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Abstract

This study attempts to determine a relative age of the Wahianoa moraines, Mt Ruapehu
using three relative age dating techniques: Lichenometry, Schmidt hammer and Boulder
roundness. There were three study areas used, termed the Wahianoa ‘A’, ‘B’ and ‘C’
moraines. Upon determining a relative age for these moraines, their timing of their
formation was placed within New Zealand’s glacial timescale. This is the first study of its

kind conducted on Mt Ruapehu and has left the door open for more research in this field.

The species of lichens measured on the Wahianoa moraines were Rhizocarpon subgenus,
which the largest diameters were measured using callipers. A total of 606 lichens were
measured in the Wahianoa Valley and were processed using the growth curve and size
frequency methods. A lichenometric growth curve was constructed from lichens growing
in the Ohakune cemetery. The dates derived from both methods placed the formation of the

Wahianoa moraines during the Little Ice Age.

An L-type Schmidt hammer was used on the boulders in the Wahianoa Valley. A total of
280 measurements were taken off the boulders on the Wahianoa moraines. The results of
this method, when compared to Winkler’s (2005) study in the South Island placed the
formation of the Wahianoa moraines pre-Little Ice Age. Although no definitive ages could
be derived from this comparison due to differences in lithology between the two studies, it

provided an idea as to where the formation of these moraines could belong.

This is the first time that the Boulder roundness method has been used in New Zealand,
having only been developed by Kirkbride (2005). This method was used to determine
which of the ridges in the Wahianoa Valley were older. It was found that the Wahianoa ‘A’

moraines were the oldest in the valley followed by Wahianoa ‘B’ and ‘C’ respectively.

A climate reconstruction was also conducted for the Wahianoa Valley to see what
conditions may have been in existence during the formation of the Wahianoa moraines.
The paleo-ELA for the Wahianoa Glacier was estimated using the Accumulation-Area

Ratio (AAR), Terminus to Headwall Ratio (THAR), Maximum Elevation of the Lateral
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Moraines (MELM) and Extrapolation methods. The current ELA was estimated using the
AAR, THAR and Extrapolation methods. The difference between these estimates was used
to determine what temperature decrease would have caused the formation of the Wahianoa
moraines. The average paleo-ELA was found to be c. 1715m, while the current ELA was
found to be 2475m which lead to a 4.5°C decrease. This temperature decrease correlates

well with that of the Last Glacial Maximum.

This study found significant differences in relative age of the Wahianoa moraines. There
are a number of factors that can affect the growth of lichens such as micro-environmental
conditions and the fact that a growth curve was constructed off site. Factors such as
petrography can affect the Schmidt hammer results and the Boulder roundness
measurements. In addition, precipitation can affect the ELA values which can then cause
the wrong placement within a glacial event. Further research lies in the use of the Schmidt
hammer on a known age surface such as the Mangatepopo moraines which will aide in a
better correlation of relative age. Also, further research using climate reconstructions on
Mt Ruapehu and the effect of precipitation will also aide in a better correlation with a

glacial event.

III



Acknowledgements

The completion of this project would not have been possible without the help and

encouragement from a large number of people whom I would like to acknowledge:

I am grateful for Dr Martin Brook’s support and feedback both in the office and in
the field.

Special thanks to Victoria University for the loan of their Schmidt hammer.

Special thanks to Dr Stefan Winkler’s advice and help for this project

Thanks to Dr Andrew Mackintosh for providing ELA values for the Mangatepopo
moraine

Winstone Pulp International for their use of the forestry tracks so I could gain
access to the Wahianoa Valley

Scott and Dara Graham, Alpine Motel Backpackers, for allowing me to arrange
accommodation around Mt Ruapehu’s temperamental weather

Huge thanks to Alastair Clement, John Appleby and Clare Robertson for their
assistance with the table of contents, list of figures and tables and for checking my
references.

Huge thanks to John Appleby and Clare Robertson for their assistance in the field
and helping me complete my fieldwork

Support and feedback from number of colleagues in the Geography department, in
particular Dr Ian Fuller and Olive Harris

Special thanks to Stephanie Mandolla for making the summer months fun as we
scrambled around Mt Ruapehu trying to complete our field work.

