550°C) were subsequently. 

All temperatures are listed on the diffractograms shown in appendix 3.] 

Table 4.4 shows that clay mineralogy is remarkably consistent between samples and therefore 

is of little use for distinguishing loess sheets, although a more quantitative approach and a 

greater sampling density may reveal more. Nevertheless, these results compare well with other 

studies of east Otago loess (e.g. Eden 1970; Situmorang 1981; Churchman & Bruce 1988). The 

'major difference to those studies is that kaolinite is favoured over chlorite here (see appendix 3 

for reasons). 
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Quartz Feldspar Kaolin Illite - Illite- Smectite 
Vermicullite Smectite 

Warrington A * * * * * 
Warrington B * * * * * 
Warrington C * * * * * 
Butlers Br A * * * * * 
Butlers Br B * * * * * 
Butlers Br C * * * * 
Gladstone A * * * * * 
Gladstone B * * * * * 
Brighton A * * * * * 
Brighton B * * * * * 
Bull Creek * * * * * 

Table 4.4 Clay fraction mineralogy from XRD analysis. Diffractograms are contained in appendix 3. 

4.2 RADIOCARBON AGES 

Three radiocarbon ages have been obtained from terrace cover beds: 

Shells identified as Macomona liliana, Amphidesma (Paphies) australe (Omelin), Austrovenus 

(chione) stuchburyi, Microlenchus tenebrosus, Potamopyrgus anitpodarum and Amphibola 

cronata, from a shell bed within MHAJ raised beach at Tokomairiro River mouth (Map 1) 

havearadiocarbonageof 1410-1310 cal. yr BP (LC. McKellar unpubl. data). All are modem 

estuarine forms (Powell 1979) and indicate deposition within the upper tidal zone. 

Organic material overlying beach sands of MHAJ immediately south of Taieri Beach (Fig. 6.5) 

has an age of 1065-975 cal. yr BP (Norris et al. 1994). 

Carbonaceous material from the base of the upper loess overlying Warrington Terrace 

(Warrington cliff section 5, Fig. 4.7) has a modem radiocarbon age. Although the material 

collected was from an organic-rich bed, the modem age suggests contamination by modem 

material such as roots. 
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4.3 OPTICALLY STIMULATED LUMINESCENCE AGES 

Optical stimulated luminescence (OSL) dating is a relatively new technique that measures the 

time elapsed since a sediment was last exposed to sunlight ( e.g. Aitken 1998; Huntley & Lian 

1999). Details of the technique are contained in chapter 6. Samples from two sites were 

processed at two labs, one at McMaster University, Canada, in association with J. Rink, and 

the other at the Research School of Earth Sciences, Victoria University of Wellington (VUW), 

with 0. Lian. Sample sites are located on Map 1 and Fig. 6.1. Stratigraphic logs are given in 

Fig. 4.11. OSL dating results are summarised below and in Table 4.5. See chapter 6 for a full 

discussion. All luminescence ages are quoted with ±lcr analytical uncertainties. 

4.3.1 Warrington Terrace 

Beach sands from Warrington Terrace were sampled at Warrington cliff section 3 (BBE) (Fig. 

4.11). Loess underlying a boulder beach and beach sand deposit correlated to BBE beach sand 

was collected at the north end ofBlueskin Bay (BLO). 

Silt-sized K-feldspar luminescence was measured at Victoria University of Wellington using 

infrared light excitation. Dose rates were calculated from the K, Th and U contents of the 

samples and thick-source a-counting. Water content was calculated from the collected 

samples, which were saturated and then dried to obtain a range of values to cover wet and dry 

periods. 

The resulting OSL ages are 97 ± 9ka (beach sand BBE) and 96 ± Ska (loess BLO). 

4.3.2 MPA1 -Taieri Beach 

Taieri Beach site is a frontal sea cliff section cut into MP Al (Fig. 4.11, 6.5). One unit from this 

site has been dated twice, the first published by Rees-Jones et al. (in press) and the second, in 

this study, at Victoria University of Wellington. 

4-27 



.. 

15 

14 

13 

12 

11 

E 10 -
(/) 9 
..c 
cri 
C 8 
0 

~ 
> 7 
~ 
w 

6 

1 1 

1 1 

1 1 
TL 
W2434 

TL 
W2435 

1 1 

4-Marine Terraces 

[II] Loess [::-.:\..-:.-::-::} Beach sand 

[::::::::! Dune sand 1·8-"E;'d Boulder beach 

OSL 
NZ8 

OSL 
NZ9 

G Silt 

1 1 

1 1 

' :J 1: ~ 
3~ ~ 

Taratu 
Fm 

~I OSL 
NZ10 1 1 

1 1 

~ ~ ~ ,~.~iil OSL 

I 

:,. 

., 

-f -

2--1 11 

1 

0 
Balvenie 

TL 
W2432 

TL 
W2433 

Mitchells 
Rocks 

(MPCJ) 

Taieri 
Beach 

(MPAJ) 

1 1 

1 1 
BBE 

OSL l'--'C:>''.P I,, JS -?ll':°',~~i3tQ·. . , 

Warrington 1 Warrington 2 

Fig. 4.11 Stratigraphic logs of sections sampled for luminescence dating. TL= thermoluminescence 
dating, OSL = optically stimulated luminscence dating. See Map 1 and Fig 6.1 for locations. 

Location Sample Strat. Dating lab Equivalent Dose rate OSL age 
No. unit dose {Gl'.2 {Gl'./ka} (ka} 

OSLAGES 
Warrington BBE Beach sand vuw 107 ± 5 1.1 ± 0.09 97 ± 9 

BLO Loess vuw 270 ± 13 2.82 ± 0.09 96 ± 5 

Taieri Beach NZ8 Loess McMaster 39 ± 15 2.308 21± 5 
(MPAJ) 44 ± 13 

NZ9 Dune sand McMaster 68 ± 22 1.441 47 ± 15 
NZ10 Beach sand McMaster 67 ± 13 0.943 71 ± 14 
TBE Beach sand vuw 94 ± 3 0.80 ± 0.06 117 ± 10 

TL AGES 
Mitchells Rx W2434 Dune sand Woollongong 92.1 ± 10 2.91 ± 0.04 32 ± 10 
(MPCJ) W2435 Beach sand Woollongong 152 ± 41 1.86 ± 0.03 82 ± 22 

Balvenie W2432 Loess Woollongong 153±31 4.04 ± 0.4 38 ± 8 
W2433 Beach sand Woollongong 134± 18 1.01 ± 0.02 134 ± 18 

Table 4.5 Optically stimulated luminescence (OSL) and thermoluminescence (TL) ages of marine terrace cover 
deposits. Beach sand ages (i.e. terrace ages) are in bold. All result are quoted with lcr analytical uncertainties. 
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4.3.2.1 Rees-Jones et al. (in press) ages 

Rees-Jones et al. (in press) dated two sand units (NZ9, NZlO) resting on the shore platform 

cut into Haast Schist basement, as well as the overlying loess (NZ8). Silt-sized quartz 

luminescence was measured using green (GSL) and green-blue light (BGSL) excitation for the 

loess and green light for the upper sand. The lower sand did not have sufficient silt-sized 

quartz grains and so interpreted feldspar inclusions in quartz sand grains were measured by 

IRSL (infrared excitation). Dose rates were calculated from K, U and Th contents of the 

collected sample. 

The two OSL ages obtained for the loess, using GSL (19 ± 7ka) and BGSL (22 ± 7ka), are 

statistically identical, and thus a weighted mean of 21 ± Ska was calculated. The other ages are 

47 ± 15ka (upper sand) and 71 ± 14ka (lower sand). 

4.3.2.2 Ages from this study 

A single sample of the lower beach sand (TBE) at Taieri Beach site was collected for 

measurement at VUW, the sample collected -lm horizontally from that of Rees-Jones et al. 

Silt-sized K-feldspar was measured using infrared light excitation. Dose rates were calculated 

from the K, Th and U contents of the samples and thick-source a-counting. Water content 

was calculated from the collected samples. 

The beach sand age (117 ± lOka) is clearly different to the age from the same unit (71 ± 14ka) 

by Rees-Jones et al. (in press), and even at ±2cr analytical uncertainties these dates barely 

overlap. 

4.4 THERMOLUMINESCENCE AGES 

The Thermoluminescence (TL) dating technique is the ancestor of the OSL dating technique, 

but is still being used successfully by many workers, including in New Zealand (e.g. Berger et 

al. 1992; Berger et al. 1994). It also measures the time elapsed since a sediment was exposed to 

sunlight, but it is based on heat excitation rather than light (see chapter 6 for further 
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explanation). TL ages were obtained as part of a joint program with the Institute of Geological 

and Nuclear Sciences on Quaternary landforms, published by Barrell et al. (1998), and were 

processed by D. Price, Wollongong University, Australia. The results described below are 

summarised in Table 4.5, location of the sample sites are shown on Map 1, and stratigraphic 

sections are given in Fig. 4.12. All ages are quoted with ±1 cr analytical uncertainties. 

4.4.1 MPC1 - Mitchells Rocks 

At Mitchells Rocks, the frontal (modern) sea cliff cut into MPCJ exposes two sand units 

resting on a shore platform cut into Wangaloa Formation. Both sands were sampled (W2434, 

W2435); the sample from the lower sand was taken near the top of the unit, and should 

therefore be considered a minimum age. The sample of the upper sand was collected in a pit 

dug beneath the surface. 

TL dating was performed on very fine sand-sized (90-125µm) quartz grains. Dose rates were 

calculated from the collected samples by measurement of the K and Rb content, and thick

source a-counting. Water content was assumed to be the same as the "as collected" water 

content. 

The resulting TL ages are 32 ± lOka (upper sand W2434) and 82 ± 22ka (lower sand W2435). 

4.4.2 Otanomomo Terrace a5e - Balvenie 

Barrell et al. (1998) also dated cover beds on a terrace which is part of a flight of low elevation 

terraces near Otanomomo on the lower Clutha Plains. The site, named after the closest 

property, Balvenie, was sampled by digging a pit into the terrace surface. Samples were 

collecting from the base of the loess cover (W2432), and a sand unit (W2433) lying close to 

sea level. The lowest sand unit, interpreted as a beach sand, was also sampled. The basal 

contact of this lower sand unit was not exposed however. 
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The dating techniques used are the same as that used for the Mitchells Rocks samples. The TL 

ages are 38 ± Ska (loess W2432) and 134 ± 18ka (beach sand W2433). 

4.5 DISCUSSION 

4.5.1 Quaternary sea levels 

Sea level curves for the middle - late Quaternary have been constructed from well-exposed 

flights of marine terraces such as at Huon Peninsula, Papua New Guinea (Bloom et al. 1974; 

Chappell & Shackleton 1986), and coral reefs, such as at the Bahamas (Edwards et al. 1999) 

( e.g. Fig. 4.12). Sea levels reach close to present only during short intervals in the interglacial 

periods. However, sea level has clearly not been identical at all sites around the world at any 

one time (e.g. Fairbanks 1999; Table 4.6). Nevertheless, there is general consensus that sea 

level at the peak of the last interglacial period (-125ka) was a few metres higher than present 

(Table 4.6 and references therein). 
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Fig. 4.12 A Late Quaternary oxygen isotope curve. 8 Corresponding Late Quaternary sea level 
curve. Both curves from Chappell & Shackleton (1986). 
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Location Reference Sa 5c 5e 7 9 

Passive margins, atolls etc. 
Bermuda Harmon et al. 1983 -20 -20 4 to 6 2 
S Australia Hails et al. 1984 -14 -8 1 slightly > 1 
Bermuda Vacher and Hearty 1989 close to present close to present 
S Australia Murray-Wallace & Belperio 1991 2 
Hawaii Sherman et al. 1993 6.7, 8.2 
Lord Howe Island Woodroffe et al. 1995 2 to 4 
Bahamas Neumann & Hearty 1996 2 to 6 
Florida, Bermuda Ludwig et al. 1996 -7to-9, 1-2 
Florida Keys Toscano & Lundberg 1999 -9 
Kadavu Island (S Fiji) Nunn & Omura 1999 8 
Grand Cayman Island Vezina et al. 1999 2.5 to 6 -2.5 to 1.1 -3 to 0.5 
Bermuda, Bahamas Hearty et al. 1999 

Uplifting coasts 
Barbados Matthews 1973 20 to 25m 20 to 25m 

below 5e below 5e 
Huon Peninsula, PNG Bloom et al. 1974 -13 -15 6 (assumed) 
South Kanto, Japan Machida 1975 -3 to -9 -3 to -9 
Timor and Atauro Island Chappell & Veeh 1978 -20 -14 6 to 7 

(assumed) 
S Taranaki, New Zealand Pillans 1983 -20 -11 5 (assumed) 
Haiti Dodge et al. 1983 -13 -10 6 (assumed) 
Atlantic coast, USA Szabo 1985 close to present close to present 
Huon Peninsula, PNG Chappell & Shackleton 1986 -24 to -14 -12 to -6 6 (assumed) 
Japan Ota & Machida 1987 -7,-15, -2 -11,-10,-1 
California + worldwide Muhs et al. 1994 -5.5 -7.5 6 
California Hanson et al. 1994 -3 to -5 
N Chile Ortlieb et al. 1996 close to present 

Table 4.6 Sea level elevations during interglacial periods (referred to by their corresponding oxygen isotope stage number), from sites around the world. 
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4-Marine Terraces 

A Holocene sea level curve has been constructed for the New Zealand region by Gibb (1986) 

(Fig. 4.13), and has recently been refined by Thomas (1998). Sea level rose to its present level 

at -7300 calendric yr BP ( calculated from 7000 radiocarbon yr BP) and has undergone only 

small ( <2m) fluctuations since ( e.g. Thomas 1998). 
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Fig. 4.13 Holocene sea level curve for the New Zealand region (Gibb 1986), showing the timing 
of terrace uplift. Note uplift event ages are given in radiocarbon yr BP. 

There is no Pleistocene sea level curve available for the New Zealand region. Pillans (1983) 

found that by applying a constant rate of uplift to marine terraces in the south Taranaki 

region, and assuming a 120ka sea level of +Sm, sea levels at 1 OOka and 80ka were -1 lm and -

20m respectively (Table 4.6). In an attempt to collect some independent evidence for the 

elevation of the 120-I 25ka sea level in New Zealand, elevations of terraces around the New 

Zealand coastline dated or estimated to be I25ka in age are shown in Fig. 4.14 and are listed in 

Table 4.7. Clearly most of these terraces have been uplifted, but in areas considered to be least 
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Fig. 4.14 Elevation (grey, in metres) of 125ka marine terraces around the New Zealand coastline. 
References (numbers in brackets) are listed in Table 4.7. 
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No. Location Reference Terrace Height (m) Dating control 
name 

North Island 
1 Kaitaia Hay 1981, 1983 18 - 28 
2 N Auckland Brothers 1954 0 45 - 75 
3 S Auckland Christie 1979 46 - 48 
4 Raglan-Kawhia Chappell 1970 35 
5 W Bay of Plenty Chappell 1970 BOP3# 2 - 10 
6 NTaranaki Duff1993 NT2 27 - 30 
7 Wanganui Pillans 1983, Rapanui <30 - 70 AA, TL, Pal. 

1990b 
13 Porirua to Wellington Ota et. al. 1981 Main terrace 12 - 75 
8 E Bay of Plenty to Yoshikawa et al. Otamaroa 10 - 300 TC, FT, U/Th, 

East Cape 1980 Fossils 
9 Mahia Peninsula Berryman 1993 MahiaIII 42 - 150 AA, TC, 

Fossils, Loess 
strat., Pal. 

10 Castlepoint Johnstone 1975 OtahameFm 27 - 48 
11 Riversdale Ghani 1978 ED 64 - 160 
12 Cape Palliser to Wairarapa Ghani 1978 ED 80 - 320 
13 Turakirae Head to Ota et al. 1981 Main terrace 33 - 121 

Lower Hutt 

South Island 
14 Collingwood Bishop 1971 Hospital Fm 7.5 
14 Kahurangi Bishop 1968 PataurauFm 6 
15 Nelson Johnstone 1979 AtawhaiFm 4 
16 Greymouth-Hokitika Suggate & Waight Rutherglen 56 - 72 AA, palynology 

1999 Fm 
17 Wells Creek, N of Nathan 1975 Sardine 2 25 - 32 RC 

Hokitika 
18 Southern Alps - Kaniere, Bull & Cooper -650, 

Fox-Franz Joseph, 1986 899, 
Haast -700 

19 Haast coast Bull & Cooper -100 
1986 

19 Haast coast Cooper & Bishop 960 
1979 

20 S Fiordland Bishop 1985 h6 370 
21 S Fiordland Ward 1988 4 140 
22,23 Cape Campbell to Ota et al. 1984, Ota MM 55 - 73 (N end) Loess strat. 

Conway River et al. 1996 105 - 140 
24 Waipara coast Wilson 1963 Motonau- 71 - 133 Fossils, loess 

Dovedale strat. 
25 Banks Peninsula Bal 1997 5-8 
25 S Oamaru Situmorang 1981 3 - 10 ( cliff) TL* 
26 Katiki Beach, NE Otago Lindqvist 1997 5.5 - 7.5 (cliff) 
27 Blueskin Bay Landis 1983 2-6 
28 Balclutha to Kaka Pt Barrell et al. 1998 a5e/m5e 4.5 - 9.5 
29 False Islet, Catlins Fitzsimons pers. >5 TL 

comm. 1999 
30 Papatowai, Catlins Speden 1961 6 - 12 

Table 4.7 Elevation and dating control on 125ka terraces around the New Zealand coastline shown in Fig. 
4.14. AA=Amino acid racemization, TC=Tephrochronology, TL=Thermoluminescence, RC=Radiocarbon 
dating, Pal=palynology, U/Th = Uranium - Thorium dating. 
# Chappell 1970 correlated BOP2 to 125ka, but Yoshikawa et al 1980, lso et. al. 1982 and Ota et. al. 1989 
showed BOP3 to be 125ka 
* Unpublished TL ages from Orore Point GR J42 440527 (S. Fitzsimons pers. comm. 1999). 
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tectonically active, such as Banlcs Peninsula, coastal south Canterbury - north Otago, and 

eastern Southland, terraces attributed to the 125ka highstand are single teffaces (i.e. not part of 

a flight), and ~lOm in elevation. Allowing for some variation in the datum measured (which is 

usually not defined, i.e. whether the quoted elevation is a strandline elevation, or whether it 

includes loess), it seems reasonable to adopt a 4-6m elevation for the ~125ka sea level 

highstand in New Zealand, in accordance with a number of sites overseas (Table 4.6). 

Sea levels during other highstands, particularly the ~ 105ka and ~80ka highstands of the last 

interglacial period, and a sea level correlated to OI stage 11 (360-420ka), either vary 

considerably around the world, and/or are more contentious (Table 4.6). As described above, 

in "tectonically stable" areas of New Zealand only a single terrace (assumed to be 125ka) 

appears to be preserved above present sea level. Evidence in these areas for previous 

interglacial (i.e. pre-last glacial period) highstands below present sea level has not been 

documented, but may have been buried by glacial and post-glacial sediments and/or eroded 

during post-glacial sea level rise ( e.g. Carter et al. 1985). 

The number and age of marine teffaces preserved along a coastline is therefore a function of 

both uplift and eustatic sea level. For example, teffaces cut post-80ka, when sea level was 

below present, require >0.3mm.yr-1 vertical uplift to raise them above present sea level (Bull 

1984). 

4.5.2 Holocene terrace ages and uplift 

The radiocarbon age of estuarine shells from the shell bed within MHAJ raised beach sand at 

Tokomairiro River mouth (1410-1310 yr BP) dates the timing oftefface formation. 

As described above, sea level in New Zealand obtained its present elevation at ~ 7300 calendric 

yr BP (Gibb 1986, Fig. 4.13 [NB. the time scale in Fig. 4.13 is in radiocarbon years]), 

stabilising at ~3400 cal. yr BP (Thomas 1998). A 1.9m transgression between 5700 and 3400 

calendric yr BP (Thomas 1998) is not high enough to have been the sole cause of cutting of 

these teffaces. Therefore, the terraces must be the result of uplift events. The fact that these 
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terraces are restricted to the Akatore block indicates these uplift events were Akatore Fault 

events. 

The radiocarbon age of organic material overlying MHAI beach sands provides a minimum age 

of uplift of 1065-975 yr BP. These age constraints correspond well with minimum ages for the 

last Akatore Fault uplift event at the blocked swamps ( chapter 2, Fig. 2.10) and thus it can be 

argued that MHAI was uplifted during this fault rupture event. Together the blocked swamp 

and MHAI radiocarbon ages tightly constrain the last event to -1150-1000 yr BP (Fig. 2.10). 

By analogy with the 1150-1000 yr BP event, it can be speculated that the earlier (post 3984-

3838 yr BP) event recorded at Bull Creek and Nobles Stream swamps (chapter 2) may have 

uplifted MHA2. 

The average elevations of MHAJ (3m) and MHA2 (6m) indicate -3m uplift per event, which 

correlates well with the average throw calculated at the blocked swamp localities ( chapter 2). 

Also, the limited distribution of MHA2 to the middle of the Akatore block corresponds with 

the fact that the penultimate (post 3.8ka) event is only recorded at Nobles Stream and Bull 

Creek swamps (chapter 2). Taking a return period of-2700 yr between the two events, a late 

Holocene uplift rate of l. lmm.yr-1 can be calculated. 

Another interesting result from the dating of uplift of the Holocene terraces is that it allows 

some constraints to be placed on rates of terrace formation. For instance, MHAI terrace is up 

to 30m wide (maximum near Nobles Stream) where cut into Haast Schist basement, and up to 

500m wide where cut into Taratu Formation (Chrystalls Beach), and MHAI was formed and 

abandoned within a period of -2700 yrs. This indicates that substantial-sized terraces can be 

formed in the study area within a short period of time, during a major sea level highstand. 

The poor preservation of MHA2 indicates that terraces relating to individual uplift events are 

unlikely to be recognisable once uplifted several tens of metres. This is particularly true when 

overlain by a loess cover. Therefore higher terraces may be composites of smaller terraces cut 

during individual fault rupture events during major sea level highstands. 
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4.5.3 Pleistocene terrace ages and correlations 

If the uplift rate derived above for the late Holocene is projected back in time, at least one 

more Holocene terrace should be preserved, as well as terraces cut during interstadials of the 

last glacial period. Terraces cut during the three highstands of the last interglacial period should 

be -90m (80ka), 115m (105ka) and 140m (125ka) in elevation. Available luminescence ages 

from the lowest Pleistocene terrace (8-18m) all indicate a last interglacial age for the terrace 

cutting, so clearly this is not the case. 

4.5.3.1 Lowest Pleistocene terraces 

The lowest Pleistocene terrace preserved along the seaward edge of the coastal range (i.e. 

MPCJ, MPAJ, and MPTJ) ranges from 8 to 18m in elevation. Morphologically these terraces 

appear to have once been continuous, now cut by Akatore Fault scarps 2 and 4m high at the 

northeast and southwest ends respectively. Apart from the southern portion of MPCJ, they 

also possess a similarly thin loess cover (average 1-2m), in contrast to the thick cover of the 

next highest terrace (~Sm). 

Two of the beach sand luminescence ages from these terraces overlap, namely the 82 ± 22ka 

TL age from Mitchells Rocks and the 71 ± 14ka OSL age of Rees-Jones et al (in press) from 

Taieri Beach, and indicate terrace-cutting during the 80ka highstand of the last interglacial 

period. However, the OSL age obtained in this study from the same lower beach sand at Taieri 

Beach (117 ± 14ka) is clearly older, and indicates terrace-cutting during the 125ka highstand. 

Possible reasons for the difference are discussed in detail in chapter 6. There it is suggested 

that the younger age is more likely to be correct because it was obtained by dating sand grains, 

whereas the older age was obtained from the silt fraction. It is possible that the silt was not 

exposed to sufficient sunlight to reset its "luminescence clock", or that the silt is in fact 

leached down from overlying deposits, and hence the dose rate used is not correct for the silt. 

To test this anomaly, samples from two frontal sea cliff exposures into MPTJ to the 

norrtheast have been collected for OSL dating with J. Rink (see Map 1 and Fig. 6.1 for 

locations), but at the time of writing are still being processed. Site and sampling details are 

contained in appendix 1. 
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Thus until the new OSL ages are available, implications for either 80ka or 125ka age for the 

lowest Pleistocene terrace are considered in the following sections. Regardless of whether the 

te1Tace is 80ka or 125ka however, a last interglacial age has significant implications for the rate 

of late Quaternary movement on the Akatore Fault. That is, the offset of this terrace across 

the fault is only a maximum of 4m (south end), and this amount can be wholly accounted for 

by the Holocene uplift events. This implies essentially no fault movement between 80 ( or 

125ka) and 3.8ka. 

4.5.3.2 Warrington and Balvenie terrace ages 

Warrington and Balvenie terraces are situated on the downthrown sides of faults uplifting the 

coastal range. Warrington terrace is a single terrace 2-6m high, in an area considered to be 

tectonically stable (Landis 1983; Gibb 1986). The terrace sampled at Balvenie is one of a flight 

of terraces at Otanomomo (Lower Clutha Plains) mapped as alluvial terraces by Barrell et al. 

(1998), but the sand unit dated is a beach sand. Very little is known about Quaternary tectonic 

activity in the Lower Clutha Plains area. 

The OSL age for the beach sands on Warrington terrace indicates deposition during the 105ka 

highstand of the last interglacial period. This age is almost identical to the OSL age for the 

underlying loess. The presence of faulting and tilting of the terrace indicates that uplift of the 

terrace cannot entirely be ruled out. This conflicts with previous interpretations (e.g. Gibb 

1986), and the fact that it appears to be a single terrace at an elevation similar to the sea level 

during the peak of the last interglacial period (125ka). Resolving this anomaly would require a 

more intensive dating program, including dating the overlying loess, and is beyond the scope of 

this project. This terrace is thus excluded from the models presented below. 

The TL age for the Balvenie beach sand does indicate deposition during the peak highstand 

(125ka) of the last interglacial period. Its situation close to sea level suggests no tectonic 

uplift, or even possible subsidence, of the Lower Clutha Plains since that time. 

The general absence of flights of marine terraces beyond the coastal range ( e.g. Dunedin 

Volcano area, Taieri Basin), and in the lower Taieri Gorge, suggests uplift of the terraces 
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mapped here between Brighton and Clutha River mouth is due to fault movement on the 

Akatore Fault and the Titri-Castle Hill Fault System. The luminescence ages of terraces 

preserved in two of the areas beyond the coastal range, Balvenie and Warrington, suggests 

tectonic activity there has been minimal since 125ka. 

4.5.3.3 Higher Pleistocene terraces 

In the absence of direct dating control, assigning higher terrace ages can be done in several 

ways. One technique is simply to match terraces with the well-exposed terraces at Huon 

Peninsula ( e.g. Bull 1984; Bull & Cooper 1986). Another approach is to date or even assign an 

age to one (or some) of the terraces and then extrapolate the derived uplift rate to calculate 

ages for the higher terraces (e.g. Pillans 1983; Berryman 1993). Both of these techniques 

assume a constant uplift rate, and it was demonstrated above that Akatore Fault uplift rates 

have clearly not been constant over the late Quaternary. The approach used here is to simply 

match older terraces with previous sea-level highstands. This makes the assumption that no 

terraces are missing and that the coastline has always been uplifting ( cf. subsiding). 

Models of terrace ages and co1relations are constrained by the following: 

(i) MPCJ = MPAJ = MPTJ = 80ka or 125ka, from section 4.5.3.1. 

(ii) terraces have been uplifted by Akatore Fault or Titri - Castle Hill Fault system uplift, not 

by a widespread regional uplift, from section 4.5.3.2. 

(iii) the greater number of terraces preserved on the Akatore block indicates the Akatore block 

portion of the coast has been rising faster than the "downthrown" side. 

(iv) the graph of total throw on the Akatore Fault (Fig. 2.2) indicates the offset across the 

northeast and southwest ends of the fault are of similar magnitude. 

Based on these constraints, only a limited number of models of terrace ages and correlation are 

possible. Four of these are shown in Fig. 4.15. Other combinations of matching the highest 

terraces are possible, but as in model 4, they become increasingly speculative as they require 

greater amounts of preferential erosion of terraces. The main implications of each model are 

listed in Fig. 4.15 and are discussed below. 
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Fig. 4.15 Models of terrace ages and correlations along the southeast Otago coast. A Schematic cross section across the north end of the Akatore Fault (i.e. matching terraces of the Akatore block with those of the Titri-Castle Hill Block 
northeast of Taieri Mouth. B Schematic longitudinal section matching terraces across both the Akatore Fault amd the Castle Hill Fault. AKF = Akatore Fault, CHF = Castle Hill Fault, TCHFS = Titri - Castle Hill Fault System. 
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Models 1 and 2 imply most of the uplift of the marine terraces is the result of Titri-Castle Hill 

Fault System movement, with preferential erosion on the downthrown side of the Akatore 

Fault. Model 1 implies very slow uplift rates, which cannot be entirely dismissed, but the 

youthful appearance of the Akatore Fault scarp suggests that it has been more active than the 

Titri - Castle Hill Fault System throughout the middle - late Quaternary. Model 2 implies 

rapid uplift since 125ka, for which there is little independent evidence (chapter 3). For 

instance, if the 125ka terrace has been uplifted 50-55m on the coast (model 1), it should also 

be expected to be preserved at a similar elevation along the lower Taieri and Tokomairiro 

gorges, as well as along the Titri Fault System side of the Taieri Basin. There are no signs of 

any marine terraces at that elevation there (Maps 1, 2). 

Thus it seems more likely that the majority of coastal range uplift in the middle - late 

Quaternary is restricted to the Akatore Fault, i.e. models 3 and 4. As mentioned above, model 

4 is rather speculative, and thus until higher terraces are dated, model 3 is preferred here. 

Terrace correlation and ages from model 2 are summarised in Table 4.8. 

SW of Akatore Akatore block NE of Akatore 01 stage Age (ka) 
Fault Fault 

Holocene MHAI 1 1.1 
Terraces MHA2 1 <3.8 

Pleistocene MPCI MPAI MPTI 5a 80 
Terraces MPA2 5c 105 

MPA3 5e 125 
MPC2 MPA4 MPT2 7 -200 
MPC3 MPA5 MPT3 9 -310 

MPA6 MPT4 11 -400 

Table 4.8 Summary ofprefened tenace ages and conelations across the Akatore Fault. 

4.5.4 Uplift patterns and rates 

As mentioned in sections 4.5.2 and 4.5.3.1, uplift rates on the Akatore Fault have clearly not 

been constant throughout the late Quaternary. In particularly, there appears to have been little 

or no uplift on the Akatore Fault in the period between 80 and 3.8ka. In contrast, the Titri -
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Castle Hill Fault System was clearly active post-80ka, to uplift MPCJ-MPAJ-MPTJ terrace. 

There is no evidence for Holocene activity on this system ( chapters 3 and 5). 

In the period 80-125ka, model 3 suggests most of the uplift was occurring on the Akatore 

Fault. Approximately 40m of uplift occurred at that time, which gives an uplift rate of 

0.9mm.yr-1, similar to the late Holocene rate calculated above (1.lmm.yr-1). The uplift history 

prior to 125ka depends on whether terrace correlations are more like model 3 or model 4. It 

was argued above that model 3 is preferable in that it requires less preferential erosion of 

terraces on the "downthrown" ·side of the Akatore Fault. If this is the case, model 3 indicates 

the majority of uplift between 125 and 400ka was occurring on the Titri - Castle Hill Fault 

System, while the Akatore Fault was undergoing another period of quiescence. 

Average uplift rates for the Titri - Castle Hill block have been calculated from the marine 

terraces in chapter 3 (Table 3.1). In light of the above evidence for switching of activity 

between the Akatore Fault and Titri - Castle Hill Fault System, the uplift rate calculated, 0.21-

0.27mm.yr-1 (the variation due to the range of sea level estimates for the 80ka highstand) is an 

average value, and during active periods the uplift rate was clearly somewhat higher. 

4.6 CONCLUSIONS 

Two Holocene marine terraces, -3 and 6m a.h.s.l., are restricted to the Akatore block. Timing 

of uplift of the lowest terrace is constrained by radiocarbon dating, and matches ages of 

Akatore Fault uplift events recorded at blocked swamps along the fault trace ( chapter 2). 

Together these tightly constrain the last uplift event to -l.15ka. By inference, the next highest 

terrace is also attributed to an uplift event recorded at the blocked swamps, constrained by a 

single radiocarbon age, to post 3 .8ka. 

The observation that the lowest Holocene terrace, cut and abandoned in a period of 2700 yrs,. 

is up to 30m wide where cut into Haast Schist basement and up to 500m wide where cut into 

Taratu Formation, indicates that terrace cutting can be relatively rapid. 
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Pleistocene (loess-covered) ten-aces are preserved along the entire coastline, but are greater in 

number, and more closely spaced on the Akatore block. Luminescence ages from cover beds on 

the lowest Pleistocene ten-ace indicate a last interglacial age, but two beach sand ages from the 

same unit at Taieri Beach site barely overlap at ±20 analytical uncertainties. Based on both 

geomorphological evidence, and examination of the dating techniques used, the younger age is 

prefen-ed, and the ten-ace interpreted to have been cut during the 80ka sea-level highstand of 

the last interglacial period. 

A last interglacial age for this terrace is important in that the offset of this ten-ace by the 

Akatore Fault can be wholly accounted for by the Holocene uplift events. This implies that 

the Akatore Fault has been undergoing a period of quiescence between 80 and 3.8ka. 

Higher ten-aces are assigned ages by matching with successively older sea level highstands, and 

the prefen-ed ten-ace ages are MPA2=105ka, MPA3=125ka, MPC2=MPA4=MPT2=200ka, 

MPC3=MPA5=MPT3=310ka, MPA6=MPT4 =400ka. 

Uplift of ten-aces preserved on the downthrown side of the Akatore Fault are attributed to the 

Titri-Castle Hill Fault System. The above interpreted ages and patterns of ten-ace matching 

across the Akatore Fault indicate that uplift rates on both the Akatore Fault and the Titri

Castle Hill Fault System have not been steady with time. The fact that the second and third 

highest Pleistocene ten-aces (MP A2 and MP A3) are restricted to the Akatore block indicate that 

the Akatore Fault was responsible for the majority of coastal range uplift during the period 

80-125ka. The amount of offset of higher terraces across the Akatore Fault is the same, within 

error, which indicates that prior to 125ka (possibly 125-400ka) the majority of uplift was 

occurring on the Titri Fault System. 
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Chapter five: 

TAIERI BASIN 

Oblique aerial view of the Taieri Basin (view to WSW). Town in middle is Mosgiel. Lakes 
Waipori and Waihola can be seen in the background on the L.H.S. Photo courtesy of the 
Institute of Geological and Nuclear Sciences Ltd . 
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5.1 INTRODUCTION 

The Taieri Basin is a partly-fault-bound, northeast-southwest trending tectonic depression on 

the downthrown side (i.e. west) of the northern Titri Fault System (Map 2, chapter 

frontispiece). Much of the basin surface (lower Taieri Plain) lies close to sea level; the 

downstream end of the Taieri and Waipori Rivers are tidal up to Lakes Waihola and Waipori. 

Prior to European modification, much of the lower Taieri Plain consisted of "swampland with 

canals of sluggish black water and open stagnant lagoons", with dry land restricted to 

"Outram, Wylies Crossing and between North Taieri and the Silver Stream" (Keiller 1994). 

The Taieri River crosses the basin from Outram to the lower Taieri gorge and provides the 

major supply of sediment to the basin. 

The Taieri Basin is defined here as the tectonic depression bound by the Titri Fault System on 

its southeast side (Allanton and north Waihola Segments, chapter 3), and the Maungatua and 

North Taieri Faults on the northwest and northern sides (chapter frontispiece, Fig. 5.1). The 

north-eastern and south-western margins are defined by the gently-dipping sequence of late 

Cretaceous - middle Miocene sediments and volcanics resting on the late Cretaceous erosion 

surface cut into Haast Schist basement (Waipounamu Erosion Surface of LeMasurier & Landis 

1996). The Dunedin Volcanics are thick at the northeast end. 

5.2 METHODS AND SCOPE 

The purpose of this chapter is to examine the 3-dimensional geometry of the Taieri Basin and 

the sediments infilling it, and to determine its subsidence history, particularly in the 

Quaternary. [NB. Because the late Cretaceous erosion surface cut into Haast Schist basement 

is such a useful marker for defining basin geometry, preserved overlying late Cretaceous -

middle Miocene sediments are often included in discussions of "basin sediments", even though 

most, if not all, were undoubtedly deposited prior to formation of the present Taieri Basin.] 

Some of the work presented here is a compilation of other studies. In particular, the author is 

involved in a study of "Waipori 99-1" a 154m deep drillhole drilled in February 1999 for a 

5-2 



,, 

'., 

" 
:( 

,. 

\ 

.. 

·1 

,1 

B 

5-Taieri Basin 

A 

Fig. 5.1 A North Taieri Fault Quaternary fault scarps (marked with arrows) (view to east). 
B Maungatua ridge / escarpment, viewed across the Taieri Basin (i .e. west). 
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project on Quaternary climate change by the Research School of Earth Sciences, Victoria 

University of Wellington. A background study of the Taieri Basin for the Waipori 99-1 

project was conducted jointly with the Institute of Geological and Nuclear Sciences, and 

published by Barrell et al. (1999). Other sources are reviews of water bore logs by Keiller 

(1994) and a number of unpublished gravity studies. 

New work includes a high resolution, single channel seismic reflection survey (sub-bottom 

profile) across the Titri Fault System, collected along the lower Taieri and Waipori Rivers. 

Two gravity profiles have also been measured crossing the basin, which are synthesised with 

published Department of Scientific and Industrial Research (Reilly 1969), and unpublished 

Department of Geology, University of Otago, gravity surveys. Reconnaissance mapping of 

the North Taieri Fault adds to the detailed mapping of the Titri Fault System described in 

chapter 3. 

5.3 BASIN-BOUNDING FAUL TS 

5.3.1 Titri Fault System 

The Titri Fault System is discussed in detail in chapter 3, so only those parts directly related 

to the Taieri Basin are repeated here. The Titri Fault System is a reactivated middle 

Cretaceous normal fault, now reverse and uplifting the coastal range on its southeast side. The 

best exposure is at Snowdrift Quarry at the northern end of the Tokomairiro Depression 

( chapter 3 frontispiece). There, middle Cretaceous fanglomerates of the hanging-wall (Henley 

Breccia) are faulted (-65° dipping fault plane) over middle Tertiary limestone (Milburn 

Limestone) and greensand (Abbotsford Formation). The latter units are locally dragged into 

parallelism with the fault. 

Strands of the Titri Fault System can be divided into a master fault, the major range-bounding 

fault (and the reactivated strand), and frontal strands, which uplift Haast Schist basement 

overlain by variably preserved late Cretaceous - Tertiary sequence and deformed alluvial fan 

deposits (Map 2). The latter are sub-horizontal to gently southeast-dipping. 

5-4 



5-Taieri Basin 

The re-exposed late Cretaceous erosion surface cut into Haast Schist basement of the hanging

wall block (coastal range) reaches a maximum elevation of 300m in the region flanking the 

Taieri Basin at Glenknowe (Map 2). Structure contours drawn on this surface along the entire 

coastal range (Fig. 3.2) indicate the Titri Fault System consists of a number of 13-25km long 

fault segments. The lower Taieri antecedent gorge is situated at the structural low between two 

of these fault segments, here-named the Allanton and Waihola Segments (Fig. 3.1). There is no 

evidence, such as abandoned fluvial surfaces, that a single major river once flowed along both 

the Taieri Basin and the Tokomairiro Depression. 

Deformed alluvial fans provide evidence for middle - late Quaternary movement on frontal 

strands of the Titri Fault System (Map 2). Up to four sets of fans can be recognised (FT4 to 

FTJ, from oldest to youngest) in the Taieri Basin region (Fig. 3.6, 3.7, Map 2). Uplift on 

Allanton 1 and Waihola 1 and 2 frontal strands has deformed the older two fan sets. The 

oldest fan set, FT4, is internally folded and where exposed, has an eroded surface (e.g. Fig. 

3.6C). FT3 is back-tilted towards the coastal range between 1 ° and 8° (e.g. Fig. 3.6A). In 

contrast, the younger fans FT2 and FT 1 still preserve their original shape, and either onlap 

onto the rear edge of FT 4 and FT3, or are incised into them. A geomorphic model proposed for 

their evolution is partly supported by optically stimulated luminescence (OSL) dating. It was 

interpreted in chapter 3 that the deformed fans (FT4 and FT3) were deposited during 01 

stages 8 and 6 respectively, and the younger fan sets were deposited during the last glacial 

period (i.e. 01 stages 2-4). The last fault movement in the Taieri Basin region was thus 

interpreted to have been either late stage 01 stage 6 (penultimate glacial period) or 01 stage 5 

(last interglacial period). 

Flights of marine terraces cut into the seaward edge of the Titri Block ( coastal range) provide 

indirect evidence of middle - late Quaternary uplift on the Titri Fault System (chapter 4). The 

youngest terrace that can be attributed to Titri Fault System uplift is constrained by OSL 

dating to the 80ka highstand of the last interglacial (i.e. 01 substage Sa). Assigning higher 

terraces to successively older sea level highstands enables calculation of a minimum average 

uplift rate of 0.21-0.27 mm.yr-1 over the last-400ka (Table 3.1). 
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5.3.2 North Taieri Fault 

The North Taieri Fault is a west-east striking fault where it bounds the northern end of the 

Taieri Basin (i.e. Woodside to North Taieri, Map 2), but strikes northeast north of North 

Taieri (Fig. 1.3). Reconnaissance mapping in this study mainly focused on evidence for 

Quaternary motion along the Taieri Basin portion of the fault (Map 2). 

The hanging-wall block is composed of Haast Schist basement, overlain by remnants of late 

Cretaceous - Tertiary sequence (e.g. Boulder Hill, Fig. 5.2). The fault scarp has a youthful 

geomorphological appearance, and the top of the scarp, marked by the re-exposed late 

Cretaceous erosion surface cut into Haast Schist basement reaches a maximum elevation of 

-320m east of Outram (Map 2). 

N 

f 

5km -

D 
D 
r-71 
L:.:..J 

r:,;;;:i 
~ 

~ 
~ 

~ 

Quaternary sediments 

Pliocene sediments 

Dunedin Volcanics 

Late Cretaceous -
middle Miocene sequence 

Henley Breccia basement 

Haast Schist basement 

Fig. 5.2 Location map of stratigraphic sections oflate Cretaceous - middle Miocene sediments 
in Fig 5.3 . Geology adapted from Bishop & Turnbull (1996). NTF = North Taieri Fault, MF 
Maingatua Fault, TFS= Titri Fault System, AkF = Akatore Fault. 
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There are no known fault exposures along the Taieri Basin portion of the fault. There is, 

however, considerable evidence for Quaternary faulting between Outram and North Taieri; a 

number of flat to gently basinward (south)-dipping surfaces are truncated by scarps at their 

front edge (Fig. 5.lA, Map 2, Barrell et al. 1998). All of the surfaces are underlain by loess. 

Limited exposures of angular, poorly sorted schist gravels underlying loess suggest an alluvial 

fan origin for some of the surfaces, whereas others are underlain by Haast Schist basement 

(Map 2). The scarps are short (750m to 1.5km) and subparallel to the range, but form an 

overlapping en-echelon pattern (Map 2). 

There is little age constraint on the alluvial fans; all surfaces possess a loess cover and appear 

geomorphologically similar to some of the younger fans (i.e. FTJ-3) along the Titri Fault 

System. Barrell et al. (1998) suggested fans cut by scarps are or stage 6 (186-128ka) in age, 

and also showed other fans attributed to or stage 8 (303-245ka), although there is no clear 

distinction between the two sets in the field ( cf. Map 2). 

5.3.3 Maungatua Fault 

The Maungatua Fault is marked by an impressive escarpment (Fig. 5.lB) that reaches 

maximum elevation of 895m at "Maungatua" (Map 2). Like the North Taieri Fault, there is 

very little exposure along the fault, and much of the escarpment is also undergoing 

considerable slumping (I.M. Turnbull pers. comm. 1999). The faults shown on Map 2 are 

based on mapping by Bishop & Turnbull (1996) and Barrell et al. (1998), and aerial 

photograph interpretation. Haast Schist basement comprises the hanging-wall block, overlain 

by late Miocene to Pliocene Post Office Creek Beds in the Lake Mahinerangi region to the 

west of Map 2 (Fig. 5.2) (McNamara 1960; Youngson 1990; Bishop & Turnbull 1996). 

Geomorphologically, the Maungatua "escarpment" (Fig. 5.lB) resembles an anticlinal (or even 

monoclinal) fold, rather than a major fault scarp (e.g. Benson 1942; 1968). McNamara (1960) 

attempted to address this by mapping schist lineations and foliations along transects across 

the frontal face, but his results indicated no systematic rotation of these. However, as 

mentioned above, much of the face has undergone considerable slumping, making mapping 

unreliable in many localities. 
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Large alluvial fans (up to 2.5km in length) form a broad piedmont surface at the foot of 

Maungatua Ridge (Map 2, Barrell et al. 1998). The large size of the fans relative to others 

around the margins of the Taieri Basin (Map 2) is undoubtedly related to the high elevation of 

Maungatua Ridge relative to hanging-wall blocks of the other faults (Map 2). Barrell et al 

(1998) divided the fans into four sets, of which only the oldest show signs of deformation. 

These deformed fans are attributed to OI stage 8 in correlation with those mapped along the 

Titri Fault side of the Taieri Basin (-FT4), and also by counting-back fan units. Due to the 

very large size difference however, correlation based on geomorphology alone should be 

viewed as tentative. 

The relationship between the western end of the North Taieri Fault and the northeast end of 

the Maungatua Fault, as mapped by Bishop & Turnbull (1996), is complex. Although the 

large difference in strike between these suggests intuitively that they are not the same fault, it 

may be that they are part of a predominantly northeast-striking, northwest-dipping fault 

system controlling the western edge of the basin and the eastern side of the Silver Peaks Range 

to the northeast. 

5.4 BASIN SEDIMENTS: BORE LOGS AND DRILLHOLES 

Very little is known about the sediments within the Taieri Basin. Late Cretaceous - early 

Miocene sediments preserved around the basin margins (Map 2, Fig. 5.2) are highly variable 

in thickness (Fig. 5.3). The thin sequences preserved on the upthrown side of the basin

bounding faults at West Waihola and Allanton (Fig. 5.3, Map 2) indicate correlative sediments 

within the Taieri Basin are likely to be thin, relative to the kilometre- thick sequences to the 

east in southwest Dunedin and to the south in the Kaitangata Sub-basin (Fig. 1.3). 

Evidence of basin stratigraphy comes from three sources: (i) water bore logs, (ii) Waipori 99-1 

drillhole, and (iii) the lower Taieri gorge high-resolution shallow seismic reflection profile 

(described in the next section). Water bore and drillhole locations are shown on Map 2 and 

selected examples are discussed below. 
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5.4.1 Water bore logs 

A single bore within the Taieri Basin (i.e. on the downthrown side of the basin-bounding 

faults) is recorded to reach Haast Schist basement (Keiller 1994). Bore 1, situated at the outer 

edge of the Maungatua fans near Woodside (Map 2), records Haast Schist basement at 35m 

depth (Fig. 5.4). Haast Schist basement is immediately overlain by a 60cm-thick clay (Fig. 

5.4), denoted as weathered schist. The remainder of the overlying sequence compnses 

alternating clay and gravel beds (Fig. 5.4), which are probably alluvial fan deposits. 

The deepest water bores in the Taieri Basin are situated in the northeast comer near Mosgiel 

( see Map 2 for locations), namely Woollen Mill test bore (28B), and Wingatui Road bore ( 40), 

which are 128 and 142m deep respectively. The bore logs (Fig. 5.4) record a sequence 

dominated by alternating gravel and clay beds, although a considerable number of beds are 

recorded as saridy, or even "sandstone" in Mosgiel Woollen Mill test bore (28B). The lower 

35m of Mosgiel Woollen Mill test bore differs from others in the basin in that it is logged as 

"hard and soft sandstone with pug", with no gravel (Fig. 5.4). It is possible that this lower 

sequence (94-128m) is made up of late Cretaceous - middle Miocene sediments, i.e. 

Caversham Sandstone, or Wangaloa Formation, although the former is less likely as it is absent 

from sequences exposed in the immediate vicinity ( e.g. Boulder Hill, Saddle Hill - Scroggs Hill, 

Allanton, Fig. 5.2). The lower 40m of the Wingatui Road bore (40) is also notably different 

from the upper part of the bore and others in the basin in that: (i) it is the only part of the log 

in which sands are recorded, (ii) some of the gravel beds are described as "conglomerates", 

which is a term not used elsewhere, and (iii) a number of both the gravel ( or conglomerate 

beds) and some clay beds, are described as brown, rather than the more typical blue colour. A 

possible interpretation is that this unit is Taratu Formation, the basal unit in the late 

Cretaceous - middle Miocene sequence. Such an interpretation ( of possible late Cretaceous -

middle Miocene sediments recorded in the base of these holes) is new, and, in the absence of 

samples, should be viewed as tentative. In the following sections two models are discussed 

and tested: (i) that the bores are entirely in post middle Miocene sediments, and (ii) late 

Cretaceous - middle Miocene sediments are preserved below -1 OOm. 
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Northeast of the Mosgiel bores, near Wingatui (Map 2), two bores (26, 27, hereafter 

collectively referred to as the Wingatui Racecourse bores) record black volcanic rock at - 40m 

depth (Fig. 5.4). These are undoubtedly Dunedin Volcanics and are the continuation of the 

thick phonolite flows immediately northeast (e.g. Benson 1968, Map 2). The absence of 

volcanics in the Mosgiel bores suggests the flows do not extend south-westwards more than 

3km beneath the basin. 

The remainder of the water bores in the basin are generally between 15 and 50m deep, and 

record variable sequences of gravels, sand, and silts (Keiller 1994). These units cannot easily 

be correlated between bores ( e.g. Barrell et al. 1999). However, shells are a common feature in 

a number of bores southwest of Mosgiel (Map 2). The presence of shells (and crabs) at 

shallow depths (:s;20m) in the Taieri Basin has long been recognised, not just from bores, but 

also from excavations, such as during the building of the railway at Henley, and Dunedin 

Airport (e.g. Ongley 1939, C.A. Landis pers. comm. 1998). Shells, including Austrovenus 

(C.A. Landis pers. comm. 2000) can presently be observed at the ground surface at Sinclair 

Wetlands (Map 2). Schallenberg et al. (1998) located estuarine cockle shells (Austrovenus 

stuchburyi) at 3.35m beneath Lake Waihola (Map 2), which were radiocarbon dated at 4069 ± 

65 cal. yr BP. Two composite sections of selected bores across the Taieri Basin by Barrell et 

al. (1999) (Fig. 5 .5) indicate that the shells belong to a distinct marine or estuarine unit, which 

they named "Waihola silt/sand". The Waihola silt/sand unit is wedge-shaped, thickening 

towards the lower Taieri gorge, where it reaches a maximum thickness of-25m (Fig. 5.5). 

Overlying the Waihola silt/sand marine wedge are alluvial deposits grouped into three units by 

Barrell et al (1999), broadly corresponding to the three major source catchments. These are 

Berwick alluvium (Waipori catchment), Taieri alluvium (Taieri catchment) and Mosgiel 

alluvium (Silverstream catchment) (Map 2). Northeast of where the Taieri River crosses the 

basin, alluvial deposits of undefined thickness (probably mostly Mosgiel alluvium) were 

grouped into the Wingatui (upper silts and sands) and Dukes (lower gravel) Formations by 

McKellar (1990) (Map 2), based on soil landform units of Beecroft et al. (1992). As observed 

by Barrell et al. (1999) however, these units are not easily distinguished in the bore logs and 

thus may not hold much relevance in terms of stratigraphy. 
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Beneath the Waihola silt/sand wedge are variable silts, clays, sands and gravels that were also 

not able to be correlated or grouped by Barrell et al. (1999). No shells or wood are recorded in 

these units. The most useful information from these depths comes from Waipori 99-1 

drillhole, discussed below. 

5.4.2 Waipori 99-1 drillhole 

A 154m deep drillhole (Waipori 99-1), located at the comer of Centre and Marshall Roads, 

near Henley (Map 2), was drilled in February 1999, for a Quaternary climate change project 

by the Research School of Earth Sciences, Victoria University of Wellington (VUW). 

Unfortunately, neither recognisable late Cretaceous - Tertiary sequence, nor Haast Schist 

basement, were reached. Fig. 5.6 is a summary log, and the core is briefly summarised below. 

Much of the study of this core is in progress. 

5.4.2.1 Core description 

The drillcore sediments can be divided into three distinct units (Fig. 5.6): (i) an upper sand and 

mud unit (0-22m), (ii) a complex middle unit (22-68m) of gravels, sands and muds, and (iii) a 

lower (68-154m) gravel-dominated unit (Fig. 5.6). 

The upper (0-22m) unit consists of alternating sands and muds of variable thickness (-5cm to 

-lOm) (Fig. 5.6). Shell hash occurs at -3.8, 14.3, 17, 19.Sm, although shell pieces occur right 

throughout the 22m interval. Wood fragments occur between 5 to Sm, and 13 to 14m. 

The stratigraphy between 22 and 68m is the most complicated of the entire core (Fig. 5.6). 

Two gravel-dominated units occur at 22-37m, and 47-55m (beds average 0.3-0.5m thick). In 

between is a sequence of alternating mud and sand units tens of centimetres thick (37-45m). A 

thick mud sequence occurs at 55-61.5m. Alternating gravel, sand and mud (0.5-lm thick beds) 

occurs at the base of this unit (61.5-68m). Sparse organic material occurs in the mud units and 

a complete Hyridella shell was found in the 55-61.5m mud unit. At -64m, a 70cm thick lignite 

bed contains recognisable wood. 
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The basal unit (68-154m) is dominated by gravel beds up to 2m thick, with sparse, thin (<Im) 

sand and mud interbeds. The gravels are predominantly composed of subrounded quartz, with 

lesser amounts of schist and sparse clasts of Taratu Formation and Dunedin Volcanics. Taratu 

Formation clasts are distinguishable from the majority of gravels by the brown iron cement. A 

distinct colour change downwards from blue-grey to orange-brown occurs at 80m. No shells or 

wood have been found in this unit. 

5.4.2.2 Paleoenvironment 

Palynomorphs imply a warm climate, full-forest flora for the top 20m (R. O'Brien pers. 

comm. 1999). Marine diatoms dominate the thick mud unit between 9 and 18.5m (Hughes 

1999), and marine forams and ostracods occur at 4.7, 6.0 and 9.0m (J. Shulmeister pers. comm. 

1999). Together, these data indicate a marine incursion into the basin during the Holocene. A 

change to fresh/brackish diatoms above 8m was interpreted by Hughes (1999) to have resulted 

from stabilisation of sea level -5000 yr BP (see ages below) and a return to swamp and fluvial 

dominated environments. 

Palynomorphs indicate that both the sand/mud sequence from 37-40.Sm, and the thick mud 

from 55-62m were deposited in a warm-climate setting, whereas intervening gravel-dominated 

units possess a cool-climate flora (R. O'Brien pers. comm. 1999). The mud at 55-62m, along 

with the lignite at 63-64m, are interpreted to be a full interglacial sequence. The lack of shells 

except the single Hyridella shell in this unit, suggests it is a lake deposit. Diatoms are also 

absent from this unit (Hughes 1999). The remainder of this unit is gravel-dominated, and is 

undoubtedly composed of fluvial sequences. 