Finally to my family for their support and encouragement, could not have finished it
without you. An extra special thanks to my Dad for using his spare time to proof

read this thesis.

vV



Table of Contents

F N 1] 1 2 T PSPPSR II
ACKNOWIEAGEIMENLS..........cooiiiiiiiiiiiiieiite ettt sb e e st e e st eesabeeseabeeens v
LSt Of FIGUI@S ...ttt e e e st e e et e e e entaeeeeenaaeeeeenneas XI
LiSt 0f TaDIES .....c.oooniiiii ettt e XVI

Chapter 1: Introduction

1.1 INEroduCtion ..........cccoiiiii e e 1
T2 MERUAPERU ...ttt e e e 1
1.2.1 Mt RUQPEhU’S GIACIETS ...ccueviieiiieciiieeiiee ettt e e ens 2
1.2.2 Wahianoa GIaCIeT........cccuieiiieiieiieeieeeiie ettt ettt ettt e e et e saae e 6
) BN T Y SRS 6

1.3 Relative Ae Dating.............coooviiiiiiiiiiiiiiieecee ettt e 7
1.4 Reconstructions of paleo-Equilibrium Line Altitudes (ELA).............ccccccoveenee. 8
1.5 TRHeSIS STRUCTUTE .....ooeiiiiiiiiiiiceeeee ettt 9

Chapter 2: Literature Review

2.1 New Zealand Climate during the Quaternary ..............cccccoeeiiiniiiiniiennieenn. 10
2.1.1 The Pleistocene excluding the Otira Glaciation (2.6my-70ka BP)..................... 11
2.1.2 Otira Glaciation excluding the Last Glacial Maximum (70ka-25ka).................. 15

2.1.2.1 Early Otiran Glacial Advances (MIS 4)...........cccoueeeueeeccueeeciieecieeecieeeennn 16
2.1.2.2 Mid Otiran Glacial Advances (MIS 3) ..........ccueeeveeeeieeeeieeeeiieeeceeeecree e 16
2.1.2.3 MIS 3/2 tFANSTLION ..ooveeeeeeeee e eeee e ete e ete et aee e svee e e e naseeenaeas 16
2.1.3 Last Glacial Maximum (LGM) (MIS 2) .....ooooiiiiiieeeeeeeeee e 17
2.1.3.1 The South ISIANd..............cc.ooeeeueeeeiieeeiieeeie ettt 17
2.1.3.2 The NOFth ISIANG ............cccuveeeiaiiaiieieeeeeeee et 20
2.1.4 Last Glacial Interglacial Transition (LGIT) (20 to 10Ka) ......c.cccccvveeeveeennenne 21
2.1.4.1 YOunger Dryas (YD) .......cccuoououeenuiiiniiieiiie ettt 21
2.1.4.2 Antarctic Cold Reversal (ACR) .........cc.ooeeueeeeueeeeieeeeieeecieeeie e evee e 22
2.1.5 The HOIOCENE ..ottt e 22
2.1.5.1 The Little 1€ AGe .......uueeeeeeeeieeeieeeeeeeeee ettt evee e 23
2.1.6 Driver of Late Quaternary glaciations...........ccceecveevuierieerienieeniiesre e see e 24

22. MERUAPERU ... ettt e e et e e e et e e e nneee s 25
2.2.1 VOICaniC HIStOTY ....eeeviiiiieiieeieeiie ettt ettt ettt e saae e b e e 25
2.2.2 Tephrochronology of eruptive SEQUENCES ........eeervreeiuieeeiiieeeiieeeieeeereeeevee e 26

2.2.2.1 Quaternary Eruptive ACLIVILY ..........cccceieeeuieiiiieeiieeeiieeeee et 26
2.2.2.2 HiStorical eruptive ACLIVIEY..........ccveeecueeeereeesieeeeieeeeieeeeiaeeesveeesseesnseeennsens 28
2.2.2.3 Glacier-Volcanic iNteraCtioNsS ............cc.cccueeeueeeeeecueeneeeiieesieeereenieesseenseesnnes 29
2.2.3 Evidence for Glacial History of Mt Ruapehu ..........cccceeviiiiniiiiniiicie e, 30

2. 2.3 1 INEFOAUCTION. ...ttt ettt st saae e e sneas 30
2.2.3.2 Glacial retreat during 1 9"/20™ COMIUTY cvveeieeeeeeeeeeeeeeeeeaee e aeeeseaeeennaeas 31