The lower gravel-dominated unit (68-154m) is also undoubtedly fluvial, although it is unusual 

for its lack of sand beds and its quartzose lithology ( cf. gravels of the modem Taieri and 

Waipori Rivers). Palynomorphs from the thin muds at 70 and 103m indicate a cool, probably 

glacial, climate (R O'Brien pers. comm. 2000). 
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5.4.2.3 Age 

Radiocarbon ages of wood and shells at -3.5, 14 and 20m depth are all Holocene in age (Fig. 

5.6) (J. Shulmeister pers. comm. 1999). Palynomorphs also indicate a Holocene age for the top 

20m (R O'Brien pers. comm. 1999). 

As mentioned above, palynomorphs indicate a warm climatic setting for the mud at 37-40.5m, 

and a full interglacial setting for the 55-64m mud interval. Based on the palynology, R O'Brien 

(pers. comm. 1999) has assigned provisional ages of OI stage 3 (24-59ka) and 5e (113-128ka), 

but in reality there is little to distinguish individual middle and late Quaternary interglacial 

periods. Radiocarbon ages from wood at 41 and 50m are 32 and >40ka respectively (J. 

Shulmeister pers. comm. 1999). A U/Th age on peat from 62m is beyond the limits of the 

technique, i.e. >350ka (P. Augustinus pers. comm. 1999). 

Palynomorphs from thin muds at 72 and 103m indicate a Quaternary age, probably no older 

than middle Quaternary (R. O'Brien pers. comm. 1999). To date, there is no age control on the 

deepest sediments in the core. 

5.5 LOWER TAIERI GORGE SEISMIC PROFILE 

Two high resolution, single channel seismic profiles were collected in February 1998 and May 

1999, across the Titri Fault System on the lower Taieri and Waipori Rivers (Map 2). The 

first, Taieri l, is predominantly in the upper part of the lower Taieri gorge, between "the 

boatshed" and the rail bridge across the Waipori River (Map 2). The second, Taieri 2, overlaps 

the first, and is predominantly within the Taieri Basin between Henley Bridge and within 

500m of Lake Waihola (Map 2). Average water depth is 3-8m. 

5.5.1 Methods and equipment 

The profiles were collected using a Feranti ORE geopulse sub-bottom profiling system aboard 

a 5m runabout, Nauplius, owned by the Marine Science Department, University of Otago. 
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The system emits high power acoustic pulse by repulsion of metal plates (boomer). A 

hydrophone array (20 elements spaced 15cm apart) receives frequencies of 20Hz - 20kHz, 

which is then filtered for unwanted noise, such as boat noise, by the Geo pulse Receiver. The 

electronic signal is converted to hard copy format by the EPC recorder and recorded digitally 

on a Digital Audio Tape recorder. The EPC graphic recorder also initiates the key pulse, but 

unfortunately failed at intervals during the collection of Taieri 2, thus causing breaks in the 

data, labelled with an arrow on the final profiles. Location of fixes was performed manually for 

Taieri 1 using a 1 :25 000 scale map. For Taieri 2, differential GPS was employed in addition 

to the manual positioning. Fix positions are listed in appendix 4. 

5.5.2 Seismic processing 

Post processing was performed using Seismic Unix (Cohen & Stockwell 1999). Two types of 

filters were applied, a sine-squared tapered filter and weiner predictive error filter. In addition 

to a time-varying gain, the data were passed through time-varying band-pass filters with 

frequencies of 700-3000Hz (t=0-0.02s), 400-3000 Hz (t=0.02-0.05s), 300-2500Hz (t>0.05s). 

5.5.3 Results 

Wiggle plots are accompanied by interpretations in Plate 2 and an enlarged wiggle plot is given 

in appendix 4. Depths are calculated from two-way travel time (2WT) using average velocities 

of 1500m.s-1 for water, 2000m.s-1 for Quaternary sediments and 3000m.s-1 for Henley Breccia 

basement [NB. Because of the small 2WT's the sensitivity of depths calculated in relation to 

these velocities is relatively low. For example, if the sediment velocity is changed by ±500 

m.s-1
, the depths change by ±7.5m]. Diffuse reflectors with a relatively long wavelength 

between 0.05 and O.ls 2WT (Plate 2) are interpreted as reflections from the sides of the 

channel, and although interesting, are not included in the following discussion. The profiles are 

discussed below in an upstream direction, (i.e. southeast to northwest), in three distinct 

segments: (i) lower Taieri gorge (hanging-wall block of the Titri Fault System), (ii) Titri Fault 

System fault zone, and (iii) Taieri Basin. 
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5.5.3.1 Lower Taieri gorge 

The lower Taieri gorge segment is characterised by a remarkably continuous and distinct 

sequence down to approximately 0.05s 2WT (Plate 2). A strong reflector at ~0.035s 2WT 

( ~35m depth) separates a lower sequence of northwest-dipping reflectors from an overlying 

sequence of sub-horizontal reflectors (Plate 2 enlargement A,). The dip of the lower sequence 

is calculated to be~ 18° NW. In view of its thickness and consistent northwest dip, the unit is 

interpreted as Henley Breccia. The Henley Breccia crops out on the adjacent banks (Map 2) 

and has a remarkably consistent dip of ~20° NW (e.g. Chadwick 1996). The 35m-deep 

reflector is thus interpreted as an erosion surface on Henley Breccia basement. 

The sequence of sub-horizontal reflectors above this erosion surface is ~ 10m thick. This in 

turn is overlain by a ~20m thick uniform sequence with no reflectors. These units are 

interpreted as basal channel deposits (probably gravels) and overlying sand or mud. The upper 

sequence probably correlates to the Holocene Waihola silt/sand marine wedge. 

5.5.3.2 Titri Fault System 

Immediately northwest of Henley Bridge (Fix 19), the Henley Breccia dipping reflectors and 

the overlying sub-horizontal reflectors (gravel?) disappear, but the Holocene unit extends 

northwest at least as far as Fix 25 (Plate 2). This correlates with the position of the range

bounding master fault of the Titri Fault System mapped on either side of the river (Map 2). 

Further northwest, curved reflectors at shallow depths ( <20m) are interpreted as channels, 

probably of the Taieri River, which currently joins the Waipori River at Fix 20 (Plate 2). Very 

little data are recorded below ~0.03s between Henley Bridge and state highway one (S.H.1) 

road bridge. The tentative interpretation that Haast Schist basement occurs at relatively 

shallow depths is based on correlation with mapping on the south bank. Haast Schist 

basement is probably overlain by poorly reflective schist gravels. 

At approximately S.H.1 road bridge, a thick sequence of reflectors is curved into an anticline 

(Plate 2). The well defined, relatively fine sequence of reflectors are indicative of well-bedded 

sediments. The anticline half-wavelength is ~130m long and the beds on the east limb are 
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dipping -16° SE. A relatively sharp break separates the anticline and sub-horizontal reflectors 

to the southwest ( described in the next section). This break is interpreted as the frontal fault 

of the Titri Fault System. A possible correlative is the faulted anticline of fan gravels once 

exposed in a roadcut along S.H.1 -500m to the south (Fig. 3 .6C). 

5.5.3.3 Taieri Basin 

The sequence west of S.H.1 bridge is characterised by variably well defined thick (:s;;75m deep) 

sets of sub-horizontal reflectors (Plate 2). These are interpreted as undeformed Taieri Basin 

sediments, a probable correlative of the upper 68m sequence of muds, sands and gravels in the 

Waipori 99-1 drillhole. 

Between S.H.1 bridge and the entrance to Lake Waihola channel (Fix 12), a prominent reflector 

at shallow depths steps down to the west three times (Plate 2). It is overlain by onlapping 

reflectors (Plate 2), suggesting the surface is erosional. The surface is tentatively interpreted as 

the base of the Holocene fill sequence, based on similarities in depth with both Holocene 

sediments in the Waipori 99-1 drillhole and the sequence in the lower Taieri gorge. 

5.6 GRAVITY SURVEYS 

Two scales of gravity data are utilised in this section. The first is dense (average 500m station 

spacing) northeast- and northwest-striking profiles crossing the basin. The three cross-basin 

(northwest-striking) profiles are data by Stevens (1999) (Marshall Rd), Graham (1976) 

(Riverside Rd) and Eales (1998) (Riccarton Rd), although new data have been added to the 

latter, to extend it to the northwest side of the basin. A new basin-parallel (northeast-striking) 

profile along Centre Rd has also been measured. See Map 2 for locations. 

The second gravity survey is the regional scale (1-5km spacing) absolute gravity stations, 

collected by the Department of Scientific and Industrial Research (DSIR, now the Institute of 

Geological and Nuclear Sciences), published by Reilly (1969). These data are mainly used to 

approximate the regional gravity signal, so that it can be removed from the Bouguer anomaly 
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results of the detailed profiles. The regional Bouguer signal in the (generally low relief) 

southeast Otago area is summarised in Fig. 5. 7. Briefly, the signal is characterised by a gradual 

gravity increase in a southeast direction, away from the Southern Alps crustal root negative 

anomaly (Woodward 1979). Second order increases also occur towards positive anomalies 

centred on the Dun Mountain Ophiolite belt to the southwest (lower Clutha Plains) and the 

Dunedin Volcano (e.g. Reilly 1971, Evans 1990). 

N 

f 

10 km 

Fig. 5.7 Regional Bouguer anomaly gravity map of the southeast Otago region (From Reilly 
1969). Bouguer anomalies are all positive, and are in µN/kg. 

5.6.1 Methods 

The methods outlined here are for the high density data added to the cross-basin profiles 

described above. Bouguer anomalies were also recalculated from Eales' (1998) raw data 

( collected using the same instrument) using the same methods, so that the two could be joined 

onto a single profile. Free air corrections were recalculated for the data of Graham (1976). 
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The methods outlined here are for the high density data added to the cross-basin profiles 

described above. Bouguer anomalies were also recalculated from Eales' (1998) raw data 

( collected using the same instrument) using the same methods, so that the two could be joined 

onto a single profile. Free air corrections were recalculated for the data of Graham (1976). 
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Gravity measurements were made using a Worden gravimeter and have an estimated reading 

error of ± 1 µN .kg-1
• Elevations were measured by electronic altimeter and are estimated to be 

accurate to ±lm within the basin and ±5m on the surrounding slopes. Calibration of both 

gravimeter and altimeter were made every two hours at base stations at DSIR station sites. 

The University of Otago Geology Department basement station, an international survey 

station ( e.g. Robertson & Reilly 1960), was also used as a base station. 

Three gravity measurements were taken at each station, and these, with the drift corrected 

values in µN.kg- 1
, are listed in appendix 5. A median value was taken for each (Table 5.1, 5.2), 

and then latitude and free air corrections were calculated using formulas given in the caption 

for Table 5.1. Inner terrain corrections were calculated by hand, using modified Hammer 

gravity correction tables by Woodward & Ferry (1973). Outer terrain corrections were 

adopted from those calculated for the closest DSIR stations to each station. The terrain 

corrections will be the largest source of errors, generously estimated to -30% (i.e. <5µN.kg- 1 

within the basin, but 10-20µN.kg- 1 on the surrounding slopes). Bouguer anomalies were 

calculated using an average crustal density of 2670 kg.m-3
• The resulting values were shifted, 

so that the calculated base station anomalies matched DSIR values. These data are all listed in 

Tables 5.1 and 5.2. 

5.6.2 Results and interpretation 

Bouguer anomaly profiles are plotted in Fig. 5.8 and are described below. Because of the low 

relief in the basin ( and low terrain correction errors) and because all measurements are relative 

along/across the basin, the following interpretation focuses on the basin portion of the 

profiles. 

The basin-parallel, northeast-trending Centre Rd profile shows little variation within error 

along the basin length. An increase does occur across the five north-easternmost stations, 

which is interpreted to result from the southwest-dipping surface of the volcanics at depth, 
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No. Distance ht rel. ht g(raw) g(Jat) g(raw) Free Air Free Air In. Ter. Out. Ter. Bouguer Bouguer Bouguer Regional Residual 
1m} +g!lat! Corr. Anomal;r Corr. Corr. Corr. Anomal;r shifted 

32 0 276 265 -572.0 25.2 -546.8 817.8 271.0 1.8 17.2 296.7 -6.7 318.6 316.8 1.8 
31 250 256 245 -532.9 24.0 -508.9 756.1 247.2 4.6 17.2 274.3 -5.3 320.0 318.9 1.1 
30 800 188 177 -396.3 22.4 -373.9 546.2 172.3 3.6 17.2 198.2 -5.1 320.2 323.7 -3.5 
29 1350 151 140 -316.9 19.7 -297.2 432.0 134.8 10.6 17.2 156.7 5.9 331.2 328.5 2.7 
28 1500 95 84 -199.4 19.5 -179.9 259.2 79.3 4.3 17.2 94.0 6.8 332.1 329.9 2.2 
27 1800 53 42 -114.0 18.0 -96.0 129.6 33.7 1.9 17.2 47.0 5.7 331.0 332.5 -1.5 
26 2000 39 28 -87.7 16.2 -71.5 86.4 14.9 0.3 17.2 31.3 1.1 326.4 334.2 -7.8 
25 2300 25 14 -70.1 13.5 -56.6 43.2 -13.4 0.1 17.2 15.7 -11.7 313.6 336.8 -23.2 
24 2300 25 14 -50.8 8.0 -42.8 43.2 0.4 0.2 8.1 15.7 -7.0 318.3 336.8 -18.5 
23 2700 18 7 -28.2 4.7 -23.5 21.6 -1.9 0 8.1 7.8 -1.6 323.7 340.3 -16.6 
22 2950 13 2 -9.6 2.7 -6.9 6.2 -0.8 0 8.1 2.2 5.1 330.4 342.5 -12.1 
21 3350 11 0 0.0 0.0 0.0 0.0 0.0 0.1 8.1 0.0 8.2 333.5 346.0 -12.5 
20 3750 9 -2 9.0 -3.3 5.7 -6.2 -0.5 0.7 8.1 -2.2 10.6 335.9 349.5 -13.6 
19 4200 8.5 -2.5 14.3 -7.0 7.3 -7.7 -0.4 0.3 8.1 -2.8 10.8 336.1 353.4 -17.3 
18 4200 10.6 0.0 -17.8 15.3 -2.5 0.0 -2.5 0 6 0.0 3.5 331.4 353.4 -22.0 
17 4812.5 11 0.4 -9.1 10.7 1.6 1.2 2.8 0 6 0.4 8.4 336.3 358.8 -22.5 
16 5712.5 10.6 0.0 -8.5 3.9 -4.6 0.0 -4.6 0 6 0.0 1.4 329.3 366.6. -37.3 
15 6225 10.6 0.0 0.0 0.0 0.0 0.0 0.0 0 6 0.0 6.0 333.9 371.1 -37.2 
14 6987.5 14 3.4 3.4 -5.8 -2.4 10.5 8.1 0 6 3.8 10.3 338.2 377.7 -39.5 
13 7300 13.5 2.9 0.6 -8.1 -7.5 8.9 1.4 0 6 3.2 4.2 332.1 380.5 -48.4 
12 7512.5 10.6 0.0 6.0 -9.7 -3.7 0.0 -3.7 0.5 6 0.0 2.8 330.7 382.3 -51.6 
11 7650 16.5 5.9 1.5 -10.8 -9.3 18.2 8.9 0.3 6 6.6 8.6 336.5 383.5 -47.0 
10 7812.5 19.5 8.9 -2.0 -12.0 -14.0 27.5 13.5 0.4 6 10.0 9.9 337.8 384.9 -47.1 
9 7975 20.5 9.9 -5.0 -13.2 -18.2 30.6 12.3 0.7 6 11.1 8.0 335.9 386.4 -50.5 
8 8137.5 24.5 13.9 -3.8 -14.4 -18.2 42.9 24.7 1.4 6 15.6 16.5 344.4 387.8 -43.4 
7 8250 30 19.4 -3.8 -15.3 -19.1 59.9 40.8 1.9 6 21.7 27.0 354.9 388.8 -33.9 
6 8400 33.5 22.9 5.4 -16.4 -11.0 70.7 59.6 3.5 6 25.6 43.5 371.4 390.1 -18.7 
5 8437.5 34.5 23.9 -3.4 -16.7 -20.1 73.8 53.6 2 7 26.8 35.9 363.8 390.4 -26.6 
4 8450 36.5 25.9 0.4 -16.8 -16.4 79.9 63.5 2.1 7 29.0 43.6 371.5 390.5 -19.0 
3 8465 37 26.4 -2.3 -16.9 -19.2 81.5 62.3 2.6 7 29.6 42.3 370.2 390.6 -20.4 
2 8500 43.5 32.9 -11.7 -17.2 -28.9 101.5 72.6 3 7 36.8 45.8 373.7 390.9 -17.2 

8525 52.5 41.9 -26.8 -17.4 -44.2 129.3 85.1 3.5 7 46.9 48.7 376.6 391.2 -14.6 

Table 5.1 Riccarton Rd profile gravity data. Stations 1-19 are from Eales (1998). Rel. ht= height relative to base station (in bold= 21 and 12), g(raw) = median value from 01 
I 

appendix 5, g(lat) = latitude correction relative to base stations, calculated as 8.2 µN/kg per metre (since we are at -45° S), Free air correction= ht x 3.086, Bouguer corr. = -I 
2rtG(pdz), where p = 267 kg/m3 and dz= rel. ht, Bouguer shifted = bouguer anomalies shifted to match base station values with DSIR values, Regional = straight line fitted in Fig 

0) 

ro· 
5.9. ::::!. 

01 
CD 
0) 

I (/) N 
w ::J 



01 
I 

I\.) 
.i:,. 

No. 

1 
2 
3 
4 

5 
6 

7 

Distance 
!!!!} 

0 
525 
1000 
1525 
1875 
2525 
3100 

8 3700 
9 4025 
10 4500 
11 5050 
12 5625 
13 6350 
14 6925 
15 7475 
16 8175 
17 8725 
18 9025 
19 9400 
20 11050 
21 11525 
22 12100 
23 12900 
24 13350 
25 13825 
26 14225 
27 14800 
28 15225 
29 15875 
30 16375 
31 17050 

32 17700 
33 18300 
34 18700 
35 19350 
36 19875 
37 20350 
38 21050 
39 21825 
40 22400 
41 22400 
42 23150 
43 23850 
44 24325 
45 25025 

ht(m) 

35.6 
29.6 
26.6 
25.6 
23.6 
20.6 
17.6 
13.6 
13.1 
17.1 
10.6 
10.6 
8.1 
7.6 
4.6 
8.1 
7.6 
11.6 
9.6 
4.6 
3.1 
1.6 
1.6 
2.1 
0.6 
-2.9 
-3.4 
-1.4 
-0.9 
1.6 
3.6 

2.1 
0.1 
0.6 
2.6 
2.1 
4.6 
3.6 
2.1 
1.1 
-0.4 
0.6 
1.6 
-2.9 
-3.9 

Rel. ht 
!!!!} 

28.0 
22.0 
19.0 
18.0 
16.0 
13.0 
10.0 
6.0 
5.5 
9.5 
3.0 
3.0 
0.5 
0.0 
-3.0 
0.5 
0.0 
4.0 
2.0 
0.0 
-1.5 
-3.0 
-3.0 
-2.5 
-4.0 
-7.5 
-8.0 
-6.0 
-5.5 
-3.0 
-1.0 

-2.5 
-4.5 
-4.0 
-2.0 
-2.5 
0.0 
-1.0 
-2.5 
-3.5 
-5.0 
-4.0 
-3.0 
-7.5 
-8.5 

g(raw) 

-49.5 
-49.5 
-41.9 
-32.4 
-41.5 
-49.4 
-42.8 
-45.4 
-19.5 
-31.5 
-27.9 
-20.7 
-2.6 
0.0 
2.1 

-10.9 
-3.8 
0.2 
5.9 
0.0 
12.3 
13.6 
12.4 
16.3 
19.2 
20.4 
21.2 
12.5 

g(lat) 

23.1 
21.4 
19.8 
18.0 
16.9 
14.7 
12.8 
10.8 
9.7 
8.1 
6.3 
4.3 
1.9 
0.0 
-1.8 
-4.2 
-6.0 
-7.0 
-8.3 
0.0 
-1.6 
-3.5 
-6.2 
-7.7 
-9.3 

-10.6 
-12.5 
-13.9 

21.0 -16.1 
26.1 -17.8 
28.0 -20.0 

32.1 -22.2 
36.6 -24.2 
31.9 -25.5 
39.4 -27.7 
42.4 
42.4 
49.4 
59.8 
62.8 
62.7 
67.5 
77.5 
80.3 
85.0 

-29.4 
-31.0 
-33.4 
-36.0 
-37.9 
-37.9 
-40.4 
-42.7 
-44.3 
-46.6 

g(raw) 
+~ 

-26.4 
-28.1 
-22.1 
-14.4 
-24.6 
-34.7 
-30.0 
-34.6 
-9.8 

-23.4 
-21.6 
-16.4 
-0.7 
0.0 
0.3 

-15.1 
-9.8 
-6.8 
-2.4 
0.0 
10.7 
10.1 
6.2 

\8.6 
9.9 
9.8 
8.7 
-1.4 
4.9 
8.3 
8.0 

9.9 
12.4 
6.4 
11.7 
13.0 
11.4 
16.0 
23.8 
24.9 
24.8 
27.1 
34.8 
36.0 
38.4 

Free Air Free air 
Corr. AnomaI.r 

86.4 
67.9 
58.6 
55.5 
49.4 
40.1 
30.9 
18.5 
17.0 
29.3 
9.3 
9.3 
1.5 
0.0 
-9.3 
1.5 
0.0 
12.3 
6.2 
0.0 
-4.6 
-9.3 
-9.3 
-7.7 

-12.3 
-23.1 
-24.7 
-18.5 
-i7.0 
-9.3 
-3.1 

-7.7 
-13.9 
-12.3 
-6.2 
-7.7 
0.0 
-3.1 
-7.7 

-10.8 
-15.4 
-12.3 
-9.3 

-23.1 
-26.2 

60.0 
39.7 
36.5 
41.2 
24.7 
5.4 
0.8 

-16.1 
7.2 
5.9 

-12.4 
-7.1 
0.8 
0.0 
-9.0 

-13.5 
-9.8 
5.5 
3.8 
0.0 
6.1 
0.8 
-3.0 
0.9 
-2.4 

-13.3 
-16.0 
-19.9 
-12.1 
-0.9 
4.9 

2.2 
-1.5 
-6.0 
5.5 
5.2 
11.4 
12.9 
16.1 
14.1 
9.4 
14.8 
25.5 
12.9 
12.1 

'\ 

In. Ter. Out. Ter. Bouguer Bouguer 
Corr. Corr. · Corr. AnomaI.r 

0.6 
0 
0 

0.1 
0.2 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0.4 
0.2 
0.4 
0 

0.6 
0.1 
0.2 
0 

0 

0 

0 

0 

0 

0.1 
0 

0 

0 

0.3 
0.1 
0 

0 

0 

0 
0 

0.1 
0.1 
0 

0.1 
0 

0 

7.9 
7.9 
7.9 
7.9 
7.9 
6 

6 

6 

6 

6 

6 

6 

6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 

6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 
6.1 

31.3 
24.6 
21.3 
20.2 
17.9 
14.6 
11.2 
6.7 
6.2 
10.6 
3.4 
3.4 
0.6 
0.0 
-3.4 
0.6 
0.0 
4.5 
2.2 
0.0 
-1.7 
-3.4 
-3.4 
-2.8 
-4.5 
-8.4 
-9.0 
-6.7 
-6.2 
-3.4 
-1.1 

-2.8 
-5.0 
-4.5 
-2.2 
-2.8 
0.0 
-1.1 
-2.8 
-3.9 
-5.6 
-4.5 
-3.4 
-8.4 
-9.5 

37.2 
23.0 
23.1 
29.0 
14.9 
-3.2 
-4.4 

-16.8 
7.0 
1.3 
-9.7 
-4.5 
6.4 
6.1 
0.5 
-7.6 
-3.5 
7.6 
7.7 
6.7 
14.0 
10.5 
6.4 
9.8 
8.2 
1.2 
-0.9 
-7.1 
0.3 
8.5 
12.1 

11.1 
10.0 
4.7 
13.9 
14.1 
17.5 
20.2 
25.0 
24.2 
21.2 
25.4 
35.1 
27.4 
27.8 

Table 5.2 Centre Rd profile gravity data. Abbreviations and formulas are the same as those listed in Table 5.1. 

Bouger 
shifted 

377.9 
363.7 
363.8 
369.7 
355.6 
337.5 
336.3 
323.9 
347.7 
342.0 
331.0 
336.2 
347.1 
346.8 
341.2 
333.1 
337.2 
348.3 
348.4 
342.1 
349.4 
345.9 
341.8 
345.2 
343.6 
336.6 
334.5 
328.3 
335.7 
343.9 
347.5 

346.5 
345.4 
340.1 
349.3 
349.5 
352.9 
355.6 
360.4 
359.6 
356.6 
360.8 
370.5 
362.8 
363.2 
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Fig. 5.8 A Bouguer anomaly curves for the three cross-basin (NW-striking) profiles. B Bouguer anomaly curve for the basin-parallel (NE-striking) profile. Points where two profiles intersect are shown with vertical lines. 
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encountered in the Wingatui Racecourse bores (section 5.4.1). The slight increase to the 

southwest along the south-western half of the profile may reflect a shallowing of the Haast 

Schist basement surface to the southwest, which is exposed west of Lake Waihola (Map 2), 

but could also be attributed to the regional signal increase towards the Dun Mtn Ophiolite 

belt, as discussed above. These two signals are not easily separated. Because of the lack of 

variation, and the fact that the profile is restricted to within the basin, the Centre Rd Bouguer 

anomaly results have not been modelled. 

For the three cross-basin profiles, the regional Bouguer signal was estimated by connecting 

points where basement is exposed on the range crests on either side of the basin, and applying 

a flat regional gradient of-9µN.kg- 1 per km (Fig. 5.9); this gradient agrees with data by Reilly 

(1969) and Evans (1990). [NB. The regional anomaly applied differs slightly from that of 

Stevens (1999) for his Marshall Rd profile.] The same regional gradient has been applied to 

each profile, although in reality the gradient probably changes slightly towards the southwest, 

as described above. The residual anomalies are listed in Table 5.1, and residual curves are 

plotted in Fig. 5.9. 

There are a number of features common to all three residual curves (Fig. 5.9). The most 

obvious is that the steepest and largest anomaly gradient (positive) occurs on the southeast 

side of the basin, i.e. adjacent to the Titri Fault System. The mapped position of the Titri 

Fault System occurs either mid-way along this steep gradient, or at the base (Fig. 5.9), 

suggesting the fault is steep, and dips to the southeast (i.e. is reverse) (see also next section). 

In contrast, there is either a relatively small, or no gradient on the northwest side of the basin. 

The small steps that do occur on the Riccarton Road and Riverside Road profiles correlate 

with mapped strands of the North Taieri Fault (Fig. 5.9). Together these data indicate that 

throw on the North Taieri Fault is small, particularly compared with the Titri Fault System 

(estimated values of throw are discussed in the next section). Unforturiately, the mapped 

position of the Maungatua Fault was not crossed on the Marshall Rd profile, and thus it is not 

clear whether the decrease at point 1 at the northwest end is real or not. 
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Fig. 5.9 Bouguer anomaly curves, regional curves, and residual curves for the three cross-basin 
profiles. The position of the basin-bounding faults are shown to show the relationship between 
faulting and the anomalies. 
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In the middle of the Riverside Road profile is a large negative gravity gradient which cannot be 

matched with any observable surface features such as faulting. Possible explanations are 

discussed in the following, modelling section. 

5.6.3 Numerical modelling of cross-basin profiles 

Numerical modelling of the cross-basin profiles was performed using the computer program 

GRA VMODEL (Burger 1992). The program constructs model Bouguer curves for solids of 

infinite along-strike length and user-defined polygonal cross-sectional shape, which can be 

compared directly to the residual curves. 

Constraints on the models are provided by: 

(i) the position of basement exposures in the hanging-wall blocks 

(ii) mapped position of faults 

(iii) drillhole data, such as Waipori 99-1 drillhole (crossed by Marshall Rd profile) and the two 

deep boreholes near Mosgiel, (Wingatui Rd (40) and Woollen Mill bores (28B)). 

Average densities used in the models are 2670 kg.m-3 (Haast Schist basement), 2370 kg.m-3 

(late Cretaceous - middle Miocene sediments), and 2070 kg.m-3 (gravels), taken from 

Whiteford & Lumb (1975). The models' sensitivity to density is such that changing the 

density difference between units by ±100 kg.m-3 results in a change in depth of -50m. 

Two main types of models are presented. The first type models gravels resting on schist 

basement. The second has a layer of sediments (i.e. the late Cretaceous - middle Miocene 

sediments), between the gravels and basement, as constrained by the drillhole data. There are 

many other possible combinations but it should be stressed that the models have been kept 

deliberately simple to fit with the mapped geology, rather than match every detail of the 

residual curves. In particular, they focus on the Taieri Basin "block" portion of the profiles, 

not the details of the hanging-wall blocks on either side, which are clearly complex in some 
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cases, and have the greatest errors associated with the Bouguer values (as described above). No 

attempt has been made to model a layer of volcanics overlying the late Cretaceous - middle 

Miocene sediments, as there is little control on the probable extent and thickness of such 

units. 

Riccarton Rd Model 1 (Fig. 5.10) broadly shows a gravel wedge thickening to a maximum of 

-250m on the southeast side. The southeast boundary has been mapped as a reverse fault, but 

for comparison, a model with a normal fault in the position constrained by mapping is shown 

in Fig. 5 .11. The latter is clearly a poorer fit to the residual data. A reverse fault with relatively 

small throw has also been modelled on the northwest side of the basin, but is not as well 

constrained as that modelled on the southeast side. A basin depth of-50m is calculated on the 

immediate downthrown side of the North Taieri Fault. Steps shown within the basin are likely 

to be structural features in that they are considered too big to have been created by erosion in a 

setting that favours deposition, rather than wide-scale erosion. The "steps" can also be 

modelled as curves, which may suggest warping of the basement surface, rather than abrupt 

changes in dip. 

If the Mosgiel drillholes are interpreted to be entirely composed of Pliocene and/or Pleistocene 

alluvial deposits, based on the density values used in Model 1, there is no room for a layer of 

late Cretaceous - middle Miocene sediments between gravels and schist. If however, late 

Cretaceous - middle Miocene sediments are present below 1 OOm, a layer of sediments -40m 

thick are consistent with the model (Model 2, Fig. 5.10). [NB. the sediments become 

shallower on the northwest side, but because the deepest water bore on the northwest side is 

37m deep, and is still within gravels (e.g. Keiller 1994), they must thin in that direction]. 

Calculated depths to basement in this model are - 70m on the northwest side and 280m on the 

southeast side of the basin. 

Riverside Rd Model 1 (Fig. 5 .11) has a similar shape to Riccarton Rd Model 1, except for a 

more pronounced change in dip of the basement surface in the middle of the basin. Like the 

Riccarton Rd profile, this sudden change in gradient could alternatively be modelled as a curve. 

Reverse faults are modelled on either side of the basin; normal faulting can be ruled out for the 
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same reasons as outlined above for Riccaiion Rd Model 1. Calculated maximum depth to 

basement is -50m on the northwest side and -290m on the southeast side of the basin. 

Riverside Rd Model 2 has a layer of sediments between the gravels and the schist. The only 

real constraint on the thickness of this layer is again the Mosgiel boreholes, but because the 

negative anomaly is greater here than along the Riccarton Rd profile, based on the density 

values shown in Fig. 5.12, a wide range sediment thicknesses can be modelled. Models of 

maximum and minimum sediment thicknesses are shown in Fig. 5.12. Model 2B is considered 

more realistic, based on the thickness of late Cretaceous - middle Miocene sediments 

preserved around the basin margins, and in the other models. Maximum depths to basement 

are -60m on the northwest side and-320m on the southeast side of the basin. 

Marshall Rd Model 1 (Fig. 5.13) consists of a simple wedge of gravels thickening to a 

maximum of -250m against a reverse fault. Normal faulting on the southeast side can be 

dismissed for the same reasons as the other two models. Using the Waipori 99-1 drillhole as a 

constraint (predominantly post-Miocene gravels), based on the densities shown in Fig. 5.13, a 

sediment layer up to -70m thick is also permissable (Model 2, Fig. 5.13). Maximum depth to 

basement in Model 2 is -300m on the southeast side. 

Depths to basement and the top of the late Cretaceous - middle Miocene sediments in the two 

types of models are summarised in Table 5.3. 

Datum Depth (m) NW side Depth (m) SE side 

Model 1 
Riccarton Rd 
Riverside Rd 
Marshall Rd 

ModeI2 

Top ofHaast Schist basement 
Top of Haast Schist basement 
Top ofHaast Schist basement 

50 
50 
0 

250 
290 
250 

Riccarton Rd Top of late Cret. - Mio. sequence 40 190 
..................................................... Top of Haast _Schist. basement .................................... 70 ............................................. 290 ..................... . 

Riverside Rd Top of late Cret. - Mio. sequence 50 280 
..................................................... Top of Haast .Schist. basement .................................... 60 ............................................. 320 ..................... . 

Marshall Rd Top oflate Cret. - Mio. sequence. 0 210 
Top ofHaast Schist basement O 300 

Table 5.3 Calculated depths to Haast Schist basement and the top of the late Cretaceous - middle Miocene 
sequence on either side of the basin from the cross-basin gravity models. 
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5. 7 DISCUSSION AND CONCLUSIONS 

5.7.1 Basin Geometry 

The Taieri Basin is bounded on each side by reverse faults. The elevation of the hanging-wall 

blocks of the North Taieri Fault and Titri Fault System, marked by the re-exposed late 

Cretaceous erosion surface cut into Haast Schist and Henley Breccia basement, are 

approximately 200-300m, whereas the hanging-wall block of the Maungatua Fault is 800-

900m. The following observations indicate the erosion surface on basement beneath the basin 

dips southeast from shallow depths on the northwest side, similar to the basement at the 

northeast and southwest ends of the basin: 

(i) A single water bore reaches Haast Schist basement at -35m on the northwest (Maungatua) 

side of the basin near Woodside (Fig. 5.4). In contrast, two deep boreholes near Mosgiel 

(28B=128m and 40=142m), and Waipori 99-1 drillhole (154m) near Henley do not reach 

basement (Fig. 5.4). However, it is possible that the Mosgiel boreholes reach sediments of the 

late Cretaceous - middle Miocene sequence. Thus, if the interpretation of the presence of the 

late Cretaceous Taratu Formation at the base of the Wingatui Road bore (40) is correct, it is 

likely that Haast Schist basement is present only a few tens of metres below the base of the 

borehole. 

(ii) The lower Taieri gorge seismic profile (Plate 2) suggests that basement is not present at 

shallow depths beneath the southern end of the Taieri Basin. Within the lower Taieri gorge the 

erosion surface on Henley Breccia basement is characterised by a distinct sub-horizontal 

reflector at -35m depth. This surface disappears at the position of the master fault of the Titri 

Fault System. West of the frontal strand, up to 75m of sub-horizontal reflectors have been 

imaged, with no visible sharp base reflecting the surface of the late Cretaceous - Tertiary 

sequence or the erosion surface on Haast Schist basement. 

(iii) Bouguer gravity anomalies (Fig. 5.8) and calculated residual gravity curves (Fig. 5.9) along 

cross-basin (northwest-striking) profiles show a deepening negative anomaly towards the Titri 

Fault System. Gravity modelling (Fig. 5.10-13) shows that no matter whether: (a) post-middle 
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Miocene gravels rest directly on basement, or (b) a layer of late Cretaceous - middle Miocene 

sediments is preserved between gravels and basement, the basin clearly deepens to the 

southeast. A reverse fault with relatively small throw can be modelled at the position of the 

North Taieri Fault, but in all models the depth to basement on the immediate downthrown 

side is :S:lOOm. In contrast, the modelled depth to basement against the reverse fault markmg 

the Titri Fault System is -200-300m (Table 5.3). The Maungatua Fault was not crossed in the 

profile along Marshall Rd, but Haast Schist basement is exposed beneath the north-western 

end of the profile (Map 2), so the basin clearly thins to Om at the eastern edge of the schist 

exposures. 

The above pieces of evidence were used to constrain two northwest-striking cross-sections 

across the basin (Map 2). In these cross-sections late Cretaceous - middle Miocene sediments 

are shown as preserved as a continuous layer, but the possibility also exists that these have 

been at least partly eroded away. 

In a northeast-southwest orientation, basin geometry appears to be relatively simple. Two 

bores that reach volcanics at -40m depth at Wingatui (26,27) indicate a rapid basin deepening 

between exposed volcanics to the northeast and the surface of volcanics in the bores. If late 

Cretaceous - early Tertiary sediments do occur below 1 OOm in the Mosgiel bores (28B, 40), a 

gradient of only -1-2° SW is required to connect the sequence between these bores and 

Wingatui bores, assuming a minimum thickness of 1 Om for the volcanics there. The Centre Rd 

Bouguer anomaly curve also indicates the basin thins to the northeast (Fig. 5.8). The absence 

ofrecognisable late Cretaceous - middle Miocene sediments in the -150m deep Waipori 99-1 

drillhole indicates that the basin continues to deepen south-westwards at least as far as 

Henley. The presence of Haast Schist basement and the overlying late Cretaceous - middle 

Tertiary sequence on the northwest side of Lake Waihola (Map 2) indicates that the basin 

must also shallow relatively rapidly at the southwest end, and may be the cause of the gentle 

rise in the Centre Rd Bouguer anomaly in a southwest direction. 
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5.7.2 Basin sediments 

Holocene marine sediments (Waihola silt/sand) are widespread at shallow depths (~25m) in 

the southern and middle parts of the Taieri Basin. Marine diatoms in particular record 

evidence of a marine transgression constrained by radiocarbon dating to between 8 and Ska 

(Hughes 1999). In the north-eastern and western parts of the basin the wedge-shaped Waihola 

silt/sand is overlain by alluvial sediments. It is probable that similar alluvial sediments 

continue beneath the wedge, but no clear lithological distinction of units has been established 

in the bores. 

Sea level during previous interglacial highstands was probably close to, or even a little above 

present sea level (see discussion in chapter 4), so it is reasonable to expect evidence for 

previous marine incursions into the basin below the Waihola silt/sand. No shell material has 

been found at depths greater than -25m. Two thick, mud-dominated units in Waipori 99-1 

drillhole (37-45m and 55-62m) are interpreted to be lacustrine origin, and palynomorphs 

indicate a warm climate setting for both units, probably a full interglacial climate for the 

lowermost unit. Thus, these units were probably deposited during interstadial or interglacial 

periods in a setting similar to Lakes Waihola and Waipori today. A radiocarbon age from the 

uppermost unit ( 4 lm) of -32ka matches with the interpreted age of OI stage 3 from 

palynology (R. O'Brien pers. comm. 1999), but the age is close to the limits of radiocarbon 

dating. A U/Th age for the lower iacustrine unit is >350ka, which indicates that either the 

entire unit at 55-62m is older than the age of peak last interglacial (OI stage Se) age suggested 

by R O'Brien from palynology, or that hitherto an important unconformity has not been 

recognised. Some constraints can be placed on the age of these sediments from the timing of 

tectonic activity on the range-bounding faults, as discussed is section 5.7.4. 

The remainder of the gravel and sand-dominated lithologies were undoubtedly deposited in the 

intervening glacial periods. The lack of other boreholes at similar depths means that the extent 

of the alternating fluvial/lacustrine sequence cannot be evaluated, although a sub-horizontal set 

of reflectors down to 75m depth in the Waipori River segment of the lower Taieri gorge 

seismic profile has been correlated to this unit. 
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The distinct quartzose gravel-dominated sequence at 68-154m in Waipori 99-1 drillhole cannot 

be lithologically correlated to the deep Mosgiel boreholes. This may be indicative of 

deposition from different river systems, namely Taieri and/or Waipori River for sediments in 

Waipori 99-1 drillhole and Silverstream for the Mosgiel boreholes. The gravel-dominated 

nature of the lower 68-154m in Waipori 99-1 drillcore indicates either that: (i) the environment 

of deposition was entirely a fluvial, probably braided river system, and thus differs from the 

environments in which the overlying sediments were deposited (as described above), or that 

(ii) the intervening lacustrine and/or marine units have subsequently been removed by erosion. 

If the former is the case, the sediments may be recording the initial, relatively rapid uplift of 

the northeast-striking schist ranges to the north of the basin, and cutting of the upper Taieri 

gorge, in an environment analogous to the Maniototo Conglomerate in central Otago 

(Y oungson et al. 1998). However, Barrell et al. (1999) argue that the average rate of subsidence 

is so low that erosion dilling the glacial periods has probably removed sediments deposited 

during the interglacial periods. Also, there is evidence from uplifted marine terraces along the 

seaward edge of the Titri block that the Titri Fault System is moving episodically, with 

periods of quiescence of several tens of thousands of years, during which subsidence may be 

negligible (see discussion in next sections). A degree of age control on the sediments at 68-

154m in Waipori 99-1 drillcore is provided by palynomorphs at 72 and 103m, which are 

tentatively interpreted to be older than middle Quaternary (R O'Brien pers. comm. 2000). No 

palynomorphs were found below 103m. 

There is some evidence to suggest a considerable time gap between the end of deposition in the 

early-middle Miocene and deposition of the oldest basin sediments: (i) The absence of late 

Cretaceous - middle Miocene sediments overlying Haast Schist basement in bore 1, indicates 

that the sequence at that locality has been eroded away prior to basin subsidence and 

deposition. (ii) even if late Cretaceous - early Tertiary sediments are preserved at the base of 

the Mosgiel boreholes (28B, 40), the interpretation that they are Taratu Formation and 

Wangaloa Formation also indicates some erosion prior to subsidence. 

The presence of tilted middle Miocene Dunedin Volcanics resting conformably on sediments 

on both sides of the basin-bounding faults ( e.g. at the southwest end of the basin and near 

Allanton, Map 2) provide a maximum time constraint on basin initiation. It should be noted 
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however, that to the east, in the southwest Dunedin area, volcanics rest unconformably on 

tilted sediments (Benson 1968, McKellar 1990), indicating that at least in that area uplift and 

erosion commenced during the middle and latter stages of volcanism. Whether that uplift was 

related to structures such as the Titri Fault System, or whether uplift was more regional in 

nature is not known. Thus its association with subsidence of the Taieri Basin is also not clear. 

5.7.3 Basin subsidence 

The occurrence of Quaternary gravels at 150m and possibly 280m (from the gravity 

modelling) below sea level provides clear evidence for subsidence of the Taieri Basin. Sea level 

was ~120m below present during maximum glacial periods (e.g. Chappell & Shackleton 1986). 

This provides an absolute base level for the Taieri River in the Taieri Basin and the lower 

Taieri gorge, although because of the distance from the shelf edge, the river probably did not 

cut right down to this level during sea level lowstands in the Taieri Basin area ( e.g. see 

longitudinal profile in Barrell et al. 1999). 

The wedge-shaped geometry of the basin, with a maximum depth on the southeast side 

suggests that the much of the basin subsidence is also due to faulting on the Titri Fault 

System. The seismic profile shows clear evidence for differential movement across the Titri 

Fault System; within the lower Taieri gorge basement depth is only 35m, whereas immediately 

across the Titri Fault System basement is clearly >75m depth. The marine terraces cut into the 

seaward edge of the block indicate that the hanging-wall block (and thus the gorge) has clearly 

been uplifted relative to sea level. 

5.7.4 Pleistocene subsidence and subsidence rates 

In this section the timing of Pleistocene subsidence is tied to faulting on the Titri Fault System 

as described in chapter 3. Luminescence ages for geomorphological markers adopted in this 

discussion follow the preferred interpretations in chapters 3 and 4. In particular, the younger, 

71ka luminescence age, is adopted for the beach sand (and hence MPAJ terrace age) at Taieri 
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Beach, and the 92ka luminescence age obtained for FT2 alluvial fans at Clarendon is considered 

too old, the fans are instead interpreted to be early last glacial in age (Or stage 4). It should be 

noted however, that until further dating helps constrain uncertainties with these ages, 

alternative models are also possible. These are discussed in chapter 7. 

The continuity of the Holocene marine transgression unit (Waihola silt/sand) with the upper 

25m unit in the lower Taieri gorge in the seismic profile indicates that no basin subsidence has 

occurred across since the beginning of the Holocene. This matches with the lack of evidence 

for Holocene faulting on the range-bounding faults. 

The -1 Om thick layer underlying the Holocene marine sediments and resting on Henley 

Breccia basement in the lower Taieri Gorge has been tentatively interpreted as gravels. 

Because of the shallowness of the erosion surface cut into basement (35m), it is likely that the 

gorge has been eroded several times during interglacial/glacial cycles, and thus the gravels were 

probably deposited during the end of the last glacial period. These gravels are at the same 

depth as a gravel unit (22-37m) in Waipori 99-1 drillhole. This interpreted gravel age, together 

with the lack of deformation of alluvial fans attributed to the last glacial period along the basin 

margins, indicates no Taieri Basin subsidence during the last glacial period (Or stages 2-4). 

The youngest deformed alluvial fans around the basin margins have been assigned to OI stage 6 

(128-186ka), and thus were deformed either during late stage or 6 or or stage 5 (the last 

interglacial period) ( chapter 3). On the seaward edge of the Titri block a marine terrace 

interpreted to have been cut during the 80ka sea level highstand of the last interglacial period, 

during which sea level was probably lower than present (see discussion in section 4.8.1), is 

-8m above sea level. This implies uplift of up to 23m (see chapter 4 for details) since terrace 

cutting; uplift attributed to the Titri Fault System (chapters 3 and 4). Together, the alluvial fan 

and marine te1Tace data indicate that the last major period of Titri Fault System deformation, 

and by correlation, the last period of Taieri Basin subsidence, probably occurred during a 

relatively short period at the end of the last interglacial period, i.e. 80-70ka. 

Matching of marine terraces above the 80ka terrace across the Akatore Fault indicates that the 

Titri Fault System was probably undergoing a period of quiescence during the period 80-
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125ka, whereas the Akatore Fault was undergoing a major period of activity (chapter 4). The 

youngest deformed alluvial fans along the North Taieri Fault are assigned to OI stage 6 (128-

186), so it is possible that fans on the n01ihwest side of the basin were being deformed during 

the last interglacial period. However, the amount of subsidence is so low on that side of the 

basin ( as discussed above) that faulting would have only localised effects on basin 

sedimentation. 

Prior to 125ka, there is evidence from higher marine terraces along the coastal range for 

considerable uplift (-1 OOm) on the Titri Fault System, possibly during the period 125-400ka, 

although the ages of older terraces are poorly constrained (chapter 4). There is also evidence 

from the unconformity between the two older sets of alluvial fans along the Titri Fault System 

for a major period of deformation and erosion during the penultimate interglacial period (l 86-

245ka). Deformation of fans assigned to OI stage 8 (245-303ka) along the Maungatua Fault 

must also have occurred sometime around the penultimate interglacial period. Age constraints 

on sediments below 25m depth in the basin are poor and are confined entirely to the Waipori 

99-1 drillhole. The U/Th age from Waipori 99-1 drillcore at ~Om of >350ka agrees with the 

tentative age constraints from palynomorphs at 72 and 103m of middle Pleistocene age. Thus 

the age of units at 60-1 OOm depth in Waipori 99-1 drillhole correlate with the very oldest 

marine terraces on the coastal range, and together must have been cut and/or deposited during a 

major period of differential movement across the Titri Fault System. 

Further work on the deepest sediments in the Waipori 99-1 drillcore may provide information 

about earlier phases of reverse movement on the Titri Fault System. 
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Chapter six: 

LUMINESCENCE DATING 
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6-Luminescence dating 

6.1 INTRODUCTION 

Luminescence dating determines when quaiiz or feldspar grains in a sediment were last 

exposed to sunlight (e.g. Aitken 1998). When sediment is exposed to sunlight (i.e. during 

transport and/or deposition), the latent signal (see below) is set to near zero. This exposure to 

sunlight is known as the "bleaching event". When the light is blocked from the sediment (i.e. 

after burial), the latent signal builds up due to ionising (238U, 235U, 232Th, 4°K) and cosmic ray 

radiation. 

In detail, minerals such as quartz and feldspar possess crystal defects, some of which act as 

regions of local positive charge. When a mineral is subjected to ionising radiation some 

electrons are removed from their natural state and trapped within these defects. The longer the 

exposure to radiation, the greater the number of filled traps. When mineral grains are exposed 

to photons of sunlight, trapped electrons may acquire enough energy to leave their traps. Once 

the mineral grains are buried these traps begin to fill. In the laboratory under controlled 

conditions, light of a specific energy, or energy range, is used to evict electrons from their 

traps. Some of these electrons find other types of sites attractive to electrons. These are 

referred to as recombination centres. Upon recombination, excess energy is released as either 

heat (photons or lattice vibrations) or as light (luminescence), depending on the nature of the 

recombination centre. It is the latter that is used as a measure of the number of electrons that 

have become trapped since the mineral of interest was last exposed to sunlight. Provided the 

mineral grains were fully bleached at the time of sedimentation, and were buried rapidly with 

no subsequent exposure, the intensity of this luminescence is proportional to the age of the 

sedimentary unit from which the mineral grains were extracted. 

Two methods of measuring luminescence in sediments have been developed over the past two 

decades. The older, Thermoluminescence (TL) dating, uses heat to empty the traps (Wintle & 

Huntley 1979). TL sediments need to be exposed to sunlight for many hours for full bleaching. 

The second method, Optically Stimulated Luminescence (OSL) dating, was introduced by 

Huntley et al. (1985). It differs from TL dating in that laboratory light is used instead of heat 

to excite electrons from their traps. For OSL dating, sunlight exposure needs to be for only a 

few seconds or minutes. Because adequate luminescence can be measured using very short 
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excitation times ( often less than one second) and very small sample sizes, OSL techniques are 

currently being developed to date single aliquots, or even single grains of sand ( e.g. Lamothe et 

al. 1994; Mun-ay et al. 1997). 

The luminescence age is obtained by the equation: 

age= Equivalent dose 
dose rate 

The equivalent dose is defined as the laboratory ~ or y dose that would produce the same 

effect as the radiation dose received in the natural environment. The equivalent dose cannot be 

measured directly, but instead is estimated in the laboratory by methods such as the additive

dose method or the regeneration method. Both are described below. 

The dose rate is the rate at which energy is absorbed by the minerals from the flux of nuclear 

radiation (Aitken 1998). The current dose rate can be measured in the field using a gamma 

spectrometer, scintillometer or TLD capsule (Aitken 1998), or in the laboratory by analysis of 

K, U, Th, and Rb contents, thick-source a-counting, ~-counting, or high resolution a- or "(

spectrometry (Huntley & Lian 1999). The methods used in this study are described in section 

5.3.3. 

The established age range for luminescence dating is approximately 1 000 to 100 000 years 

( e.g. Huntley & Lian 1999), although in rare cases, TL ages extending back as far as 800 000 

years have been reported (e.g. Berger et al. 1992; Huntley et al. 1994). Quartz and feldspar are 

the two minerals principally used, although there have been some attempts at using zircon and 

volcanic glass (Aitken 1998). The best sediments for dating are those most likely to have been 

exposed to sufficient sunlight during transportation and deposition, such as aeolian sediments 

(e.g. Berger et al. 1992; Berger et al. 1996; Clarke 1994; Duller 1996; Huntley et al. 1993a, 

1994). Other sediment types that have also been successfully dated include raised beach 

deposits (e.g. Balescu et al. 1997; Tanaka et al. 1997), low energy fluvial sediments (e.g. Lian 

et al. 1995), and lacustrine sediments (e.g. Balescu & Lamothe 1994). 

In this study luminescence techniques were used to date geomorphological deposits that 

constrain faulting events described in the preceding chapters, particularly those out of the 
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range of the radiocarbon technique. Six samples were able to be processed by the author at 

Victoria University of Wellington (VUW). Description of the processing of these samples 

forms the bulk of this chapter. Other TL and OSL results used in this project, from samples 

processed by J. Rink of McMaster University, Ontario, Canada and D. Price at Wollongong 

University, New South Wales, Australia, are also discussed. 

6.2 SAMPLE SITES 

The six samples dated at VUW come from four sites: two along the coast, at Warrington 

(north of Dunedin) and Taieri Beach immediately east of the Akatore Fault scarp, and two 

along the Titri Fault System, at Titri Road and Clarendon (see Fig. 6.1 for locations). 

Stratigraphic logs of each section sampled are presented in Fig. 6.2 and 6.3, and are described 

below. 

I 
N 

I f 
10 km 

Otokia Road 
(T7·1) 

~ - Taieri School 
(T4, T6, T5) 

Taieri Beach 
(NZS, NZ9, NZ10) 

Taieri Beach 
(TBE) 

Nobles Stream 
(NS2, NS1) 

• OSL sample site -
vuw. 

• OSL sample site -
McMaster Uni. 

• OSL sample site -
McMaster Uni. 
(In progress) . 

• TL sample site -
Wollongong Uni. 

liiJ Late Cretaceous -
Tertiary cover rocks 

Haast Schist and 
Henley Breccia 
basement 

Fig. 6.1 Location map of luminescence dating sample sites. 
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[J]J Loess l:·>:-.:·:.-:-.):·J Beach sand 

10 
1:/::::J Dune sand l~~I Boulder beach 

gravel 

9 
1 1 

8 
1 1 

7 

; }JI 11 1 :[ 
6 I 11 en 

.c ·/.:·:~·-:·! TBE 
11 1 cci 5 ....... _ ...... _ ...... _ . 

.E 

:j l~~j _///~lL BBE 

CJ) 

'cii 
I 

Haast 

2 ' , Schist 

;J I ,·- - I ~BLO::: _ _ 
MPAJ 

SW Taieri 
Beach 

Warrington I Warrington 2 NE 

Fig. 6.2 Stratigraphic logs of the lowest Pleistocence marine terrace sections dated by optically 
stimulated luminescence at Victoria University of Wellington. See Map 1, Fig 6.1 and 4.6 for 
locations. 

6.2.1 Warrington 

A 2-6m high, single marine terrace at the north end of Blueskin Bay Estuary and northeast of 

Warrington (Fig. 4.6, 4.7) was considered by Landis (1983) to have been cut during the peak 

highstand of the last interglacial (125ka), when sea level rose to 4-6m above present (as 

discussed in section 4.8.1). Hence it was inferred to indicate tectonic stability since that time 

(e.g. Gibb 1986). As described in chapter 4 however, the terrace is clearly deformed along the 

cliff section east of Warrington (Fig. 4.7) and thus its elevation alone should not be used to 

indicate age. 

Samples were taken from frontal cliff exposures at two sites: (i) beach sand (BBE) overlying a 

boulder beach resting on the shore platform cut into Dunedin volcanics was sampled along 
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NE 
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I< I Silt 
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s s s Haast schist 
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Fig. 6.3 Stratigraphic logs of alluvial fan sequences dated by optically stimulated luminescence 
at Victoria University of Wellington. See Map 1 and Fig 6.1 for locations. Titri Road 1 and 2 sites 
are within 20m of each other. 
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Warrington cliff section (Fig. 4.7, 6.2, 6.4A), and (ii) a loess (BLO) underlying the boulder 

beach at the north end of Blueskin Bay Estuary (Fig. 6.2). This loess unit can be traced for 

200-250m southwards beneath Blueskin Bay Estuary, where it is overlain by Holocene 

deposits (D. Thomas MSc thesis in prep.). In addition, carbonaceous material from the base of 

the upper loess was sampled at Warrington cliff section 5 (Fig. 4.7) and radiocarbon dated, in 

an attempt to gain some independent age control. However, a modem age was obtained, 

suggesting the sample was contaminated by modem root material. 

Based on Landis (1983), the expected age of BBE is 125ka. BLO is clearly older, and a 

minimum penultimate glacial age (128-186ka) age is expected. 