2.3 Relative Age dating of glacier eXtents ...............ccccceevviiiiiiiiniiiieniieee e 33



P T B B To] 1 1<) 1) 14110 /USRS 33

2.3.1.1 Lichen parameter to be measured..................cccoeveeevescieeceenceenceranneennnes 34
2.3.1.2 Largest lichen maximum di@MeLers ............cccocevcueeevueeeceeesieeenireeesireeennnens 35
2.3.1.3  Maximum Diameters of all liCREns .............ccccovevvevecieniiieiiinieeiieeenne. 36

2.3. 1.4 SIZ€ FFOGUEICY .....eeeeeeeeeeeeee et e e e s e saaee e s s naneees 37
2.3.1.5 POIFCEONE COVET ...ttt ettt ettt s e e 38
232 Schmidt HAMMET ......ooouviiiiiiiii e 39
2.3.3 Boulder ROUNANESS ........ooueeiiiiiiiiiieieieteteee et 41
2.4 Climate reCONSTIUCTION .........coociiiiiiiiiiiiiiiiiee et 44
2.4.1 Area-Accumulation Ratio (AAR) .....cooviiioiiieiiieeeeeeeee e 44
2.4.2 Area-Altitude Balance Ratios (AABR).......coooviiiiiiieieceeeeee e 46
2.4.3 Maximum Elevation of Lateral moraines (MELM).........c..ccccoceeviviieiiieeecneeenneen. 46
2.4.4 Terminus to Headwall Altitude Ratio (THAR)........cooviieiiiiiiieceecee e, 47
2.5 Aims and ODJECTIVES ........cooiuiiiiiiiiiiiieie e 47

Chapter 3: Methodology

B INrOAUCTION ...ttt e 49
3.2 Relative age dating techniques................ccccocviiiiiiiiiii i 49
3.2.1 Lichenometric measurements on Mt Ruapehu.............ccccoeviiiiiiniiniiiniiniee, 49
3.2.2 GIOWLEN CUIVE....eiiiiiiieiiiieeiie ettt et et e et e et e e st e e sateeesstaeessseeessaeessaeennseeas 52
3.2.3 Size-frequenCy MEASUIEMENLS. ......ccueeriieriieeieeriieeteerieesteeteeeaeenseeseeeseeseneeseens 53
33 Schmidt HAMMET ........ccoooiiiiiiiieiieeeee e e e 54
3.3.1 Schmidt Hammer measurements on Mt Ruapehu............ccccoecveeiieniienennen. 54
3.3.2 Power’s ROUNANESS .......c.eiiiiiiiiiiecciie ettt 54
34 Boulder ROUNANESS ............coooiiiiiiiiiiiiicieicececeeee e 55
34.1 Boulder Roundness measurements .............cceeevveeeiieeeciieeniieeeieeesiee e 55
3.5 Climate RecOnStruction ..............ccoceiiiiiiiiiiiiniiiieeceeeece e 56
3.5.1 Area-Accumulation Ratio (AAR) ...cccvvveeiieeieeeeeee e 56
3.5.2 Maximum Elevation of Lateral Moraines (MELM) ..........cccccceeviiiiiiieecieeennenn, 57
3.5.3 Terminus to Headwall Altitude Ratio (THAR).......ccceeeeiiieiiieeiieeeeeeeeee 57
3.5.4 Extrapolation method...........cccieiiiiiieiiiiiieieeee e 58

Chapter 4: Results - Lichenometry

4.1 INErOAUCTION ...ttt et 60
4.2 Lichenometric results for the Wahianoa Valley...................cccccooviiiiiiiiinnnnnen. 60
4.2.1 General TIENM. ......cc.eiiiiiiiiieieet ettt s 60
4.2.2 Spatial Variability .......ccccceeeoiiiiiiii e e e 61
4.3 GrOWth CUIVE......ooiiiiiiiii ettt 64
4.3.1 INtrOAUCTION ...ttt ettt et et et e s 64
4.3.2 Construction of the growth CUrve...........ccoccveviieiiiniiicieee e 64
4.3.3. Application of growth curve to the Wahianoa moraines. .............cccccecvveeennennnee. 66
4.4 SIZE-FTeQUEIICY .........ooiiiiiiiiiiiiiieeiiee ettt ettt ettt e s te e st e e st e e sabeeennbeeeneee 68
4.4.1 Wahianoa ‘A’ ...ttt 68
4.4.1.1 Size-frequency RISTOGEANML .............cccueeeueeeueeeieeesieeieeeee et eie e eaee e eaee e 68