6.2.2 Titri Road 

Exposed in road-cuts along Titri Road are deformed alluvial fan deposits interbedded with 

loess sheets (chapter 3). At sample site (FS9,10) the oldest two fan sets FT4 and FT3 (see 

chapter 3) are exposed, separated by an angular unconformity. Samples of two buried loess 

sheets, one from within each fan unit were collected for dating. TLB is from the lower unit 

FT4, and TLA is from the upper unit FT3 (Fig. 6.3). 

McKellar (1990) and Bishop (1994b) considered FT4 and FT3 to be early and middle 

Pleistocene in age, whereas Barrell et al. (1998) assign the units to the antepenultimate and 

penultimate glacial periods (i.e. 01 stages 8, 303-245ka and 6, 186-128ka). The latter ages are 

taken as expected ages in this study. 

6.2.3 Clarendon 

Road-cut exposures along state highway one near Clarendon expose the youngest alluvial fan 

deposits along the Titri Fault System FTJ, which are undeformed (FS13, chapter 3). A buried 

loess sheet was sampled, (CLO, Fig. 6.3). 
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A 

J'.' 

·''::l 
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B 

Fig. 6.4 Sampling methods for luminescence dating. A Pvc pipe method -a pvc pipe is hammered 
horizontally into the sediment and sealed with caps. Site pictured is Warrington 2. B Block method 
- a sample is collected as a block >20cm and wrapped in aluminium foil and opaque plastic. At this 
site (Titri Rd), the circular saw being used in B was eventually abandoned in favour of a jackhammer! 

6-8 



6-Luminescence dating 

On the basis of geomorphological expression, FT] fans are interpreted to be very young 

(chapter 3), but the loess cover implies that FTJ predates at least the last advance of the last 

glacial period (peak 14ka, Suggate 1990). Therefore the loess was probably deposited during 

the middle or earlier advances of the last glacial period (OI stages 2-4), as suggested by Barrell 

et al. (1998), and an expected age of 12-65ka is assumed. 

6.2.4 Taieri Beach 

Taieri Beach site (MS G, Fig. 6.5) is a marine cliff exposing terrace cover beds of MPAJ marine 

terrace ( chapter 4), situated on the upthrown side of the Ak:atore Fault. The sequence resting 

on the shore platform cut into Haast Schist basement consists of two sand units overlain by a 

single loess sheet (Fig. 6.3, 6.5). The lower beach sand was sampled here (TBE). All three 

units were dated by Rees-Jones et al. (in press) and the purpose of re-sampling was to 

provide a cross-check between samples from two different labs. Based on the OSL age and 

interpretation of Rees-Jones et al. (in press) the expected age for this sample is -80ka. 

6.3 METHODS 

The dating method used in this study at VUW is the fine grain method, which dates K

feldspar of the silt (4-1 lµm) fraction. The techniques described below are summarised in Fig. 

6.6 and follow those by Lian et al. (1995) and Lian & Shane (in press). 

6.3.1 Sample collection and preparation 

All samples were collected from vertical faces. The face was cut back at least 30cm before 

sampling began. Samples were collected by two methods. The first involved pushing or 

hammering a 15 x 11cm pvc pipe into the sediment (Fig. 6.4A). Once removed, a cap was 

placed on both ends, and the tube immediately wrapped in aluminium foil and placed in 

opaque plastic bags. The pipe method was relatively easy for the two beach sand samples 

(BBE, TBE) and the water saturated lower loess at Warrington (BLO), but proved impossible 
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Split for dose-rate determination Split for OSL measurements 

Oven dry and mill 
Remove carbonates, organics, coatings 

SplitforTSAC 
Defloculate clay fraction 

Stokes settling for desired fraction 

Mount sediment grains on discs 

Check for radioactive disequilibrium 
Construct pilot experiment (N+P) 

Calculate effective dose rate (Gy/Ka) 

Decide which Deq to use 

Calculate optical age 

Fig. 6.6 Flow diagram showing steps in the fine grain dating technique used at Victoria University 
of Welllington. TSAC = thick-source a-counting, NNA = neutron activation analysis, DNA= 
delayed neutron analysis, N = natural 

for the remaining three loess samples. These were instead collected by cutting out blocks 10-

50cm in diameter. CLO was soft enough that a block could be carved out of the face using a 

hatchet. TLA and TLB were collected using a jackhammer (Fig. 6.4B). The samples were 

collected in natural light, but care was taken to avoid unnecessary exposure to direct sunlight. 

In the laboratory, all sample preparation was performed under subdued orange light. Samples 

of 100-300g were collected from the middle of the tubes/blocks once the outer light-exposed 

layers were scraped off. A subsample of this (-30g) was dried, milled to a fine powder and set 

aside to be used later for dosimetry. 
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Samples for dating were immersed in HCl acid (~10%) for 16 hrs to remove the carbonates, 

and then washed three times at two hourly intervals. The process was repeated with H20 2 

(20%) to remove any organic material, and then "CBD" solution (71g sodium citrate, 8.5g 

sodium bicarbonate, 2g sodium dithionate per litre of distilled water) to remove any iron oxide 

coating on the minerals. Finally calgon solution (lg calgon powder per 1 litre distilled water) 

was added to the sediment and the mixture agitated for 1 hour to defloculate the clay fraction. 

The 4-11 µm diameter fraction was separated by making use of different settling times in 

distilled water. In practise, the bulk sediment is settled in a 20cm column of water, first for 15 

minutes to remove the > 11 µm diameter fraction, and then for 4 hrs to separate off the <4µm 

diameter sediment. This procedure is repeated until a clean separation is achieved. Remaining 

water was subsequently removed by settling in methanol (10cm column for ~1 hr) and regeant 

methanol (5cm column, 1 hr), followed by regeant acetone (10cm, 1 hr) and AR acetone 

(<5cm, 1 hr). Finally they were placed in analytic-grade (AR) acetone and a diluted sample 

taken for the processing. 

The separated 4-11 µm fractions were mounted onto 1 cm-diameter aluminium discs for 

paleodose measurements. The discs were first etched in HF acid and rinsed in tap water, 

distilled water, reagent methanol (2x), regeant acetone (lx) and AR acetone (2x). Discs were 

placed in the bottom of glass vials and covered with AR acetone. Subsequently 1ml of diluted 

sample was pippetted into each vial and left overnight to allow settling of the silt and 

evaporation of the acetone. A total of 60 discs were prepared per sample, each holding about 

1mg of sample, and were stored in aluminium holders, which enables them to be "preheated" 

together at later stages. 

6.3.2 OSL measurements 

All measurements were carried out using a Ris<j> TL-DA-15 Minisys system equipped with 

light emitting diodes (TEMPT 484), that together delivered about 20 mW.cm-2 of l.4eV 

(infrared 800-960 nm) photons to the sample (Batter-Jensen 1997) (Fig. 6. 7). The photon 

detector consisted of a EM19135QA photomultiplier tube mounted behind Schott BG-39 and 
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detector consisted of a EM19135QA photomultiplier tube mounted behind Schott BG-39 and 

5-59 filters that selectively pass the 3. leV emission (infrared 400nm) of K-feldspar and blocks 

the 2.2eV (570nm) emission of plagioclase feldspar. 

PM-n Beta irradiator 
Detection LJ 
filters~ Halogen lamp 0 

I 
'("--- Input filters · · , 

R~L .=. "----- Shutter ,' 
unit --, -. tt-. r IR diode~ Sr-90 source ' . ·101 

_ _ _ _ _ ~ Quartz window Be-window . , : ~-= --------------------~-= - ~ 
, o r=ro , : / ! --- Heating element ~ lsample: 
1 

- (for TL} Turntable 
1 

---- ------------ ------- I - Lift mechanism - - - - - - - - - - -
~ ".·'.CCi,~.<.J 

Vacuum 
1---Drive motor chamber 

Fig. 6.7 Ris<p TL/OSL system. Up to 48 samples (on 1cm diameter discs) sit on a plate fixed to a 
turntable, which allows each disc to be lifted in turn into position for either irradiations or luminescence 
measurements. From Aitken (1998). 

To account for the intrinsic variability in luminescence intensity between discs (a function of 

both intensity variation between grains and the amount of sediment on the disc) 

normalisation factors were calculated. Prior to any treatments, each disc was exposed to 3 s 

of 1.4e V photons and the normalisation factor calculated as: 

photon count of individual disc 
average photon count of set 

The luminescence measured in the main experiments is then divided by this factor. 

Normalisation measurements and factors are listed in appendix 6 . 

6.3.3 Equivalent dose determination 

Two methods were used to calculate the equivalent dose. The first, the additive-dose 

method, was used to construct the dose-response for all samples except TLA (for reasons 
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6-Luminescence dating 

by giving aliquots increasing laboratory radiation doses. For the additive-dose method, the 

luminescence intensities from the aliquots are plotted as a function of laboratory radiation 

dose. A saturating exponential curve is then fitted to the data using maximum likelihood 

statistics, and is extrapolated to zero intensity . 

The second method used is the regeneration method of Huntley et al. (1993a). This method 

involves exposing a subset of aliquots to a long laboratory light (bleach) prior to administering 

the laboratory radiation doses. The bleach is intended to empty traps that were emptied in the 

natural environment prior to burial, and the subsequent laboratory radiation doses are intended 

to reconstruct (regenerate) the sample's dose-response. The additive-dose data is shifted along 

the dose axis until it is in alignment with the regenerative data, the magnitude of the shift being 

equal to the equivalent dose, after a small correction for normalisation decay and incomplete 

bleaching#. An intensity scaling parameter is included in the fit; a value of unity indicates that 

the laboratory bleach has not significantly changed the sensitivity of the sample. In practise, 

the equivalent dose is calculated with this parameter fixed to unity. Since the regeneration 

method reconstructs the sample's dose-response between the time of burial and the time of 

sample collection, it is preferred over the additive-dose method when the extrapolation of the 

additive-dose data to the dose axis is large. 

# The correction for incomplete laboratory bleaching is calculated from the formula: 

(Bnp-bd)/(Nnp-bd), where 

Bnp = photon counts from disc that has been bleached but not preheated 

bd = photon counts from blank disc 

Nnp = photon counts from "natural" disc that has not been preheated, 

and added to the final Deg· 

To determine the laboratory radiation doses needed to construct a dose-response curve, an 

idea of the age is required, as well as an estimate of the environmental dose rate. Here, the 

expected radiation dose was given to the first aliquot and higher doses were calculated by 

simply doubling the previous one. The apparatus used for laboratory irradations is the same 
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6-Luminescence dating 

as that which measures the luminescence, in which an integrated 90Sr!9°Y source delivers ~6.7 

Gy/min of ~-radiation to the sample. 

Once irradiations were complete, the samples were placed in a 160°C oven for 24 hrs, to 

empty all of the thermally unstable traps populated by the laboratory irradiation, a process 

called preheating. However, the preheating causes a side effect in that it transfers some 

electrons from light-insensitive traps to thermally-stable light-sensitive traps; the degree of 

this thermal transfer varies from sample to sample. To circumvent this a correction is 

needed. This is accomplished by employing a second set of aliquots which are given a short 

exposure to laboratory light after laboratory irradiation. This exposure should be designed to 

empty or nearly empty the light-sensitive traps that one wishes to sample, but not empty any 

of the traps that are the source of the thermal transfer. The additive-dose set of aliquots and 

the thermal-transfer correction set are preheated and measured together. The dose-responses 

of the two sets are extrapolated to where both curves intersect and the dose here is taken as 

the equivalent dose. This correction also allows for any residual scattered light from the 

excitation beam. It also allows for background ( dark) counts intrinsic to the photon detector 

(photomultiplier tube). For old samples, exclusion of the thermal-transfer correction may not 

seriously affect the equivalent dose, but for young samples where the dose-response is linear, 

or nearly so, omission of this correction can result in the equivalent dose (and optical age) 

being much too large, in some cases by a factor of two or more (for examples see Huntley & 

Clague 1996; Lian & Huntley 1999) . 

After preheating, the samples are left to sit for 1-2 days, to let the crystal lattice relax before 

the luminescence is measured. 

6.3.4 Dosimetry 

The dose delivered to the mineral samples consist of two components, The first component 

arises from the decay of radio isotopes in the environment, whereas the second component is 

from cosmic rays. The first is proportional to the amount of a, ~ and y radiation from the 

decay of 238U, 235U, 232Th, their daughter products and 4°K in the sample and surrounding 
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sediment matrix. Cosmic-ray radiation is calculated as a function of the depth below the 

ground surface using the formula of Prestcott & Hutton (1994 ). In this study the 

environmental dose rate was measured by several methods. K, Th and U content were 

measured from a subsample of the bulk sediment, dried and milled to a fine powder. Methods 

used were inductively coupled plasma - atomic emission spectrometry (K), neutron activation 

analysis (Th) and delayed neutron analysis (U) at Saskatchewan Research Council Analytical 

Inc., Canada. Thick-source ex-counting was performed on two of the samples at VUW, and 

this method counts all the ex-particles in the Th and U chains (Huntley et al. 1986). 

Because ex-particles are relatively large, they deliver dosage to the minerals differently than do 

P-particles or y-rays. Unlike p and ')' radiation, which travels through a mineral grain without 

imparting significant physical damage, ex particles leave tracks several microns long, in which 

the ionisation density is so large that the relevant traps along the ex track quickly become 

saturated (filled with electrons), so that a much larger proportion of the ionised electrons are 

left untrapped. The implication of this is that ex radiation, on a per Gy basis, is much less 

efficient in producing luminescence than p or ')' radiation. To compensate for this a scaling 

factor ( or ex efficiency factor) is used in the ex dose rate calculation. In this study the b-value 

of Huntley et al. (1988) was employed. It is defined as the luminescence per unit ex track 

length per unit volume divided by the luminescence per absorbed P or')' dose. 

Water in the sample matrix reduces the dose rate to the mineral grains (Huntley & Lian 1999). 

Water content is expressed as water mass / mineral mass. Subsamples were packed into small 

plastic boxes to approximate the density of the in-situ samples ( ~ 1.5 x 2cm2
), with holes 

drilled in each side and then weighed. Then the samples were first immersed in water until 

saturated, weighed, and then oven dried (at 50°C), and weighed again. An estimate of the 

probable water content throughout the burial history, relative to the present content, then had 

to be made for each sample, with an uncertainty to cover wet and dry periods, which proved 

difficult for many samples. 
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6.4 PILOT EXPERIMENTS 

Pilot experiments were undertaken prior to the main experiments to give a preliminary 

indication of results, and these were in tum used to design the final experiments. For these, 

nine lowest quality discs were used to construct the dose-response curves, the luminescence 

being measured over a 50s interval. The additive-dose method was used to reconstruct the 

paleodose, but a thermal-transfer correction was not calculated. Irradiation schedules 

(appendix 6) were constructed based on the estimated age for each sample (section 5.2), and an 

estimated average dose rate of 2.5Gy/ka (based on other studies in the east Otago area, viz. 

Barrell et al. 1998; Rees-Jones et al. in press), following the procedure described above. 

[NB. For these pilot experiments the cosmic ray dose rate was considered to be negligible, 

because all units were buried by> lm at the time of collection.] 

6.4.1 Equivalent dose results 

Shine-down (or luminescence decay) curves (i.e. luminescence versus time) for 50s of 1.4eV 

excitation are shown in Fig. 6.8. From these, dose-response curves were plotted by summing 

luminescence over the first 5s interval of shine-down (also shown in Fig. 6.8). Exponential 

dose-response curves were fitted for BBE, BLO and TLA, but straight lines were fitted for 

TBE and CLO (Fig. 6.8). No curve was fitted to TLB because the sample was in dose 

saturation (Fig. 6.8). The fit of a straight line to TBE is unexpected, given its expected age of 

-80ka . 

The fit for CLO was considered to be rather poor and consequently the pilot experiment was 

repeated. In the second experiment, fourteen discs were used, with doses up to 800Gy 

(appendix 6). Also the discs were normalised first (appendix 6), to reduce the amount of 

scatter. The resulting curve (Fig. 6.8) was a much better fit and resulted in much smaller 

analytical uncertainties in the equivalent dose. 
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6.4.2 Optical age estimates from the pilot experiments 

Dose rates (Table 6.1) were calculated from the K,U, Th content measurements, available at 

the completion of the pilot experiments (Table 6.2), using the as-collected water content 

(Table 6.3), and ab-value estimate of 1. Optical ages were then calculated over the first 5s 

interval and are listed in Table 6.1. 

Sample name Expected age Intercept dose Dose rate Optical age 
(ka) (Gy) (Gy/ka) (ka) 

BBElp 125 113 ± 19 1.3 87 ± 15 
BLOlp 160 306 ± 110 3.0 102 ± 37 
TLAlp 160 177 ± 150 3.0 59 ± 50 
CLOlp 35 264 ± 110 3.4 78 ± 32 

CL01p2 (norm) 35 284 ± 32 3.4 83 ± 10 
TBElp 80 308 ± 53 0.8 340 ± 42 

Table 6.1 Pilot experiment results. 

Most of the optical ages, as deduced from the pilot experiments, differ from the expected ages 

(Table 6.1 ), but have large analytical error bars associated with them and therefore should not 

be analysed in any detail. The main use of the pilot experiments is to examine the dose

response behaviour of the sediments. The fact that a curve was not able to be fitted to TLB 

suggests that the apparent optical age of this sample is beyond the limits of the technique, and 

thus TLB was not processed any further. The remainder of the samples produce typical dose

response curves and were therefore used for final OSL measurements. 

6.5 MAIN EXPERIMENTS 

Irradiation schedules were constructed with the aid of the pilot experiment results, which 

helped produce more tightly constrained dose-response curves, and are listed in appendix 6. 

For each sample, luminescence of 50 discs was measured over an interval of 1 OOs. 
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0) 
I 

I\.) 
0 

Sample 

BBE 
BLO 
CLO 
TBE 
TLA 

Kt 
(%) 

0.70 ± O.oI 
1.62 ± 0.03 
1.10 ± 0.02 
0.24 ± O.oI 
0.89 ± 0.02 

Tht 
(µg/g) 

3.3±0.1 
10.7 ± 0.4 
11.9 ± 0.3 
3.2 ± 0.2 
9.8 ± 0.3 

UI TSAC 
(µgig) Total count 

rate (cm-2/ks) 

0.51 ± 0.08 0.183 ± 0.003 
2.64 ± 0.10 
2.84 ± 0.11 
0.44 ± 0.08 0.135 ± 0.003 
2.31 ± 0.10 

TSAC TSAC TSAC b-value De 
Th count rate Th. u. (Gy.µm 2)* (Gy/ka)# 

(cm-2/ks) (µgig) (µgig) 

0.101 ± O.Oll 2.72 ± 0.30 0.64 ± 0.09 0.79 ± 0.04 0.09 
1.06 ± 0.09 0.12 
0.79 ± 0.09 0.16 

0.095 ± 0.011 2.55 ± 0.29 0.32 ± 0.09 1.06 ± 0.09 0.12 
1.0 ± 0.10 0.03 

Table 6.2 Data used to calculate total dose rate (listed in Table 6.3). t from Inductively coupled plasma - atomic emission spectrometry (ICP-AES), t from neutron 
activation analysis, I from delayed neutron analysis. TSAC= thick-sources a-count 
* b-value as defined by Huntley et al. (1988), b-value for TLA is an estimate.# Dose rate due to cosmic rays (Prescott & Hutton 1994) 

Sample As Saturated WC used for Deq Deq Norm. Correction for DT Fading Optical age 
collected WC dose rate Additive Regeneration factor incomplete lab (Gy.ka-1

) ratios (ka) 
WC calculation Dose (Gy) (%) bleaching 

(Gr) (% 

BBE 0.073 0.378 0.225 ± 0.076 118 ± 12 107 ± 5 4.1 4.9 1.10 ± 0.09 0.994 ± 0.034 97± 9 
BLO 0.281 0.302 0.281 ± 0.010 286 ± 29 270 1± 3 4.3 4.2 2.82 ± 0.09 0.951 ± 0.024 96 ± 5 
CLO 0.175 0.248 0.175 ± 0.035 226 ± 47 287 ± 7 4.3 4.3 3.12 ± 0.09 1.02 ± 0.07 92 ± 5 
TBE 0.091 0.305 0.198 ± 0.054 89 ± 5 94 ± 3 7.5 5.8 0.80 ± 0.06 0.976 ± 0.054 117 ± 10 
TLA 0.071 0.400 0.235 ± 0.082 369 ± 11 4.4 4.8 2.44 ± 0.04 0.951 ± 0.043 151 ± 5 

Table 6.3 Final results of the main OSL experiments. Note uncertainties are all ±lcr. WC= water content= water mass/mineral mass, Deq = equivalent dose, DT= total dose 
rate (that due to cosmic rays plus that due to y, ~ and a radiation). 
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6-Luminescence dating 

6.5.1 Equivalent dose results 

Shine-down curves for each sample (100s interval) are shown in Fig. 6.9. Dose-response 

curves were subsequently fitted to sums of total photon counts. The regeneration curves are 

shown in Fig. 6.9. 

A test for anomalous fading (a poorly understood fading of the luminescence signal of 

feldspars over time, which results in an age shortfall, e.g. Aitken 1998) of the feldspar signal 

was also made on a separate set of samples. The samples were left to sit for 30 days between 

subsequent measurements and the fading ratios listed in Table 6.3 are consistent with unity, 

which indicates that fading was insignificant in these samples (0. Lian pers. comm. 1999). 

6.5.2 Dose rate results 

Dose rates were calculated from the data listed in Table 6.2 using standard formulae ( e.g. 

Aitken 1985, ch. 4; Berger 1988), but here the revised dose rate conversion factors of Adamiec 

& Aitken (1998) were used. 

6.5.3 Optical ages 

Calculated optical ages are listed in Table 6.3. In each case the equivalent dose from the 

regeneration method has been used in the age calculations. The resulting optical ages have 

relatively low errors due to good curve-fitting (Fig. 6.9). As a result, the optical age for TBE in 

particular has changed considerably from the pilot experiment age estimate. The ages are 

discussed in section 5. 7. 

6.6 OTHER LUMINESCENCE AGES 

Luminescence dating results from the two other laboratories mentioned in the introduction are 

summarised in Fig. 6.10, Tables 6.4 & 6.5, and the sample sites and methods are discussed 

below. 

6-21 



6-Luminescence dating 

1200, 
; BBE _ I BBE 

1000 \\\ Natural 
(I) \\:.. ---- N+150Gy (I) Nnpx 
..... ,... N 300G ..... C 800 ~.:, - + y § 
5 ·\/-, _ ---· N+600Gy 8 
u 600 \l~0: - N+ 1200Gy c 
C ~--. 0 

'5 400 ~-~1~'.\,-; .. , 0 ..c: ·,, ~~:,Z-.".)""<'.. . ..c: 
0. ~ ' '~~~,,,_..... .. 0. 

' ~tj;;,1~'-..,:,--.... _ Bnpx I ...... :::. ·_- .. . - ·:: MC....""'6',\~~ 

0 0 20 40 60 80 100 -200 0 200 400 600 800 

seconds dose (Gy beta) 

16000 

BLO - Natural Nnpx BLO 

12000 
.... N+300Gy .l!l 40000 

E - N+600Gy § 

5 .... N+ 1200Gy 8 
30000 

u - N+2400Gy c 
C 0 
g ] ~ 
~ 0. 
0. 

--------------~:::::_::::::··--1 
Bnpx ...,_ _ _.__.,___._____,_'--'_ 

20 40 60 80 100 -500 0 500 1000 1500 2000 2500 3000 

seconds dose (Gy beta) 

8000 

CLO - Natural Nnp~ I CLO 
.... N+250Gy E ouvu ' \ - N+500Gy E 1500• 

5 ~·-\. :_::: N+ 1 OOOGy S 
u 4000 ~ ··\. N+ 1500Gy c 
C ~--...... 0 

'5 ~--~,~------.... 0 
"5_ 2000 _:___ "'~-~:----............ _____ "5_ 

~~·~~-·-····-....... . 
~--····-·-········· 

0
J Sic $a&~I Bnp_: 

0 20 40 60 80 1 ~ -300 0 300 600 900 1200 1200 

seconds dose (Gy beta) 

1600 
TBE 

- Natural 
(/) ---· N+200Gy (/) 

300 
c - N+400Gy c Nnpx 

5 .... N+800Gy 5 X 

u ··- N+1600Gy u 
C C ~ 
0 0 
0 0 
~ ~ 
0. 0. 

Bnpx 

0 ~ 
O 20 40 60 80 100 -200 0 200 400 600 800 1000 

seconds dose (Gy beta) 

- Natural Nnpx 
TLA 

(/) .... N+250Gy (/) 20000 

c - N+500Gy c 
5 .... N+ 1 OOOGy 5 15000 
u - N+1500Gy u 
C C 

£ '5 1000 
0 ~ 
-§_ 0. 

Bnpx 
0 ~ 

O 20 40 60 80 100 -500 0 500 1000 1500 2000 

seconds dose (Gy beta) 

Fig. 6.9 Main experiment shine-down and dose-response curves (regeneration method). Diamonds 
on the dose response graphs are from the additive dose method, rectangles the regeneration method. 
Nnp = Natural, no preheat, Bnp = Bleached, no pre-heat. 
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Fig. 6.10 Stratigraphic logs of marine terrace sections dated at Wollongong University (TL) and 
McMaster University (OSL). MP Al is on the upthrown side of the Akatore Fault, the remainder are 
on the downthrown side, and Balvenie site is also on the downthrown side of the Castle Hill Fault 
(see Map 1 and Fig. 6.1 for locations). 

6.6.1 OSL ages (McMaster University) 

6.6.1.1 Taieri Beach 

Taieri Beach site was described in section 5.2.4. Each of the three units resting on the Haast 

Schist shore platform were sampled by J. Rink prior to this study, dated by J. Rees-Jones, 

and are described by Rees-Jones et al. (in press) (Fig. 6.10). 

OSL dating was initially performed on very fine sand-sized (90-125µm) quartz grains, but low 

luminescence and dose sensitivity of the samples meant that silt-sized ( 4-11 µm) quartz was 
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Sample St. Deq Moisture Fractional Annual Annual Annual Total annual Annual 
Band (Gy) Content saturation a dose ~ dose y dose sediment dose cosmic dose 

(%) value (Gy/ka) (Gy/ka) (Gy/ka) (dry/wet) (Gy/ka) 
G /ka 

TAIERI BEACH 
NZ8 GSL 39 ± 15 21 0.8 0.272 1.409 0.615 2.296/1.898 0.140 
NZ8 BGSL 44 ± 15 21 0.8 0.272 1.409 0.615 2.296/1.898 0.140 
NZ9 GSL 68 ± 22 7 0.5 0.220 0.688 0.468 1.376/1.321 0.120 
NZlO IRSL 67 ± 13 10 0.5 0 0.492 0.410 0.902/0.853 0.120 

Table 6.4 Optically stimulated luminescence results from Taieri Beach (Rees-Jones et al. in press). St. band= stimulation band. 

Sample Plateau Analysis Deq Moisture Kt Rb Spec. activity Cosmic dose 
region temp (Gy) content (%) (ppm) U+Th (µGy/yr) 
{°C) {OC) {%} b:y wt assumed {BG/K} assumed 

BALVENIE 
W2432 275-425 375 153 ± 31 28.0 ± 3 2.640 ± 0.005 100 ± 25 115 ± 3 144 ± 25 
W2433 275-500 375 134 ± 18 23.4 ± 3 0.420 ± 0.005 50 ± 25 33.8 ± 1.0 125 ± 25 

MITCHELLS RX 
W2434 275-450 375 92.1 ± 10 21.2 ± 3 0.780 ± 0.005 100 ± 25 129 ± 3 135 ± 25 
W2435 300-425 375 152 ± 41 3.1 ± 3 0.560 ± 0.005 50 ± 25 58.0 ± 1.5 128 ± 25 

Table 6.5 Thermoluminescence results from Balvenie and Mitchells Rocks (Barrell et al. 1998). t from Atomic Emission Spectrometry 

0) 
I 

I\.) 
~ 

Total annual 
dose (wet) 
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2.038 
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6-Luminescence dating 

instead used for dating the loess and upper sand sample. The lower beach sand did not have 

sufficient fine grains for dating and therefore inclusions from within the quartz grains ( assumed 

to be K-feldspar after Huntley et al. 1993b) were used instead. Green light (514 ± 17nm) 

excitation (GSL) was used to measure the loess and upper sand samples and infrared (880nm) 

excitation (IRSL) was used for the lower beach sand inclusions. Blue-green (440-560nm) 

excitation (BGSL) was also used for the upper loess sample as a comparison to the green light. 