VI



4.4.1.2 SiZe-fTreGUENCY CUTVE .......eeeeeeeeeireeeiieeeieeesseeesteeesaeessaeesssaeesseeessseeensseeans 70

4.4.2 Wahianoa ‘B’ MOTAINE .......cccueviiriiiiiniieieiiesieeie sttt s 70
4.4.2.2 SiZe-fTOQUENCY CUTVE .......eeeeeeeeireeeiieeeieeesseeesteessseesssseesssaeesseeesseeensseeans 71
4.4.3 Wahianoa “C ...oc.ooiuiiiiiiiiieeierieeie ettt sttt st ettt 72
4.4.3.1 Size-frequency RIiSTOZTAM ............c..ceccuueeecueeeeieeesieeeeieeeeieeeeraeeseseeesseeenaseeens 73
4.4.3.2 SiZe-freQUENCY CUFVE ......c.eeeeeeeiieeiieeeeeieeeieeeieeeteeeteesteesee e sseeseaeaseesnees 73

4.5 Factors affecting lichenometric results. ..................ccoooiiiiiiiiiii i, 74
4.5.1 Factors affecting lichen growth...........ccccoeoiiiiiiiiiniiceeeee e 74
4.5. 1.1 SUTTACE SEADILILY ....ooonveeeeeeeeeeeee ettt e e aae e nareeen 74
4.5.1.2  LItROIOZY ..ottt 75
4.5.1.3 Micro-environmental CONAILIONS ............c..oeecueeeecueeeeiieeeiieeecieeecieeescieeenaeeens 75
4.5.1.4 COOLEr tEMPEFATUTES..........cocceeeeeeieiieeieeeieeeie et eee et aeeaee e eseeseaeesee e 77
4.5.1.5 VOICANIC EVUPLIONS .....occcuveeeeieeeiieeeiieeeieeesieeesieeeeaveesaveesvaeesaeeesnseesnnseeens 78
4.5.2 Factors affecting the Growth Curve..........cccooevieiiieniiiecienieeeeeeeee e 78
4.5.2.1 Environmental CONAILIONS ...........cc..cccueeecueeeeiieesiieeeieeeeeeeeeaeesieeesaeeenaveeans 78
4.5.2.2 Differing liCHeN SPECIES ...........cccueeeeeceeeiiieeiieiieeie ettt sae e 78
4.5.2.3 LINOIOZY ..ottt ae e st e e e ennraeen 79
4.5.2.4 Anthropogenic iNfIUCHCE ...........c.cccueeceeeiiieeieecieeee ettt 79
4.5.2.5 CoaleSCOd [ICRENS .........cccueeeieeeiieeie ettt aee e naveean 79

] 111111 T2 o) OO RRPP PR RTTRR 80

Chapter 5: Results - Schmidt Hammer method

ST INErOAUCTION ....ooeviiiiiiiiii ettt 82
5.2 Schmidt Hammer measurements...............ccceeeerriiieeeriiiieeeniiieeeesieeeeeineeeeeeneeens 82
5.2.1 GENEral trENAS .....c.eeeiieiiiieiiecie ettt ettt ettt et et enee s 82
5.2.2 Spatial variability .......c.ccccciiiiiiieiiiiece e 84
5.2.3 Individual Sampling SIS .........cecierieriiierieeiierie ettt ve et e see e 86
5.2.3.0 WARIANOA “A° ..ot seeete e ve e saae e s aae e s e e aaeenaseeen 86
5.2.3.2 WARIANOA ‘B’ ..ottt 87
5.2.3.3 WARIANOA “C ...ttt ae et aae e s e e ssaaeennaeeen 88
5.2.3.4 Approximate age of the Wahianoa moraines ................ccccccceeeeeeveeceneneennnn. &9
S ROUNAIMESS ...ttt e ettt e e et e e e ettt e e s sabeeeeesnsbaeesensaeeeennsseeens 90
5.3.1 ROUNANESS fIEQUENCY .....eeeuiieiieeiieiie ettt e eseae s 90
5.3.2 Roundness versus Schmidt hammer rebound (R) values...........ccccoecvveeeiieennenns 91
5.4 Factors affecting Schmidt hammer rebound (R) values and boulder roundness
.......................................................................................................................................... 92
541 LIthOlOZY .eeiiiiiieiii ettt ettt ettt e sabe s 93
5.4.2 TransSPOrt NISTOTY ....viiiiiiiiiie ettt e e eeae e e e e eaeeesbeeesseeennseeens 93
5.4.3 Micro-environmental CONAItIONS ........ccueeruireiiierieeiierie ettt eve e 94
5.4.5 Instrument and OPETALOT ETTOT.........eeeuieerireeeieeeriieerteeeriteeerreeereeeereeensseeenene 94
5.5 SUIMMEATY ...ttt ettt e e et e e s bte e sabee e sabeeesabeeenaseeennee 95