Water content was taken as the "as collected" water content. Dose rate was calculated from y 

dose rates (neutron activation analysis),~ and a doses (U, Th and K content) of the collected 

samples and the cosmic dose estimated from the depth of burial. 

Equivalent doses were calculated using the additive-dose method. The two optical ages for the 

loess (NZS), using the two different light sources, are statistically identical, and a weighted 

mean age of 21 ± Ska was taken by Rees-Jones et al. (in press). The other ages are 47 ± 15ka 

(upper sand, NZ9) and 71 ± 14ka (lower sand, NZlO). 

6.6.1.2 Ages in progress 

Samples for OSL dating from four more sites were collected in April 1999, but the results are 

unavailable at the time of writing. The sites, Nobles Stream (alluvial terrace on immediate 

upthrown side of Akatore Fault), Moneymore (FT2 fan cut by Moneymore 2 strand of Titri 

Fault System), Taieri School and Otokia Road (both marine terrace MPTJ) are located on Fig. 

6.1. Stratigraphic logs and sample descriptions are contained in appendix 1. 

6.6.2 Tl ages (Wollongong University) 

6.6.2.1 Mitchells Rocks 

Marine terrace MPCJ is also on the downthrown side of the Akatore Fault, and based on 

geomorphology is correlated to the terrace dated at Taieri Beach. The frontal cliff exposes a 

shore platform cut into Wangaloa Formation, overlain by two sand units, in turn overlain by 

loess. A sample from the upper sand unit (W2434) was collected in a pvc tube (llx15cm) 
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from a pit dug beneath the surface; the sample from the lower sand (W2435) was collected 

( also in a pvc tube) from the frontal cliff face. The latter sample was collected near the top of 

the unit, and the optical age should therefore be considered a minimum. 

TL dating was performed on very fine sand-sized (90-125µm) quartz grains. The water 

content was assumed to be the same as the "as collected" water content. The first glow curves 

were found to have the same shape at both sites, with a peak at 260-270°C, and little or no 

indication of higher temperature peaks. Dose rates were calculated using calibrated thick

source a-counting over a 42mm scintillation screen and the Kand Rb content measured from 

samples dated. Equivalent doses were calculated using the combined additive-dose and 

regenerative methods, although unfortunately the dose-response curves were not included in 

the report of the results. TL ages are 38 ± Ska (W2434) and 82 ± 22ka (W2435) (Table 6.5). 

6.6.2.2 Balvenie 

The Balvenie site is situated on one of a flight of low terraces near Otanomomo on the lower 

Clutha Plains. The sequence, two loesses overlying two sand units, was initially sampled by 

hand-auger but unfortunately the base of the sands was beyond the reach of the auger. 

Samples of the lower loess (W2432) and the lower sand (W2433) were collected in pvc tubes 

(1 lxl5cm) in a pit dug into the surface. 

The dating method is the same as that described above for Mitchells Rocks. TL ages are 3 8 ± 

Ska (W2432) and 134 ± 18ka (W2433) (Table 6.5). 

6. 7 DISCUSSION 

All luminescence ages from sections where two or more units have been sampled are in correct 

stratigraphic order (Table 6.3, Fig. 6.10). This is particularly important because this has not 

been found to be the case in a number of loess sections dated recently from north Otago 

(Barrell et al. 1998) and south Canterbury (P. Tonkin pers. comm. 1999). All loess (except 

CLO) and dune sand luminescence ages fall in either the last or penultimate glacial periods 
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(although TLB could be even older). All beach sand deposits overlap the last interglacial 

period. All are thus geologically sensible ages. 

Nevertheless, in detail, correlation between luminescence ages and their expected ages is mixed, 

although it should be noted that many of the expected ages are poorly constrained. It was 

hoped that a radiocarbon date on a sample of plant material from loess at Warrington may 

place a constraint on BBE, but a modem age was obtained (section 6.2.1). It was also hoped 

that by re-dating the lower beach sand at Taieri Beach, repeatability should be tested between 

the two labs. The two optical ages obtained, 117 ± lOka (TBE) and 71 ± 14ka (NZlO) are 

clearly different at lcr analytical uncertainties and barely overlap at 2cr. This questions the 

validity of one or both sets of dates. Possible explanations for this discrepancy are now 

discussed: 

(i) NZ 10 (Rees-Jones et al. in press) could be dating a younger part of the sequence than TBE. 

Unless the beach sand has been totally reworked, for which there is no visible evidence, this is 

not possible given that NZI O was actually collected from -20cm lower in the sequence than 

TBE, -Im away (the hole was still visible in April 1999, confirmed by J. Rink). 

(ii) One or both of the ages are wrong. Both ages overlap the last interglacial period. From 

geomorphological evidence, the last interglacial period is the most likely time of terrace cutting, 

but there is very little independent control to attribute cutting to a paiiicular highstand. 

Therefore neither date can be dismissed unequivocally on independent evidence. 

(iii) Another factor to consider is the actual dating techniques used. At VUW the minor (<l %) 

silt fraction of the sands was dated, and it is possible that the optical age of the silt differs 

from that of the remainder of the beach sand unit. For example, the silt may have filtered down 

from overlying sediment, which had a different dose rate, or alternatively, the sediment may 

have been reworked (e.g. by burrowing), and thus partially reset. Conversely, Rees-Jones et al. 

(in press) found the quartz signal intensity of sand grains too low for dating, and instead dated 

inclusions within the quartz, assumed to be K-feldspar by analogy with a study by Huntley et 
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al. (1993b). Because of the newness of this technique, caution should also be used in 

interpreting these dates (0. Lian pers. comm. 2000). 

The optical age of both the beach sand (BBE, 97 ± 9ka) and the underlying loess (BLO, 96 ± 

Ska) from Warrington terrace are both younger than their expected ages. Although the beach 

sand is still last interglacial in age, even at 2cr analytical uncertainties a maximum optical age of 

l 15ka is obtained. This indicates terrace cutting more likely occurred during the 105ka (OI 

substage 5c) or even 80ka (OI substage 5a) highstands, rather than the peak highstand (125ka) 

previously assumed. Most studies indicate sea level was lower than present during the 105 

and 80ka highstands (see discussion in chapter 4), which implies several metres (maybe up to 

20) of uplift since that time. Recently collected TL dates from terraces of similar height to the 

north, in an area near Oamaru also considered to be tectonically stable, may also indicate 

terrace cutting during OI substage 5c (S. Fitzsimons pers. comm. 1999; B. Pillans pers. comm. 

1999). Further work, both dating and geomorphological mapping, needs to be done on these 

terraces before any firm correlations and conclusions can be reached. 

More vexing is the optical age for the buried loess (CLO) in fan deposits at Clarendon, which 

is nearly three times older than expected, although there is very little independent age 

constraint. The application of this technique to alluvial fan deposits is new and, as suggested 

in chapter 3, it is possible that the interpretation that the material dated is a buried loess is 

incorrect, and instead it is an alluvial fan silt deposit. If so, the material may not have been 

sufficiently bleached during deposition (i.e. the opposite argument to that proposed above). 

Similar arguments may then also apply to TLA and TLB, but their ages, albeit a minimum age 

for TLB, are close to those estimated by Barrell et al. (1998). 

6.8 CONCLUSIONS 

Luminescence (both OSL and TL) ages have been collected from a number of different 

sediment types in the study area, to try to constrain the age of deposits deformed or uplifted 

by Quaternary faulting described in the preceding chapters. In particular, the application to 

alluvial fan deposits is new, and the variable success rate of the results suggest more 
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investigation into their depositional mechanisms is required. Nevertheless, the age for TLA 

buried loess from Titri Road is the oldest date obtained from the OSL dating lab at VUW at 

151 ± 5ka, whereas from the pilot experiments, TLB was found to be fully saturated and 

therefore beyond the limits of the technique. 

Marine terrace dates are consistent in that all luminescence ages from beach sands overlap with 

the last interglacial period and all overlying dune sand and loess have last glacial period 

luminescence ages. Where a single section has had two or more units dated, all luminescence 

ages are in correct stratigraphic order. 

A major problem with the results in this study however, was the failure to obtain statistically 

identical ages by two different OSL dating labs for the lower beach sand at Taieri Beach. The 

techniques used were different at each, and there are aspects of each technique that can be 

highlighted as possible causes of error. Geomorphological considerations, and a TL age from a 

terrace correlated to that dated at Taieri Beach by a third lab, are used in chapter 4 to favour 

the younger (71 ± 14ka) age (Rees-Jones et al. in press) for the lower beach sand. 

In view of the above, and discussion of ages considered too old at Clarendon, it is clear that 

future work on similar deposits in the Otago area should consider very carefully the 

mechanism of deposition of the sedimentary units dated. Wherever possible independent 

dating control should also be acquired. 
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Chapter seven: 

SYNTHESIS AND DISCUSSION 

Landsat image of the east Otago region. Note the relatively sharp traces of the Akatore 
(AkF), Titri (TFS), North Taieri (NTF) and Waihemo (WF) Faults, compared with the fold 
ranges in central Otago (northwest comer). 
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7.1 SUMMARY OF TIMING OF QUATERNARY FAULTING IN SE OTAGO 

Control on the timing of Quaternary deformation on the two major faults uplifting the coastal 

range, the Akatore and Titri Fault Systems, comes from three major sources: 

(i) blocked swamps along the Akatore Fault ( chapter 2) 

(ii) alluvial fans along the western side of the coastal range (chapter 3) 

(iii) uplifted marine terraces along the eastern, seaward edge of the range (chapter 4). 

Additional information is also provided by the high resolution seismic profile along the lower 

Taieri gorge and the Waipori 99-1 drillhole in the Taieri Basin (chapter 5). 

Age constraints on deformed/uplifted Pleistocene surfaces are limited, and largely come from 

luminescence dates, some of which are contradictory, both with each other, and with 

geomorphological models. In the preceding chapters, preferred interpretations of the ages are 

given, but in the following, implications of alternative models are also discussed. 

7.1.1 Holocene motion (<10ka) 

Evidence for Holocene motion is restricted to the Akatore Fault. Buried wood and peat 

horizons within blocked swamps at the entrances to antecedent gorges through the Akatore 

block indicate two uplift events post-loess deposition on a gravel and sand strath surface 

(chapter 2). Two (non-loess covered) marine terraces (3 and 6m a.h.s.l.) on the seaward edge 

of the Akatore block also indicate two uplift events post-loess deposition (chapter 4). 

Radiocarbon dates constraining uplift of the youngest marine terrace match those from one of 

the buried peat horizons at the blocked swamps, and together these constrain the last uplift 

event to -1.1 Ska. A single radiocarbon date from a buried wood horizon constrains the older 

uplift event to -3.8ka and the uplift of the higher marine terrace is attributed to this event. 

Throw on the fault resulting from these two events averages 3m, but in detail, appears to 

increase southwards, with a maximum of-4m occurring at approximately Nobles Stream. 

In contrast, there is no evidence for Holocene motion on the Titri Fault System. There is no 

visible evidence for fault scarps cutting Holocene sediments in the Taieri Basin or Tokomairiro 
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Depression (chapter 3), or cutting the 20-25m thick sequence imaged by high resolution 

seismic reflection at the entrance to lower Taieri Gorge, conelated to the upper 22m Holocene 

sequence in Waipori 99-1 drillhole (chapter 5). 

7 .1.2 Last glacial period motion (-70-1 Oka) 

Akatore Fault offset of the lowest Pleistocene marine tenace along the seaward edge of the 

coastal range (MPCJ=MPAJ=MPTJ) can wholly be accounted for by the late Holocene events 

described above (chapter 4). Luminescence ages of beach sands indicate a last interglacial age 

for this terrace, but which individual sea level highstand was responsible for tenace cutting is 

not entirely clear ( chapter 4, 6). These ages are discussed further below, but the important 

point for Akatore Fault motion is that there is clear evidence for a long period of quiescence 

during the last glacial period, i.e. between sometime in the last interglacial (probably either 

125ka or 80ka) and the late Holocene (3.8ka). 

The two youngest alluvial fan sets along the western edge of the coastal range (i.e. Titri Fault 

System) are undeformed, except for near Moneymore, where Moneymore 2 frontal strand has 

cut a scarp across the second youngest set (FT2) (chapter 3). Based on geomorphological 

evidence, these fans were interpreted in chapter 4 to have been deposited during the last glacial 

period (OI stages 4 and 2 respectively), but a single luminescence age from FTJ at Clarendon 

of 92 ± 5ka (i.e. last interglacial period, OI stage 5) was obtained. The geomorphological model 

preferred in chapter 3 implies that the last movement on Moneymore 2 strand was middle 

glacial in age (60-125ka), and along the remainder of the fault system, prior to -70ka. If the 

luminescence age is accepted, the last movement on Moneymore 2 strand was prior to 92ka, 

and along the remainder of the fault system, some time earlier, but no older than l 50ka 

(luminescence age obtained for fan FT3, described below). 

The age of the lowest Pleistocene marine terrace (MPCJ=MPAJ=MPTJ) along the seaward 

edge of the coastal range is critical in that two different values for the amount of uplift post

tenace cutting (interpreted to be due to uplift on the Titri - Castle Hill Fault System) are 

implied by the differing luminescence ages obtained. That is, if the terrace was cut during the 
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80ka sea level highstand, substantial amounts of uplift have occurred since 80ka, but if it is 

125ka in age, post-terrace uplift has been negligible (see chapter 4 for details). Neither model 

matches easily with the other evidence: (i) from above, only localised and minor deformation 

of alluvial fans along the Titri Fault System occurred during the last glacial period, suggesting 

substantial uplift on the Titri Fault System is unlikely. Rees-Jones et al. (in press) address the 

lack of independent evidence for uplift of the 80ka terrace by suggesting that sea level may 

have been closer to present at 80ka in New Zealand than previously assumed, as interpreted at 

a number of other localities around the world (see discussion in chapter 4). (ii) Alternatively, if 

the terrace is 125ka in age, then the higher marine terraces must be very old (model 1, Fig. 

4.15), and furthermore, the Titri Fault System must have once been relatively active to uplift 

those terraces, but ceased moving in the last 125ka. 

7.1.3 Last interglacial period motion (-130-70ka) 

Evidence for motion during the last interglacial period comes predominantly from marine 

terraces, and thus is dependent on the interpretation of the age of the lowest Pleistocene 

terrace described above. An important observation from terrace-matching across the Akatore 

Fault in chapter 4, however, is that the two next highest Pleistocene terraces on the Akatore 

block (MPA2, MPA3) do not have correlatable surfaces at a similar or lower elevation on the 

downthrown side of the Akatore Fault. Therefore, uplift of these terraces occurred entirely on 

the Akatore Fault, during a period in which little or no uplift occurred on the Titri Fault 

System (see chapter 4 for more details). If the lowest Pleistocene terrace is 80ka, MPA2 and 

MPA3 are probably 105 and 125ka in age respectively (chapter 4), and thus this period of 

Akatore Fault uplift occurred during ~ 125-80ka. If however, the lowest terrace is 125ka, the 

higher terraces are probably penultimate interglacial in age ( e.g. 200 and 220ka?), and thus the 

period of Akatore Fault activity is 125-220ka. It should be noted, that in both cases, no 

movement is implied on the Titri Fault System in the period 80-125ka, and in the second 

model this period is even longer, possibly as far back as 220ka. 

The last widespread deformation event on the Titri Fault System is evidenced by tilting of the 

third youngest fan set, FT3. In chapter 3, a geomorphic model was proposed that suggested 
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FT3 fans were deposited during the penultimate glacial period (01 stage 6, -130-190ka), 

supported by a luminescence age of 151 ± 5ka. This implies that widespread tilting of these 

fans occurred post 150ka, and could account for uplift of the 80ka marine terrace (see chapter 

3 for details). If however, a 125ka age for the lowest Pleistocene marine terrace is accepted, 

rates of motion on both the Akatore and Titri Fault Systems would be considerably slower, 

and thus the - l 50ka luminescence age for FT3, and in fact almost all luminescence ages 

obtained here, must be rejected. At this stage, as discussed in chapter 6, the consistent 

stratigraphy of sections dated and the broad correlation of ages with glacial and interglacial 

periods means that the luminescence ages are not considered to be incorrect by orders of 

magnitude, rather the accuracy of the ages is probably underestimated. 

7.1.4 Pre-last interglacial period motion (>130ka) 

The three highest marine terraces on the Akatore block (MPA4, MPA5, MPA6) do have 

correlatable terraces on the downthrown side of the Akatore Fault (chapter 4). Furthermore, 

the spacing between successively higher pairs is similar, which indicates that they have been 

uplifted by the Titri Fault System, during which time Akatore Fault movement was negligible 

(see chapter 4 for more details). Using the method of counting-back successively older sea 

level highstands means that the age of these higher terraces depends on the age of lower 

terraces. The preferred model in chapter 4 is that they are 200, 310 and 400ka, but other 

combinations are possible, as implied from the above discussion. 

7 .2 EPISODIC FAULT BEHAVIOUR 

The pattern that emerges from the above, regardless of the exact details of the ages of the 

Pleistocene markers, is for major periods of activity on the Akatore and Titri Fault-Castle Hill 

Fault System interspersed with long quiescent periods, on the order of several tens of 

thousands of years. Furthermore, there appears to be some switching of activity between the 

two structures. During active periods, uplift rates on individual faults are on the order of 

lmm.yr-1 (chapters 2,3,4), which are substantially higher than average uplift rates calculated 
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over the entire middle and late Quaternary, such as the 0.2-0.3mm.yr-1 value calculated for 

uplift on the Titri Fault System ( chapter 3). 

Recognition of episodic fault activity and switching between fault (systems) in Otago is not 

new, and was originally proposed by Beanland & Berryman (1989). In particular, evidence 

from deformed alluvial fans along the Pisa-Grandview Fault Zone indicate "an active period 

after about 250 000 years followed by a quiescent period, then another active period from 

about 70 000 years to 50 000 or 35 000 years". No evidence was found for fault activity in the 

last 23 000 years. In comparison, there is clear evidence for movement since 23 000 years on 

the next major northeast-striking fault to the east, the Dunstan Fault (Officers of the 

Geological Survey 1983; Madin 1988). Berryman & Beanland (1991) describe this behaviour 

as "intermittently characteristic" (as compared to the characteristic model of Schwarz & 

Coppersmith 1984), and used it as evidence for interconnection of faults. This in turn led to 

the proposal of the mid-crustal decollement shown in Fig. 1.1 and 7.lA, discussed in the next 

section. 

Episodic fault activity, on a similar time scale, has also been demonstrated for faults in other 

locations world-wide, such as the Dead Sea Transform in Israel (Marco et al. 1996), the San 

Gabriel (reverse) Fault in California, USA (Lee & Schwarcz 1995), and the Oue_d Fodda 

(reverse) Fault in Algeria (Swan 1988). The latter fault, which ruptured in 1980 (commonly 

referred to as the El Asnam Earthquake, e.g. Philip & Meghraoui 1983), is an analogy for the 

Akatore Fault, in that there is good evidence from trenching and geomorphology for fault 

activity in the late Holocene (return period of -450yr), but the total offset of a paleosol, 

interpreted to be -1 OOka, is only ~1 Om, thus indicating a long period of late Quaternary 

quiescence (Swan 1988). 

Switching of fault activity between faults within the same fault belt/province ( on a similar time 

scale) appears to have only been documented for two normal fault settings, namely the Basin 

and Range Province in the USA (Wallace 1984, 1987; Jackson & Leeder 1994) and central 

Greece (Jackson 1999). In these studies, the switching behaviour is described between sets of 

faults, rather than between individual faults as described here. Numerical models of fault zones 

7-6 



·, 

u-

:r 

"" 
,-

,,} 

,I 

7 -Synthesis 

A Otago ,'(;.~ 
S ~ 0'1 

r<,,'1' 0~ r<,, I>-~ -\'(;. 'l't.,., "11r. 

E 
~ 

0 
(\J 

l 

~ 00 o~ 0?-1P~ c,~:v 1) <?'sl>-'s-> 
~~ - ~~ ..., 

TRAILING EDGE 

~, ~ "'IJ-0-9. 
ul..J-.SJ;j ~ 1:-,qu/ 

.S]-~,t- <..}' 

Beanland & Berryman (1989) 

B Model for South Island collision zone 
4000r Elev~ion 

2000 , 
(masl' 

0 ' Alpine 

l m 
I ~------- _ --- TotalUpl. ~15 7 S.. ;;z: =-z - - - - - (km) 

20 
, Fault 

40 

60 20km 
(km) 

Norris et al. (1990) 

C Canterbury 

km MAIN 

3 DIVIDE 

0 

10 

l ~'(}rlf!fr=r .. · / v~.1~7-·;;;=-· ~='='/==-:?--- ,km 
o"°~~,s,';/ .- ' I 

/ .... ,::-·· Jg Unmetamorphosed Torlesse 
Pumpellyite-actinolite semi-schist 

20 

30 

40 

D Otago {v 

.--- -~----~-------
7.15 km/s zone (Stern et al. 1984) 

20km -Vertical = Horizontal 

«'\.. 
.,# ~'b

'&o 
~ p 

?S" ,::: 

~~ 
&'li 

<j_~tlf 'S;;"(b ~, 
Base of crust 

20km -

30 

40 

Greenschist facies schist 
Amphibolite facies schist 

Cox (1995) 

This study 

Fig. 7.1 A Schematic cross-section through Otago, Akatore Fault has been added. 8 Asymmetric 
wedge model of South Island collision zone. C Geological cross-section through Canterbury, 
redrafted from Cox (1995). D Schematic cross-section through Otago, showing the faults in 
southeast Otago to extend down to decollement zone. Note that all sections are oriented NW-SE 
and have the same approximate horizontal scale, but the vertical scale differs. 

7-7 



7 -Synthesis 

( of no specific type) by Ben-Zion et al. (1999) suggest that this behaviour is self-driven, and 

scale-independent. Their model simulated highly active cluster periods, in which the largest 

possible earthquakes occurred ( considered compatible with characteristic earthquakes), which 

alternated with quieter periods of small and intermediate-sized earthquakes. Possible driving 

mechanisms for switching behaviour are discussed in the next section. 

Episodic fault behaviour has several implications for seismic hazard analysis: 

(i) calculating seismic hazard from slip rates averaged over a period of tens or hundreds of 

thousands of years may lead to an underestimation of the hazard during active periods 

(ii) faults that have been inactive for periods of tens or hundreds of thousands of years may 

suddenly "re-activate", and equally, recently active faults may suddenly cease moving 

(iii) new faults may develop in locations considered seismically "quiet" 

(iv) no evidence has been found here for faults triggering movement on another, but if the 

faults are linked at depth, ruptures may be triggered on faults that are some distance away. 

7.3 MECHANICS OF THE OTAGO REVERSE FAULTS 

7 .3.1 Mid-crustal decollement zone 

The evidence for episodic movement and switching between fault systems in central Otago led 

Beanland & Berryman (1989) to propose that the Otago reverse faults are "interconnected as 

an imbricate system above a low-angle decollement thrust fault zone at mid-crustal depths" 

(Fig. 1.1, 7.lA), and thus the deformation above it is thin-skinned. Horizontal layering in the 

Haast Schist basement was considered to facilitate the development of such a decollement 

zone. 

Koons (1990) and Norris et al. (1990) extended the concept of a flat-lying decollement zone in 

their model of the continental collision zone in the southern South Island as a two-sided, 

asymmetric wedge (Fig. 7.lB, C). Localisation of strain onto a single structure (the Alpine 

Fault) on the west side of the wedge (inboard zone) is due to high erosion rates on the 

windward side of the Southern Alps. In contrast, on the leeward side of the Alps ( outboard 
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zone), deformation spreads out into a wide zone of predominantly west-dipping structures 

that propagate upwards from the decollement zone. The width of the zone appears to be a 

function of rheology (Davis et al. 1983). Koons et al. (1999) modelled oblique deformation in 

the outboard zone in Canterbury and Otago as a function of different crustal rheology 

inherited from earlier tectonic events. That is, crust in Otago is thick as a result of Cretaceous 

crustal thickening, whereas Canterbury crust is thin because of Cretaceous rifting. Thermal 

relaxation has subsequently restored the thermal gradient and hence the thicker crust has a 

(deeper) weaker base than the thin crust. Koons et al. (1999) found that deformation spread 

out over a greater region in Otago and a zone of sinistral faulting developed between the two 

(i.e. analogous to the Waihemo and Waitaki Faults). 

The nature of the decollement zone is not well known, but it is clearly a ductile zone, rather 

than a discrete brittle detachment, and from modelling may be on the order of 10km thick 

(Koons 1999a). Similar sub-horizontal mid-crustal ductile shear zone have been imaged 

seismically and described beneath the Lachlan Fold belt in southeast Australia (e.g. Gray et al. 

1991; Gray 1995), and have been proposed beneath the Laramide foreland structures in 

Wyoming, USA (e.g. Erslev 1993). 

The episodic behaviour of central and east Otago reverse faults may be indicating something 

fundamental about the mechanics of the Otago crust and decollement zone. The active periods 

of the faults are clearly longer than a single earthquake cycle, and therefore strain is not likely 

to be evenly distributed across the whole zone at any one time. Instead it appears to be 

localised for periods of tens of thousands of years. Possible reasons for localising strain may 

be: 

(i) metamorphism and dewatering of specific lithologies ( e.g. Koons 1999b) 

(ii) critical wedge behaviour influenced by topography and/or climate (Koons 1990) 

(iii) reactivation of pre-existing structures ( discussed in the next section). 

An interesting observation that may support point (ii) is that the majority of the deformation 

on the Akatore Fault, and to an extent the Titri Fault System, appears to be predominantly 

during interglacial periods, within the limits of the dating control. 
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7.3.2 Geometry and mechanics of the leading edge 

The northwest-striking cross-section drawn through the Otago reverse fault province by 

Berryman & Beanland (1989) (Fig. 1.1, 7.lA) show the faults in southeast Otago as back

thrusts off west-dipping tip line thrusts. An alternative model proposed here is that the faults 

at the leading-edge are considered more likely to extend down to the decollement (Fig. 7.lD). 

This based on the fact that: 

(i) the Titri Fault System and the Akatore Fault appear to be linked mechanically 

(ii) the Titri Fault System has had substantial amounts of both normal and reverse movement 

(iii) faults immediately offshore also dip east (Carter 1988; Johnstone 1990). 

This results in a triangle-zone geometry, with the apex centred on the Taieri Basin. Triangle 

zones have been recognised at the leading edge of many foreland thrust belts around the world, 

( e.g. see summaries in MacKay et al. 1996; Couzens & Wiltschiko 1996), but are generally 

thin-skinned, brittle structures, that possess ramp-flat geometries (e.g. Fig. 7.2A). Recently 

however, Zapata & Allmendinger (1996) have described a thick-skinned triangle zone (depth 

to basal detachment = 10-20km) at the front of the Andean Cordillera in Argentina, in which 

basement is involved in the hinterland-directed thrusting, (Fig 7.2B). The southeast Otago 

faults are probably reactivated (see also below), so it may be merely a coincidence, rather than 

a mechanically-driven process, that a triangle zone geometry has formed near the leading edge 

of the Otago reverse fault province. Nevertheless, regardless of how the triangle geometry 

formed, the triangle zone may be acting as a wedge, over which crust east of the triangle is 

faulted. 

It is apparent that the hanging-wall blocks of the Titri Fault System and Akatore Faults (i.e. 

east of the triangle) are not folded in the same manner as those in central Otago (e.g. Norris et 

al. 1987; Jackson et al. 1996; Markley & Norris 1999). The folding there, like the development 

of the decollement zone at depth, is considered to be facilitated by the generally flat-lying 

schistosity (e.g. Jackson et al. 1996). However, the same argument cannot be applied to 

southeast Otago, where the schistosity is also relatively flat-lying (e.g. Mortimer 1993). The 

main reason for development of major faults that reach the surface in southeast Otago may be 

that some of the faults (e.g. the Titri - Castle Hill Fault System) are reactivated 
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Fig. 7.1 A Balanced cross-section through the Canadian Rocky Mountains in Alberta. B Thick
skinned, basement involved, triangle zone, Argentina. 

normal faults, particularly given the area's proximity to the western edge of the Great South 

Basin. Furthermore, the crust beneath the Great South Basin is thin, and therefore stronger 

than that to the west (for the same reasons outlined for Canterbury crust above), which may 

also facilitate faulting over folding. 

7 .3.3 Subsidence versus uplift 

Owing to the location of the study area along the south Otago coast, and the fact that the sea 

has transgressed into the Taieri Basin at least once in the Quaternary, motion on the Akatore 

Fault and the Titri Fault System has been able to be constrained relative to an independent 

datum; sea level. The flight of marine terraces cut into the seaward edge of the coastal range 

demonstrate that the hanging-wall blocks of both these faults have clearly been uplifted 

7-11 



7 -Synthesis 

relative to sea level, whereas sediments in the Taieri Basin indicate that the footwall block of 

the northern Titri Fault System has subsided (chapter 5). Average rates calculated over the last 

350-400ka are similar for both uplift and subsidence, and are on the order of 0.2-0.3mm.yr-1 

( chapter 3, 5), although from the above discussion, these values are somewhat misleading in 

that rates during active periods were undoubtedly much faster. 

Subsidence of the Taieri Basin is surprising, given the overall collisional-setting of the Otago 

reverse fault province, and that the intermontane basins of central Otago, which contain middle 

Tertiary marine sediments at least as far west as Naseby (Fig. 1.2) (Bishop 1974), are now 

situated at elevations of 200-600m. Detailed study of mechanisms driving subsidence are 

beyond the scope of this thesis, but two possibilities are listed below: 

(i) The majority of the subsidence of the Taieri Basin has occurred along the southeast side, 

suggesting that the subsidence is largely a result of faulting on the Titri Fault System ( chapter 

5). Therefore, it is possible that the overthrusted hanging-wall is loading the footwall block 

and causing it to subside. Such an isostatic point-loading is the inverse of the isostatic

unloading mechanisms proposed for central Greece (Jackson & McKenzie 1983), where 

subsidence of the normal fault hanging-wall blocks result in unloading of the footwall blocks 

which causes them to rise (e.g. Jackson et al. 1982). A slight variation on isostatic point

loading model is isostatic compensation by elastic flexure. Wilson (1998) determined a low 

value of flexural rigidity of Te= 5km for the central South Island, which would allow flexure 

on this scale to take place. [NB. Wilson later discarded this value in favour of a higher value to 

fit with seismic constraints for the base of the crust beneath the Southern Alps.] 

(ii) An alternative model is that subsidence, along with anomalous strain patterns (resulting in 

faulting on two sets of orthogonal structures) in Otago, is a result of the interaction of the 

Pacific and Australian plates at depth (e.g. Koons et al. 1999). That is, subduction of the 

Australian plate is dragging down the base of the Pacific plate. If so, then from the discussion 

above, the effects are only seen as subsidence along the coast. 
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7.4 SEISMIC HAZARD IN SE OTAGO: IMPLICATIONS OF THIS PROJECT 

The seismic hazard in southeast Otago (particularly for Dunedin) has generally been 

considered to be low relative to other parts of New Zealand (eg. Smith & Berryman 1986; 

Norris et al. 1994; Stirling et al. 1999). However, the results of this project indicate that these 

studies have underestimated the hazard. 

Paleoseismological work on the Akatore Fault lead Norris et al. (1994) to estimate a maximum 

credible earthquake of M=6.8-7.3, an average displacement of 2m per event, and a return 

period of 6000-12000 yrs. In this study, the timing of the last two earthquakes have been 

constrained more precisely, and indicate a substantially shorter return period (2000-3000 yrs), 

with an average throw of 3m per event. Using the same fault slip-size-magnitude relationship 

of Bonilla et al. (1984) used by Norris et al., the maximum credible earthquake is increased to 

M=7 .2-7. 7. The shorter return period also increases the probability of the next event 

substantially, particularly considering it has been-1150 years since the last event. 

These kinds of calculations assume that the Akatore Fault is behaving in a characteristic 

fashion, and that it will continue to rupture in the same manner in the future. In view of the 

interpreted episodic behaviour of the Akatore Fault and because only two paleo-earthquakes 

have been recognised in its latest active phase, it is difficult to evaluate these assumptions. 

However, it was argued above that the active periods on these faults are on the order of tens of 

thousands of years, and thus it seems unlikely that the Akatore Fault will cease moving after 

two events. Furthermore, if the preferred model of marine terrace matching and uplift is 

correct, ~Om of uplift occurred during the previous active period on the Akatore Fault, in a 

period of -45ka, a rate similar to that of the recent Holocene events. 

No individual paleo-earthquake data have been obtained for the Titri Fault System. The 

preferred interpretation of the age of markers constraining the last deformation (chapters 3-5) 

indicates widespread deformation (i.e. along the entire fault) last occurred -80-70ka, with 

localised rupture near Moneymore some time between 60-25ka. The alternative interpretation 

outlined above indicates the last widespread rupture was soon after 150ka, and the localised 
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rupture immediately pre-92ka. Both models imply that the Titri Fault System has been 

inactive for tens of thousands of years. 

In view of the interpreted episodic behaviour of the Otago faults, however, it is certainly 

possible, even likely, that the Titri Fault System will reactivate again some time in the future. 

Whether the fault will reactivate once the Akatore Fault ceases its present phase of activity 

remains entirely speculative. The uplift rate during active periods is poorly constrained. Uplift 

of the 80ka marine terrace is interpreted to have occurred within a short period of -1 Oka (80-

70ka), and the amount of uplift is between 8 and 23m, depending on the value of paleo-sea 

level used (see chapter 4). This gives a rate of 0.8-2.3mm.yr-1
, which is on the same order as 

the Akatore Fault, and thus the seismic hazard may be similar during active periods. 

Geomorphologically young fault scarps of the North Taieri Fault indicates that this fault has 

also ruptured in the late Quaternary. The overall range-front scarp also has a youthful 

geomorphological appearance, suggesting it is probably a young fault like the Akatore Fault. 

Little is known about the Maungatua Fault's Quaternary history, except for the mapping of 

deformed alluvial fan gravels assjgned to OI stage 8 by Barrell et al. (1998), indicating probable 

movement in the late middle Quaternary. Like the Titri Fault System, however, these faults, as 

well as those immediately offshore, cannot be dismissed as potential seismic hazards. 

Unfortunately there is no clear way as yet to assess wl:1ich faults are about to become active, 

or how many faults will be active at any one time. 

In conclusion, this study indicates that the Akatore Fault remains the major source of hazard 

in southeast Otago, with a maximum credible earthquake of -7.5 and a return period of 2000-

3000 yrs. It should be noted that these values increase the probability of the maximum 

credible earthquake modelled by the Dunedin City Lifelines Project (1998). The North Taieri 

Fault may also present a similar level of hazard, but as yet no data are available. 
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7 .5 RECOMMENDATIONS FOR FUTURE WORK 

One of the major problems encountered in this study is the inconsistency of the luminescence 

dating. These inconsistencies strongly affect the geomorphic models proposed. Further studies 

to address these issues include: 

(i) the composition of samples dated should be studied, to check which minerals are providing 

the luminescence, and therefore what preparation and measurement techniques would be most 

appropriate. For many of the samples in this study, luminescence was assumed to be from K

feldspar in the silt fraction, and K-feldspar inclusions in quartz sand grains from the lower 

beach sand at Taieri Beach (Rees-Jones et al. in press). However, because much of the material 

dated was ultimately derived from the Haast Schist basement, the K-feldspar component 

would probably be extremely low, the only recognised feldspar in east Otago being albite 

(C.A. Landis pers. comm. 2000). 

(ii) further ages should be measured from problematic sites, either additional luminescence ages 

or, if possible, a correlation of luminescence dating with a different technique ( e.g. radiocarbon 

dating). In particular, it would be interesting to see if a range of ages is obtained by 

systematically sampling a single unit, such as the lower beach sand at Taieri Beach. Thus, an 

assessment could be made of the "geological errors" versus the "analytical uncertainties" 

quoted with the ages. 

It is argued in chapter 3 that alluvial fan deposition in southeast Otago is linked to climate, and 

that fan deposition occurred during glacial periods. Because of the considerable distance of 

coastal Otago from glaciated areas during the last glacial period, however, the correlation 

between climate and loess deposition, in particular, is indirect. A useful study would be to 

attempt to correlate (and date) fans across Otago, extending eastwards from inland areas in 

which glaciation, loess deposition and fan deposition can be directly linked. Also useful would 

be a sedirnentological study of the fans. For instance, it may be possible to subdivide the 

oldest fan sets. 

Very little attention has been paid here, and in previous studies, to marine terrace formation on 

the Otago coast. Shore platform cutting is generally attributed to wave action, readily 

envisaged along the relatively rugged modem coastline, but there is no direct evidence against 
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other mechanisms, such as those listed in the introduction to chapter 4 (e.g. bioerosion). Some 

controls were placed on the possible rates of platform cutting here, based on the width and 

ages of the lowest Holocene terrace, but it would be interesting to compare these to the 

modem shore platform. 

Another important set of marine terrace questions concerns the relationship between eustatic 

sea levels and tectonics. First and foremost, some independent evidence needs to be obtained 

for pre-Holocene paleo-sea levels in New Zealand. Other questions are; how long were 

individual sea level highstands?, and what is the effect of individual tectonic uplift events 

superimposed on these? That is, are the terraces abandoned because of falling sea levels, 

tectonic uplift, or both? Could two (or more) terraces have been cut during the same highstand, 

if tectonic uplift rates are high enough? 

Tectonic questions that have been highlighted in this study are: 

(i) Deformed alluvial fans on the north and north-western margins of the Taieri Basin indicate 

Quaternary activity on the Maungatua and North Taieri Faults. If these faults (and fans) were 

mapped in detail, and tighter age control obtained, it should be possible to see how periods of 

activity relate to the model of episodic fault switching proposed above (section 7.2). 

(ii) Luminescence ages from a single marine terrace in the lower Clutha Plains and the lack of 

visible scarps in the region (e.g. along the Castle Hill Fault) indicate tectonic stability (or 

possibly minor subsidence) of the plains since 125ka. However, there has clearly been uplift 

of the lowest Pleistocene marine terrace (here interpreted as 80ka) along the coast north of the 

Clutha River mouth (i.e. upthrown side of the Castle Hill Fault), and flights of marine terraces 

are preserved around the margins of the lower Clutha Plains (Harrington 1958; Barrell et al. 

1998). Thus detailed investigation of both Quaternary faulting in the area, including the 

Livingstone Fault, which has evidence for Quaternary activity inland (Bishop & Turnbull 

1996), and marine terraces is warranted. 

(iii) The luminescence ages from Warrington terrace indicate the terrace may be younger than 

the peak of the last interglacial, and therefore implies tectonic uplift of the region. Further 

dating is warranted ( as described above), but detailed mapping of this terrace, and others to the 

north, will evaluate whether the region can be used as a datum of tectonic stability ( e.g. Gibb 

1986, and used here in chapter 4 to evaluate last interglacial sea levels). 
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On a broader scale, episodic behaviour of the Otago faults provides information about the 

fundamental processes of rheology versus the external influences of climate and topography. It 

also demonstrates that the Southern Alps orogen is not behaving in a steady-state fashion. 

This has implications for measurement of deformation over short periods of time e.g. historical 

seismicity and GPS-measured velocities, and hence, seismic hazard assessment ( e.g. Arnadottir 

et al. 1999). 
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Appendix 1 - OSL ages in progress 

APPENDIX 1: OSL AGES IN PROGRESS 

Contained here are descriptions of samples collected in April 1999 for optically stimulated 

luminescence (OSL) dating with J. Rink, McMaster University. Unfortunately, the final 

results are unavailable at the time of writing, but are anticipated to be completed within the 

following few months, and will probably appear in subsequent publications. 

Nobles Stream 

Two samples have been collected from Nobles Stream river bank (true right), "'60m 

downstream of the Akatore Fault scarp (see Fig. 2.6A for location), to constrain the age of the 

uplifted strath surface. The section is shown in the figure below. Samples were collected in 

pvc tubes from: (i) an alluvial sand at the contact between the gravels and the strath cut into 

Haast Schist basement (NS1), and (ii) the overlying loess (NS2) (see figure below). A y

spectrometer was used to measure the in situ dose rate. 
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Appendix 1 - OSL ages in progress 

Moneymore 

Near Moneymore Road, samples have been collected from FT2 alluvial fan cut by a late 

Quaternary Titri Fault System fault scarp (Moneymore 2) (see Map 1 for location). The 

section (shown in the figure above) is exposed in a small creek and was initially observed to 

have gravels overlying the lower loess, but upon further digging into the bank it was found that 

the gravels were not laterally continuous, and may in fact be restricted to a channel deposit. 

The upper unit is distinctive from the lower loess, however, in that it is pebbly. Hand

augering further out on the fan surface confi1med that this unit is laterally continuous. Two 

samples were collected in pvc pipes, one from the uppermost pebbly loess (MM2), the other 

from the underlying loess (MM3). A y-spectrometer was used to measure the in situ dose rate. 

Taieri School 

Near Taieri School samples have been collected from a frontal sea cliff exposure into MPTJ 

marine terrace, -500m north-northwest ofTaieri Beach site (chapters 4 and 6) (see Map 1 for 

location). The section (see figure below) consists of non-marine cover beds (loess, dune sand, 

silt) overlying thick (~m) beach sand, which from hand-augering, appears to be resting on 

Taratu Formation. Samples from the dune sand (TS) and the top of the beach sand (T4) were 

collected by hammering in pvc tubes (5cm diameter x 20cm long) and a sample from the base 

of the beach sand (T6) was collected by a combination of hand-augeri..rig and hammedng down 

a pvc pipe. A y-spectrometer was used to measure the in situ dose rate. 

Initial measurements of T4 coarse quartz grains by green light stimulation (GSL) were found 

to have a very large scatter (J. Rink pers. comm. Feb. 2000). This technique has thus been 

abandoned and quartz grains are presently being prepared for measurement by infrared light 

stimulation (IRSL ). 

Otokia Road (chapter 6 frontispiece) 

A second sample from MPTJ marine terrace cover beds has also been collected near the 

intersection of Otokia Road with the Coastal Road (Map 1 ). The cover bed sequence above 

the shore platform cut into Haast Schist basement (see figure below and chapter 6 
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frontispiece) is much thinner than that at Taieri School and Taieri Beach sites, and consists of 

a well indurated, yellow-orange beach sand overlain by loess. The beach sand is so well

indurated that a pvc pipe method could not be hammered into it, instead a sample (T7-1) was 

collected as a block. An auger hole was then cored adjacent to the block into which the y

spectrometer was placed to measure the in situ cosmic and ionising dose rate ( chapter 6 

frontispiece). 
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Appendix 2 - Tako. gravity data 

APPENDIX 2: TOKOMAIRIRO DEPRESSION GRAVITY DATA 

Two northwest-striking gravity profiles have been measured across the Tokomairiro 

Depression (see figure below for location) to examine the depressions cross-sectional 

geometry, and to determine throw across the Titri Fault System. The techniques used are the 

same as those outlined in chapter 5 for the Taieri Basin profiles. Bouguer data and profiles are 

presented below. The regional signal is not as easily constrained in the Tokomairiro 

Depression area as in the Taieri Basin area, because of the influence of the thick sequence of 

late Cretaceous - early Tertiary sediments of the Kaitangata Sub-basin to the south. For 

simplicity, the regional gradient used is the same gradient used in the Taieri Basin area. 

The Bouguer profiles show many similar features to the cross-basin profiles across the Taieri 

Basin. In particular the maximum negative bouguer anomalies occurs in the southeast, with a 

sharp rise at the position of the Titri Fault System (marked). This indicates a wedge-shape 

basin deepening to the southeast against a reverse fault. The maximum depths to basement, 

175m (Allison Rd) and 160m (North Branch Rd), are calculated assuming the basin is filled 

entirely with gravels (p=2000 kg.m-3
) and is underlain by schist basement (p=2670 kg.m-3). 
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No. Distance Relative g(raw) g(lat) g(raw) Free air Free air In. Ter. Out. Ter. Bouguer Bouguer Bouguer 
(m) height +g(lat) correction anomaly correction correction correction anomaly shifted 

Nth Branch Rd 
11 0 -13.0 14.5 19.0 33.5 -40.1 -6.6 0.2 9.9 -14.6 18.0 465.3 
10 525 -17.0 29.0 16.4 45.4 -52.5 -7.0 0 9.9 -19.0 21.9 469.2 
9 1075 -18.0 37.2 13.7 50.9 -55.5 -4.6 0.2 2.8 -20.2 18.5 465.8 
8 1550 -15.0 34.7 11.4 46.1 -46.3 -0.2 0 2.8 -16.8 19.4 466.7 
7 1975 -14.5 32.7 9.3 42.0 -44.7 -2.8 0.1 2.8 -16.2 16.3 463.6 
6 2450 -9.0 30.0 6.9 36.9 -27.8 9.1 0 2.8 -10.1 22.0 469.3 
5 2900 -2.0 21.6 4.7 26.3 -6.2 20.1 0 2.8 -2.2 25.2 472.5 
4 3350 -2.0 13.4 2.5 15.9 -6.2 9.7 0 2.8 -2.2 14.7 462.0 
3 3850 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.8 0.0 2.9 450.2 
2 4225 3.5 4.0 -1.9 2.1 10.8 · 12.9 0.3 2.8 3.9 12.1 459.4 
1 4925 · 16.0 -5.3 -5.3 · -10.6 49.4 38.8 2.9 2.8 17.9 26.6 473.9 

Allis on Rd 
1 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 4.4 5.8 434.4 
2 650 -60.0 76.9 -3.1 73.8 -185.2 -111.4 -67.2 0 4.4 -39.8 388.8 
3 1400 -52.0 82.5 -6.8 75.7 -160.5 -84.7 -58.2 0 1.8 -24.7 403.9 
4 1900 -53.0 79.2 -9.2 70.0 -163.6 -93.5 -59.3 0 1.8 -32.4 396.2 
5 2300 -55.0 85.6 -11.1 74.5 -169.7 -95.2 -61.6 0 1.8 -31.8 396.8 
6 2875 -65.0 96.9 -13.9 83.0 -200.6 -117.6 -72.8 0 1.8 -43.0 385.6 

7 3450 -66.0 109.2 -16.6 92.6 -203.7 -111.1 -73.9 0.1 1.8 -35.3 393.3 
8 3750 -60.0 111.3 -18.1 93.2 -185.2 -92.0 -67.2 0 2.1 -22.7 405.9 )> 

9 4300 -70.0 114.6 -20.7 93.9 -216.0 -122.2 -78.4 0 2.5 -41.3 387.3 "O 
"O 

10 5050 -70.0 111.2 -24.4 86.8 -216.0 -129.2 -78.4 0 3.6 -47.2 381.4 CD 
::i 

11 5425 -65.0 89.6 -26.2 63.4 -200.6 -137.1 -72.8 0 6.1 -58.3 370.3 
0.. 
x· 

12 5875 -47.0 85.0 -28.3 56.7 -145.0 -88.4 -52.6 0.6 6.1 -29.1 399.5 N 

13 6375 -6.0 33.6 -30.7 2.9 -18.5 -15.7 -6.7 7.6 6.6 5.3 433.9 I -I 
0 
;,;-

North Branch Rd and Allison Rd profile gravity data. Relative height= height relative to base station (in bold= 3 and 1), g(raw) = median value from appendix*, g(lat) = 
~ 
ca 

latitude correction relative to base stations, calculated as 8.2 µN.ki 1 per metre (since we are at --45° S), Free air correction= ht x 3.086, Bouguer corr.= 21tG(pdz), where ...... 
ru 

p = 2670 kg.m-3 and dz= rel. ht, Bouguer shifted= bouguer anomalies shifted to match base station values with DSIR values. < ;:;: 
'< 

)> Ii I 
0) 



Appendix 3 - Loess petrology 

APPENDIX 3: LOESS PETROLOGY 

Mineral % estimates for each sieved fraction 

Qz + feld Schist Mica Heavy Aggregate Other 

Warrington A 
O<jl 50 50 

0.5 25 75 

1 40 60 

1.5 58 2 40 

2 50 5 45 

2.5 75 tr 5 45 

3 80 5 3 12 Organics (tr) 

3.5 73 15 2 10 Sp spicules 

4 78 15 2 5 Sp spicules 

Warrington B 
-2<jl 100 (nod) 

-1 100 (nod) 

0 100 (nod) 

0.5 tr 100 (nod) Organics (tr) 

1 1 99 (nod) Organics 

1.5 2 98 (nod) 

~ 2 10 1 89 (nod) 

2.5 10 3 87 (nod) 

3 15 tr 3 82 (nod) 
3.5 45 2 3 50 (nod) Sp spicules 
4 47 10 3 40 Sp spicules 

Warrington C 
-l<jl 100 Organics 
0 100 Organics 

0.5 5 95 Organics 
1 5 95 Organics 

1.5 15 tr 85 
2 15 tr 2 83 

2.5 12 1 2 85 
3 30 1 2 67 

3.5 50 5 2 43 Sp spicules 
4 68 10 2 20 Sp spicules 

Brighton A 
-2<jl 100 
-1 100 
0 5 95 

0.5 5 95 
1 10 tr 90 Organics (tr) 

1.5 30 tr 70 
2 50 1 1 49 

2.5 80 tr 1 19 
3 80 2 2 16 

3.5 76 5 3 16 
4 80 10 5 5 
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Appendix 3 - Loess petrology 

Qz + feld Schist Mica Heavy Aggregate Other 

Brighton B 
-3<j> 100 
-2 
-1 10 90 
0 10 25 65 

0.5 10 10 80 
1 20 25 55 

1.5 30 15 55 
2 75 5 20 

2.5 88 tr 1 10 
3 87 tr 1 2 10 

3.5 78 5 2 15 
4 67 20 1 10 

Butlers Bridge A 
-l<j> 100 
0 100 

0.5 100 Organics 
1 1 99 Organics 

1.5 1 99 Organics 
2 3 1 96 

2.5 10 2 88 Organics 
3 25 5 3 67 Organics 

3.5 48 25 2 25 Organics (tr) 
4 59 25 1 15 

Butlers Bridge B 
-l<j> 100 Organics 
0 5 95 Organics (tr) 

0.5 5 95 Organics (tr) 
1 5 95 

1.5 10 90 
2 20 80 Organics (tr) 

2.5 20 5 75 Organics (tr) 
3 40 5 5 50 

3.5 55 15 5 25 
4 68 20 2 10 

Butlers Bridge C 
-l<j> 5 95 
0 10 90 

0.5 10 90 
1 15 85 

1.5 20 80 
2 25 tr 75 Organics (tr) 

2.5 30 2 68 
3 50 5 45 

3.5 50 2 8 40 
4 67 3 3 30 
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Appendix 3 - Loess petrology 

Qz + feld Schist Mica Heavy Aggregate Other 

Gladstone Rd A 
-l(j> 5 95 Organics (tr) 

0 5 95 Organics (tr) 

0.5 5 95 Organics 

1 10 90 Organics 

1.5 20 80 Organics 

2 25 tr 75 Organics 

2.5 25 75 Organics 

3 55 2 tr 43 Sp Spicules 

3.5 75 5 1 20 Sp Spicules 

4 78 10 2 10 Sp Spicules 

Gladstone Rd B 
-2(j> 100 
-1 50 50 

0 10 90 Organics (tr) 
0.5 10 90 Organics (tr) 
1 5 95 Organics (tr) 

1.5 10 90 Organics (tr) 
2 14 1 85 

2.5 14 1 85 
3 50 1 49 

3.5 55 2 2 41 
4 72 2 2 18 

Bull Creek 
-l(j> 100 
0 5 95 Organics 

0.5 10 40 50 Organics 
1 15 30 55 Organics 

1.5 15 35 50 Organics 
2 1 50 49 Organics 

2.5 1 60 1 39 Organics 
3 50 20 tr tr 30 

3.5 93 tr tr 2 5 
4 85 2 8 5 
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Appendix 3 - Loess petrology_ 

XRD analysis - mineral identification 

Quartz 
Quartz is present in all samples and generally gave the largest peak, at 3.34A. It 
characteristically remained stable throughout all the treatments. 

Feldspar 
Feldspar occurs in the majority of the samples, with a peak at -3.2A. The largest peaks occur 
in the samples from the coast south of Dunedin. 

Kaolinite 
Kaolinite occurs in all of the samples, characterised by peaks at 7.16 and 3.58A, which 
collapses after heating to 550°C, which clearly distinguishes it from chlorite. Note that some 

of the samples were only heated to 500°C, the result being that the Kaolinite peaks have not 
totally collapsed. 

Vermiculite 
The peak at 14A in all samples except Warrington loess B and C is considered to be 
vermiculite, which collapses to 1 OA with heating to 550°C. This distinguishes it from the 
chlorite 14A peak. 

Illite-Vermiclite 
Scattered peaks between 10 and 14A in all samples are considered to represent mixed or 
interlayered illite-vermiculite. The most compelling evidence is the collapse of the structure 
after heating to 550°C to an illite structure, with well-defined peaks at 10 and 5A. 

Smectite 

Smectite, characterised by swelling of a 15A peak under ethelyne glycol conditions to 1 7 A, 
occurs in Warrington loess B and C only. 
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Appendix 3 - Loess petrology 

XRD analysis - diffractograms 
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Gladstone Road Loess A 
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Appendix 4 - Seismic profile 

APPENDIX 4: LOWER TAIERI GORGE SEISMIC PROFILE 

Seismic fixes 

Fix no. GPS no. Dat taEe Easting Northing Time Position 
Taieri 1 
1 0 22912 54618 l.20.30pm just before boatshed 
2 4.5 22908 54623 1.25.00pm beside island 
3 9.45 22905 54627 1.30.00pm 
4 22905 54628 I.3l.05pm end of gully 
5 11.41 22905 54629 1.33.lOpm island 
6 22904 54632 l.34.30pm end of spur, s side 
7 14.48 22903 54633 1.35.00pm approx. location 
8 19.08 22902 54635 l.39.20pm end of spur, stream 
9 19.45 22901 54637 1.40.00pm other end of spur 
10 22.43 22900 54639 143.00pm stream, gully, n. side 
11 22899 54640 l.44.55pm other side of gully 
12 24.5 22898 64641 1.45.00pm 
13 22897 54642 l.45.50pm small gully, N. side 
14 28.55 22895 54643 1.49.00pm gully's either side 
15 22894 54644 l.50.30pm crib 
16 31.58 22893 54645 l.52.05pm crib, boat ramp 
17 22892 54646 l.53.15pm shed 
18 35 22891 54647 1.55.00pm 
19 22890 54648 l.55.40pm Henley Bridge 
20 22889 54646 l.58.50pm house at fault gully 
21 22887 54645 1.59.00pm Taieri River 
22 22886 54645 2.00.lOpm fault gully 
23 22884 54644 2.02.30pm end of schist hill 
24 22881 54643 2.04.50pm creek coming in 
25 45.18 22880 54643 2.05.00pm middle of creek 
26 22878 54642 2.06.15pm start of island 
27 49.52 22877 54643 2.09.20pm end of island 
28 50.35 22876 54643 2.10.00pm between Is. & bridge 
29 52.20 22875 54643 2.11.00pm S.H.1 bridge 

Taieri 2 
1 98 6:20 2289257.33 5464507.034 ll:23:55am house just past ramp 
2 118 8:15 2289056.889 5464571.205 11:25:42am Henley Bridge 
3 137 9:52 2288849.739 5464575.363 l l:27:27am new house 
4 144 10:30 2288752.874 5464567.425 l l:28:04am Taieri River 
5 175 13:09 2288323.071 5464476.305 ll:30:46am sharp cnr, start reeds 
6 189 14:30 2288150.983 5464356.943 ll:32:03am meander loop 
7 204 15:51 2287964.674 5464259.912 ll:33:23am start of island 
8 220 17:30 2287730.408 5464318.556 ll:34:49am second meander 
9 235 18:34 2287500.002 5464317 .133 ll:36:09am S.H.1 bridge 
10 255 20:23 2287217.3 23 5464314 .223 ll:37:57am small channel 
11 275 22:13 2286951.475 5464440.885 11:39:45am midway 
12 299 24:22 2286644.113 5464637.714 ll:41:58am enter channel 
13 324 26:36 2286444.477 5464406.218 ll:44:09am slow boat speed 
14 347 28:46 2286140.163 5464464.148 ll:46:20am bend in river 
15 370 30:51 2285824.234 5464432.435 l l:48:20am midway 
16 398 33:26 2285726.632 5464073 .346 ll:50:52am v in river, side strm 
17 412 34:53 2285763.358 5463826.45 11:52:24am stream 
18 441 37:30 2285708.43 5463417 .268 ll:54:58am start oflsland 
19 455 38:46 2285604.691 5463286.968 ll:56:14am end oflsland 

470 2285566.014 5463298.986 ll:57:36am 
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No. Road Location E N ht{m) gmu 1 µN/kg 1 gmu 2 µN/kg2 gmu 3 µN/kg3 Med. D.C. Raw 

Geology Department 169 796 12 822.8 732.7 823.8 733.6 822.3 732.3 732.7 )> 
Riccarton Base 011 800 11 752.8 670.4 749.4 667.3 750.8 668.6 668.6 ""O 

32 Taioma Bend in rd - DSIR site 012 832 276 108.5 96.6 108.1 96.3 108.7 96.8 96.6 1.9 98.5 ""O 
31 Taioma 2nd rise along crest 014 831 256 154.5 137.6 152.8 136.1 153 136.2 136.2 1.4 137.6 m z 
30 Taioma Zig zag bend near trees 019 828 188 305.8 272.3 307.5 273.8 306.5 272.9 272.9 1.3 274.2 CJ 
29 Taioma Single tree on next zig zag 020 827 151 394.9 351.7 396.1 352.7 395.9 352.5 352.5 1.1 353.6 >< 
28 Taioma Send ofpne trees, dog kennels 021 826 95 528.7 470.8 528.1 470.3 527.3 469.6 470.3 0.8 471.1 (J1 .. 
27 Taioma Gate & hayshed on corner 021 824 53 623.8 555.5 624.2 555.9 624.2 555.9 555.9 0.6 556.5 -I 
26 Taioma Culvert & deer gate 023 822 39 653.2 581.7 656.4 584.5 654 582.4 582.4 0.4 582.8 )> 
25 Taioma Cnr Church Rd 024 818 35 673 599.3 · 674 600.2 674.3 600.5 600.2 0.2 600.4 m 

Riccarton Base 011 800 11 752.8 670.4 752.5 670.1 752.1 669.7 670.1 ::0 
24 Riccarton Cnr Tirohanga Rd 007 812 25 695.5 619.3 694.9 618.8 695.4 619.3 619.3 0.4 619.7 CD 
23 Riccarton Culvert at end ofrace track 008 807 18 721.4 642.4 720.3 641.4 720.9 642.0 642.0 0.3 642.3 )> 

22 Riccarton Rapid 471 009 805 13 741.2 660.0 741.8 660.6 742.1 660.8 660.6 0.3 660.9 CJ) -
21 Riccarton Base 011 800 12 754.9 672.2 753 670.5 751.4 669.1 670.5 0 670.5 z 
20 Riccarton Just past culvert & 8275 013 798 9 763.3 679.7 762.5 679.0 762.8 679.3 679.3 0.2 679.5 ~ 19 Riccarton Wyllies Crossing School 014 793 8.5 768.8 684.6 768.9 684.7 769.1 684.9 684.7 0.1 684.8 :E Riccarton Base - Cur School Rd 011 800 11 754.9 672.2 753 670.5 751.4 669.1 670.5 0 

Geology Department 169 796 12 824.1 733.9 824.7 734.4 823.3 733.1 733.1 G) 

~ )> < -0 

=i -0 

Riccarton Rd profile CD 
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19 
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23 
24 
25 
26 
27 

28 
29 
30 
31 
32 
33 

34 
35 
36 
37 
38 

39 
40 
41 
42 
43 
44 
45 

Bush 
Factory 
Factory 
Factory 
Bush 
Factory 
Factory 
Factory 
Factory 
Bush 
Bush· 
Bush 
Bush 
Bush 
Bush 
Bush 
Bush 
Bush 
Bush 
Bush 
Bush 
Murray 
Murray 
Bush 

Centre 
Bush 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Centre 
Bull Ck 
Bull Ck 
Bull Ck 
Bull Ck 
Bull Ck 
Centre 
Bush 

Location E 

Geology basement 169 
Base 006 
Comer - Puddle Alley Rd 070 
Opp. horse manure place 065 
Opposite Guy Rd, Rapid 229 061 
Base 006 
Cnr Wingatui & Factory 056 
Cnr Centre St & Factory Rd 052 
Woollen mills 046 
Opposite Church St, Wrens 041 
Mosgiel, Cnr Montrose St 026 
Base 006 
Grassway just past Brown St 033 
First fence ofMosgiel, 50/70k 028 
Cnr Riccarton 033 
Opp. wool & skin, iron gate 018 
Rapid 300, small gate 011 
Base - Cnr Gladfield 006 
Gates, driveway 001 
Base 006 
Gate opposite milk shed 994 
Cnr Riverside 989 
Bend, willow 987 
Bend,shed 983 
Base - Cnr Gladfield 006 
Geology basement 169 

Geology Basement 169 
Base - Allanton 972 
Base - Gladfield 006 
Cnr Allanton 972 
Bend, Dunedin sign 968 
Rapid 588 963 
Rapid 585 955 
Cnr Taurima 952 
Rapid 383 947 
Cnr Bruce (Momona) 943 
Between gravel rd & Shell Stn 937 
Base 972 
Rapid 529 934 
Trees after comer 933 
Rapid 669 930 
End of trees on comer 
Hayshed 
Cnr Otokia 

926 
922 
919 

Base 972 
End of trees, silage pit 916 
Rapid 8407 912 
Rapid 8445 909 
Between ends of trees 905 
Cnr Marshall - near drillhole 901 
Base 
Henley School 
CnrBerwick 
CnrBerwick 
Gorse hedge, fence 
Bridge 
Rapid 331 
EndofRd 

972 
896 
893 
889 
883 
873 
876 
871 

N 

796 
767 
796 
794 
792 
767 
790 
788 

786 
784 

780 
767 
779 
777 
779 
773 
769 
767 
765 
767 
762 
960 
757 
757 
767 
796 

796 
744 
767 
744 

743 
740 
736 
736 
734 
731 
730 
744 
727 
718 
714 
710 
704 
698 
744 
69G 
691 
687 
683 
678 
744 
671 
667 
670 
665 
659 
656 
651 

Base 
Base - Gladfield 
Geology Basement 

972 744 
23 006 767 
23 169 796 

Centre Rd profile 

ht (m) gmu 1 µN/kg 1 gmu 2 µN/kg 2 gmu 3 µN/kg 3 Med. D.C. 
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1 
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1.5 
-0.5 
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0 
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1.5 
4 

3 
4 
1.5 
0.5 
-1 
0 

1 

-3.5 
-4.5 
4 
2 
12 

939.3 
901.2 
889.3 
885.1 
891.9 
912 
901.3 
888.9 
899.5 
904.7 
891.9 

836.4 
802.5 
791.9 
788.2 
794.2 
812.1 
802.6 
791.6 
801.0 
805.6 
794.2 

938.7 835.9 
900.2 801.6 
885 788.1 
884.8 787.9 
892.7 794.9 
911.1 811.3 
900 801.5 
889.8 792.4 
897.9 799.6 
903.4 804.5 
892 794.3 

936.1 833.6 936.7 834.1 
911.2 811.4 912.8 812.8 
897.6 799.3 899 800.6 
904.8 805.7 902.1 803.3 
909 809.5 911.1 811.3 
930.5 828.6 932.4 830.3 
937.8 835.1 934.4 832.1 
936.5 834.0 936.6 834.0 
937.8 835.1 934.4 832.1 
921.3 820.4 921.9 821.0 
936.6 834.0 926.7 825.2 
936.2 833.7 934.5 832.2 
941 838.0 940 837.1 
933.9 831.6 932.5 830.4 
955.9 851.2 957 852.2 

948.8 
952.8 
925.1 
952.8 

961.1 
966.2 
966 
969.5 
973 
972.2 
972.5 
947.4 
966.1 
973.5 
976.9 

844.9 
848.5 
823.8 
848.5 

855.9 
860.4 
860.2 
863.3 
866.5 
865.7 
866.0 
843.7 
860.3 
866.9 
869.9 

948.4 
954 
923.7 
954 

967.6 
966.6 
964.5 
968.5 
970 
974 
972.4 
948.7 
965.3 
973.8 
978.4 

844.6 
849.5 
822.6 
849.5 

861.6 
860.8 
858.9 
862.4 
863.8 
867.3 
865.9 
844.8 
859.6 
867.2 
871.3 

932.4 
905.4 
886.1 
885 
891.7 
911.3 
901.9 
890.8 
897.9 
902.3 
893.0 
936.3 
909.1 
897.8 
899.1 
910.5 
931.1 
933.8 
935.4 
933.8 
921.8 
929.9 
933.9 
941.1 
933.4 
956.7 

946.6 
953.4 
924.7 
953.4 

965.4 
966.1 
964 
968.2 
971.3 
972.1 
969.8 
947.3 
965.2 
971.9 
979 

830.3 
806.3 
789.1 
788.1 
794.1 
811.5 
803.1 
793.3 
799.6 
803.5 
795.2 
833.8 
809.6 
799.5 
800.6 
810.8 
829.1 
831.5 
833.0 
831.5 
820.9 
828.1 
831.6 
838.0 
831.2 
851.9 

842.9 
849.0 
823.4 
849.0 

859.7 
860.3 
858.4 
862.2 
864.9 
865.7 
863.6 
843.6 
859.5 
865.5 
871.8 

835.9 
802.5 
789.1 -6.5 
788.1 -5.5 
794.2 -4.0 
811.5 
802.6 -2.9 
792.4 -1.8 
799.6 -16.9 
804.5 -15.2 
794.3 -7.6 
833.8 
811.4 1.2 
799.5 1.1 

803.3 0.9 
810.8 0.6 
829.1 0.4 
832.1 o.o 
834.0 0.2 
832.1 
820.9 0.3 
828.1 0.2 
832.2 0.1 
838.0 0.0 
831.2 
851.9 

844.6 
849.0 
823.4 
849.0 0.0 

859.7 1.6 
860.4 2.2 
858.9 2.5 
862.4 2.9 
864.9 3.3 
865.7 3.7 
865.9 4.3 
843.7 
859.6 1.9 
866.9 3.1 
871.3 3.8 

978.9 871.7 978.2 871.1 979.3 872.1 871.7 5.3 
982 874.5 982.6 875.0 983.7 876.0 875.0 6.1 
986.9 878.8 986.4 . 878.4 986.8 878.7 878.7 6.9 
973.2 866.6 
989.3 881.0 
997 887.8 
1001.2 891.6 
1001.5 891.8 
1009.4 898.9 
956.3 851.6 
1023.8 911.7 
1024.1 912.0 
1022.1 910.2 
1031.8 918.8 
1040 926.1 
1046.2 931.6 
1051.8 936.6 

957.8 852.9 
987.3 879.2 
998.2 888.9 
1004.3 894.3 
1000.7 891.1 
1008.9 898.4 
956.7 851.9 
1020.5 908.8 
1024.7 912.5 
1026.7 914.3 
1030.6 917.7 
1042.1 928.0 
1043 928.8 
1050.9 935.8 

957.8 852.9 
989.3 881.0 
997.9 888.6 
1001.4 891.7 
1002 892.3 
1009.7 899.1 

852.9 
881.0 -0.1 
888.6 -0.2 
891.7 -0.3 
891.8 -0.4 
898.9 -0.5 

957.4 852.6 851.9 
1021 909.2 909.2 -0.4 
1024.6 912.4 912.4 -0.6 
1024.7 912.5 912.5 -0.8 
1026.8 914.4 917.7 -1.2 
1042.3 928.2 928.0 -1.5 

1045.5 931.0 931.0 -1.7 
1048.9 934.0 935.8 -1.8 

952.5 848.2 953.8 849.4 953.9 849.4 849.4 
927 .9 826.3 928.5 826.8 928.3 826. 7 826. 7 
955 850.4 953.1 848.7 952.5 848.2 848.7 

Raw 

782.6 
782.6 
790.2 

799.7 
790.6 
782.7 
789.3 
786.7 

812.6 
800.6 
804.2 
811.4 
829.5 
823.1 
834.2 

821.2 
828.3 
832.3 
838.0 

849.0 

861.3 
862.6 
861.4 
865.3 
868.2 
869.4 
870.2 

861.5 
870 
875.1 
877 
881.1 
885.6 

880.9 
888.4 
891.4 
891.4 
898.4 

908.8 
911.8 
911.7 
916.5 
926.5 
929.3 
934.0 

)> 
"O 
"O 

CD 
::J 
Cl. x· 
01 

:::0 
ID 
~ 
co 
ii3 
< 
~ 
Cl. 
ID ...... 
ID 



Appendix 6 - OSL irradiation - normalisation 

APPENDIX 6: OSL IRRADIATION SCHEDULES AND 
NORMALISATION 

Pilot experiment irradiation schedule 

SamE_le name Disc# Radiation dose (Gy) Time (secs) 

BBE 1,2 N+300 2930 
3,4 N+600 5806 
5,6 N+l200 11613 

BLO 1,2 N+400 3871 
3,4 N+800 7742 
5,6 N+l600 15484 

TLA 7,8 N+400 3871 
9,10 N+800 7742 
11,12 N+l600 15484 

TLB 13,14 N+690 6677 
15,16 N+l380 13355 
17,18 N+2760 26710 

CLO 19,20 N+90 871 
21,22 N+l80 1742 
23,24 N+360 3484 

CL02 1,2,3 N+90 871 
4,5,6 N+l80 1742 
7,8 N+360 3484 
9,10 N+800 7742 

TBE 7,8 N+200 1935 
9,10 N+400 3871 
11,12 N+800 7742 

A-19 



Appendix 6 - OSL irradiation - normalisation 

Normalisation factors for CLO second pilot experiment 

Disc no. Sum of photon counts Sums of photon counts Normalisation factor 
minus background 

1 = blank 88 = background 
2 8744 8656 1.53 
3 5841 5763 1.02 
4 6258 6170 1.09 
5 6293 6205 1.10 
6 6098 6010 1.07 
7 5676 5588 0.99 
8 5154 5066 0.90 
9 5416 5328 0.94 
10 6388 6300 1.12 
11 5767 5679 1.01 
12 6239 6151 1.09 
13 5892 5804 1.03 
14 2039 1951 0.35 
15 4387 4299 0.76 

Average 5640 
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Appendix 6 - OSL irradiation - normalisation 

Irradiation schedule for main experiments 

BBE 

Disc# Radiation Dose PurQose 

2-7 N Additive dose 
8-10 N+150 Gy Additive dose 
11-13 N+300 Gy Additive dose 
14-16 N+600 Gy Additive dose 
17-19 N+1200 Gy Additive dose 

20-23 N + bleach Thermal transfer correction 
24-25 N+ 150 Gy + bleach Thermal transfer correction 
26-27 N+600 Gy + bleach Thermal transfer correction 

28-30 N (+bleach) +150 Gy Regeneration 
31-33 N (+bleach) + 300 Gy Regeneration 
34-36 N ( +bleach) + 600 Gy Regeneration 

37-38 N + no preheat Normalisation factor 
39-40 N + bleach + no preheat Nmmalisation factor 

41-43 N+15hrsex ex - efficiency 
44-46 N + 30 hrs ex ex - efficiency 
47-49 N + 60 hrs ex ex - efficiency 

BLO 

Disc# Radiation Dose PurQose 

2-7 N Additive dose 
8-10 N + 300 Gy Additive dose 
11-13 N + 600 Gy Additive dose 
14-16 N + 1200 Gy Additive dose 
17-19 N + 2400 Gy Additive dose 

20-23 N + bleach Thermal transfer correction 
24-25 N + 300 Gy + bleach Thermal transfer correction 
26-27 N + 1200 Gy + bleach Thermal transfer correction 

28-30 N + bleach + 600 Gy Regeneration 
31-33 N + bleach + 1200 Gy Regeneration 
34-36 N + bleach + 2400 Gy Regeneration 

37-38 N + no preheat Normalisation factor 
39-40 N + bleach + no preheat Normalisation factor 

41-43 N + 30 hrs a ex - efficiency 
44-46 N + 60 hrs ex ex - efficiency 
47-49 N + 120 hrs ex ex - efficiency 
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Appendix 6 - OSL irradiation - normalisation 

CLO 

Disc# Radiation Dose Pur.eose 

2-7 N Additive dose 
8-10 N + 250Gy Additive dose 
11-13 N + 500 Gy Additive dose 
14-16 N + 1000 Gy Additive dose 
17-19 N + 1500 Gy Additive dose 

20-23 N + bleach Thermal transfer correction 
24-25 N + 250 Gy + bleach Thermal transfer correction 
26-27 N + 1000 Gy + bleach Thermal transfer correction 

28-30 N + bleach + 250 Gy Regeneration 
31-33 N + bleach + 500 Gy Regeneration 
34-36 N + bleach + 1000 Gy Regeneration 

37-38 N + no preheat Normalisation factor 
39-40 N + bleach + no preheat Normalisation factor 

41-43 N + 25 hrs a a - efficiency 
44-46 N + 50 hrs a a - efficiency 
47-49 N + 100 hrs a a - efficiency 

TLA 

Disc# Radiation Dose Pur.eose 

2-7 N Additive dose 
8-10 N+ 250 Gy Additive dose 
11-13 N + 500 Gy Additive dose 
14-16 N + 1000 Gy Additive dose 
17-19 N + 1500 Gy Additive dose 

20-22 N + bleach + 500 Gy Regeneration 
23-23 N + bleach + 700 Gy Regeneration 
26-28 N + bleach + 900 Gy Regeneration 
29-31 N +bleach+ 1100 Gy Regeneration 
32-34 N +bleach+ 1300 Gy Regeneration 

35-36 N + no preheat Normalisation factor 
37-38 N + bleach + no preheat Normalisation factor 

39-41 N 
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Appendix 6 - OSL irradiation - normalisation 

TBE 

Disc# Radiation Dose PurJ!OSe 

2-7 N Additive dose 
8-10 N + 200 Gy Additive dose 
11-13 N + 400 Gy Additive dose 
14-16 N + 800 Gy Additive dose 
17-19 N + 1600 Gy Additive dose 

20-23 N + bleach Thermal transfer correction 
24-25 N + 200 Gy+ bleach Thermal transfer correction 
26-27 N + 800 Gy+ bleach Thermal transfer correction 

28-30 N + bleach + 200 Gy Regeneration 
31-33 N + bleach + 400 Gy Regeneration 
34-36 N + bleach + 800 Gy Regeneration 

37-38 N + no preheat Normalisation factor 
39-40 N + bleach + no preheat Normalisation factor 

41-43 N + 20 hrs a a - efficiency 
44-46 N + 40 hrs a a - efficiency 
47-49 N + 80 hrs a a - efficiency 
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Appendix 6 - OSL irradiation - normalisation 

Normalisation factors for main experiments 
BBEn 
Disc no. Sum of photon counts Sums of photon counts Normalisation factor 

minus background 
1 = blank 66 = background 
2 718 652 0.69 
3 1263 1197 1.27 
4 889 823 0.87 
5 828 762 0.81 
6 860 794 0.84 
7 754 688 0.73 
8 337 271 0.29 
9 666 600 0.64 
10 717 651 0.69 
11 883 817 0.87 
12 835 769 0.82 
13 1663 1597 1.70 
14 1248 1182 1.25 
15 1333 1267 1.35 
16 1180 1114 1.18 
17 930 864 0.92 
18 955 889 0.94 
19 1077 1011 1.07 
20 1778 1712 1.82 
21 1127 1061 1.13 
22 1029 963 1.02 
23 1036 970 1.03 
24 1401 1335 1.42 
25 953 887 0.94 
26 1169 1103 1.17 
27 1248 1182 1.25 
28 1005 939 1.00 
29 893 827 0.88 
30 1166 1100 1.17 
31 990 924 0.98 
32 977 911 0.97 
33 735 669 0.71 
34 1138 1072 1.14 
35 1021 955 1.01 
36 813 747 0.79 
37 916 850 0.90 
38 962 896 0.95 
39 736 670 0.71 
40 982 916 0.97 
41 1095 1029 1.09 
42 888 822 0.87 
43 928 862 0.92 
44 965 899 0.95 
45 1278 1212 1.29 
46 909 843 0.89 
47 1011 945 1.00 
48 998 932 0.99 
49 1090 1024 1.09 
50 1016 950 1.01 

Average 941.94 
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Appendix 6 - OSL irradiation - normalisation 

BLOn 

Disc no. Sum of photon counts Sums of photon counts Normalisation factor 
minus background 

1 = blank 75 = background 
2 14359 14284 0.87 
3 16376 16301 1.00 
4 16346 16271 1.00 
5 13379 13304 0.81 
6 18704 18629 1.14 
7 17872 17797 1.09 
8 13506 13431 0.82 
9 12993 12918 0.79 
10 13244 13169 0.81 
11 14551 14476 0.89 
12 16806 16731 1.02 
13 13821 13746 0.84 
14 14613 14538 0.89 
15 14329 14254 0.87 
16 24520 24445 1.50 
17 15243 15168 0.93 
18 16372 16297 1.00 
19 15111 15036 0.92 
20 13098 13023 0.80 
21 14383 14308 0.88 
22 21551 21476 1.31 
23 15625 15550 0.95 
24 16393 16318 1.00 
25 15961 15886 0.97 
26 13302 13227 0.81 
27 12287 12212 0.75 
28 13972 13897 0.85 
29 20146 20071 1.23 
30 21588 21513 1.32 
31 18899 18824 1.15 
32 12889 12814 0.78 
33 14441 14366 0.88 
34 32643 32568 1.99 
35 14718 14643 0.90 
36 13641 13566 0.83 
37 15839 15764 0.96 
38 19593 19518 1.19 
39 11140 11065 0.68 
40 16747 16672 1.02 
41 19770 19695 1.20 
42 17611 17536 1.07 
43 27333 27258 1.67 
44 17770 17695 1.08 
45 16899 16824 1.03 
46 17972 17897 1.09 
47 16602 16527 1.01 
48 7855 7780 0.48 
49 15593 15518 0.95 
50 16306 16231 0.99 

Average 16347.69 
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Appendix 6 - OSL irradiation - normalisation 

CLOn 

Disc no. Sum of photon counts Sums of photon counts Normalisation factor 
minus background 

1 = blank 67 = background 
2 4763 4696 0.68 
3 5529 5462 0.79 
4 7125 7058 1.02 
5 5382 5315 0.77 
6 4754 4687 0.68 
7 6596 6529 0.94 
8 6355 6288 0.91 
9 6492 6425 0.93 
10 6670 6603 0.95 
11 12950 12883 1.86 
12 5630 5563 0.80 
13 7214 7147 1.03 
14 6871 6804 0.98 
15 9173 9106 1.31 
16 8858 8791 1.27 
17 7803 7736 1.12 
18 5323 5256 0.76 
19 7079 7012 1.01 
20 7041 6974 1.01 
21 7207 7140 1.03 
22 7370 7303 1.05 
23 7320 7253 1.05 
24 7056 6989 1.01 
25 7337 7270 1.05 
26 12168 12101 1.75 
27 6815 6748 0.97 
28 7859 7792 1.12 
29 6382 6315 0.91 
30 7162 7095 1.02 
31 6637 6570 0.95 
32 5718 5651 0.82 
33 6665 6598 0.95 
34 7892 7825 1.13 
35 7636 7569 1.09 
36 7293 7226 1.04 
37 8881 8814 1.27 
38 6797 6730 0.97 
39 6862 6795 0.98 
40 3365 3298 0.48 
41 6933 6866 0.99 
42 5876 5809 0.84 
43 7272 7205 1.04 
44 7418 7351 1.06 
45 6434 6367 0.92 
46 6189 6122 0.88 
47 8144 8077 1.17 
48 6018 5951 0.86 
49 6069 6002 0.87 
50 6523 6456 0.93 

Average 6931.08 
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Appendix 6 - OSL irradiation - normalisation 

TLAn 

Disc no. Sum of photon counts Sums of photon counts Normalisation factor 
minus background 

1 = blank 78 = background 
2 6193 6115 0.73 
3 6421 6343 0.76 
4 6755 6677 0.80 
5 6977 6899 0.82 
6 9634 9556 1.14 
7 9678 9600 1.15 
8 6726 6648 0.79 
9 6244 6166 0.74 
10 7156 7078 0.85 
11 6421 6343 0.76 
12 6739 6661 0.80 
13 10291 10213 1.22 
14 6354 6276 0.75 
15 6773 6695 0.80 
16 9924 9846 1.18 
17 13619 13541 1.62 
18 12010 11932 1.43 
19 5879 5801 0.69 
20 10652 10574 1.26 
21 7841 7763 0.93 
22 12508 12430 1.49 
23 13825 13747 1.64 
24 7693 7615 0.91 
25 10786 10708 1.28 
26 7917 7839 0.94 
27 7992 7914 0.95 
28 7558 7480 0.89 
29 7356 7278 0.87 
30 7181 7103 0.85 
31 7449 7371 0.88 
32 7497 7419 0.89 
33 7630 7552 0.90 
34 7107 7029 0.84 
35 7126 7048 0.84 
36 8612 8534 1.02 
37 8127 8049 0.96 
38 7916 7838 0.94 
39 8609 8531 1.02 
40 12802 12724 1.52 
41 9684 9606 1.15 

Average 8363.55 
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Appendix 6 - OSL irradiation - normalisation 

TBEn 

Disc no. Sum of photon counts Sums of photon counts Normalisation factor 
minus background 

1 = blank 229 
2 2237 2008 0.86 
3 2310 2081 0.89 
4 2694 2465 1.06 
5 2297 2068 0.89 
6 2511 2282 0.98 
7 2254 2025 0.87 
8 2463 2234 0.96 
9 2605 2376 1.02 
10 2510 2281 0.98 
11 2727 2498 1.07 
12 2271 2042 0.88 
13 2831 2602 1.12 
14 2779 2550 1.09 
15 2914 2685 1.15 
16 2485 2256 0.97 
17 2569 2340 1.00 
18 2774 2545 1.09 
19 3072 2843 1.22 
20 2093 1864 0.80 
21 2309 2080 0.89 
22 1930 1701 0.73 
23 1968 1739 0.75 
24 2351 2122 0.91 
25 2013 1784 0.76 
26 1988 1759 0.75 
27 1817 1588 0.68 
28 2072 1843 0.79 
29 2563 2334 1.00 
30 1835 1606 0.69 
31 2034 1805 0.77 
32 2411 2182 0.94 
33 2139 1910 0.82 
34 2113 1884 0.81 
35 2062 1833 0.79 
36 2251 2022 0.87 
37 2431 2202 0.94 
38 2173 1944 0.83 
39 2522 2293 0.98 
40 2675 2446 1.05 
41 2436 2207 0.95 
42 2139 1910 0.82 
43 2700 2471 1.06 
44 4062 3833 1.64 
45 3417 3188 1.37 
46 3474 3245 1.39 
47 4089 3860 1.66 
48 3828 3599 1.54 
49 3587 3358 1.44 
50 3715 3486 1.49 

Average 2332.22 
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