Chapter 6: Results - Boulder Roundness

0.1 INEFOAUCTION ...ttt e e e e ettt ee e e e e e e e eeaaarraaeeeeas 96

VII



6.2 Boulder Roundness mMeasuremMIENTS. ........co.uuveiimmeeeeeeee e e e e eeereeeeeeenns 96

0.2.1 General TTeNd.........cooiiiiiiiieiii ettt et eaaeenae s 97
6.2.2 Spatial Variation.........c.ceeeueeeiieeeiiieeiieeeieeesieeesreeeseveeetaeeeeaeesseeesseeessseeensseeens 98
6.2.3 Individual SAMPliNg areas..........ccceecveeriierieeiiienie et 100
0.2.3.1 WaARIANOA ‘A’ ....oooeeeeeeeeeeee ettt te e e ae e eaae e srae e e e saseeennseeens 100
0.2.3.2. WaARIANOA ‘B’ ....ccuooeeeeiieiieee ettt 102
0.2.3.3 WaAhiQnO@ “C' .......cccueeeeieeeeiee et et et te e aae e saae e saee s veeesaseeennseeens 104
6.2.3.4 StatisticAl ANQLYSIS .......cc.ooeeueeeiieiiiieieeeeeeie ettt 105

6.3 Factors affecting Boulder Roundness values...................c.cccccoovniiininniiieeennnnn. 106
0.3.1 LithOLOZY ..eevtieiiieiieeie ettt ettt 106
6.3.2 TranSPOrt NISTOTY ...eeiieiiiiiiie ettt e e et e e e s e e snseeenseas 107
6.3.3 Micro-environmental CONAItIONS ........ccueevuieeiierieriierieeie et 107
6.3.4 Frost-ShatteriNg .......cccveieiiieiiie ettt tee et e e sbe e e saaeeeeaeas 108
0.4 SUIMIMATY ......ooiiiiiiiiiiie ettt ettt e et e et e sttt e s bt eesabteesabeeesaseeenabeesnnseeens 108

Chapter 7: Results - Climate Reconstruction

T INErOAUCTION ..ottt 109
7.2 Paleo-ELA recoOnStruction...............coooiiiiiiiiiiiiiiiieiieceieceeeeete et 109
7.2.1 Accumulation Area Ratio (AAR) method..........ccooovvvieiiiieiiiicieceee e, 109
7.2.1.1. TNEPOAUCTION ...ttt 109
7.2.1.2 Determination of the paleo-ELA ...............ccccoccoevoeeeienceeecienieeiieeieeeeenn, 111
7.2.2 Terminus to Headwall Altitude Ratio (THAR) method..........cccccvvvvvvvenneennnen. 112
7.2. 2.1 INEPOAUCTION ...ttt ettt s saeenbe e 112
7.2.2.2 Determination of the paleo-ELA ................cccooeeveeecieeecieeecieeecieeecieeennens 113
7.2.3 Maximum Elevation of Lateral Moraines (MELM) ...........cccceoeiiiviiieecneeenneen. 113
7.2.3. 1 INEPOAUCEION ...t e e e e e e e enaaeas 113
7.2.3.2 Determination of the paleo-ELA ...............ccccoccoevoeeoiencieecienieeiieeieeveenn, 114
7.2.4 Extrapolation Mmethod ..........coccuiiiiiiiiiiiieciieeee e 115
7.2.4. 1 INEFOAUCTION ...ttt et s ese e 115
7.2.4.2 Determination of the paleo-ELA ................cccoueeveeeciueeecieeecieeecieeecieeennens 115

T3 Current ELA ..ot 115
7.3.1 Accumulation Area Ratio (AAR) method..........ccoeevvieeiiieniiiicieee e, 116
7.3 1.1 INEPOAUCTION ...ttt ettt ettt s ese e 116
7.3.1.2 Determination of the current ELA...............ccooeeveeeciueeecieeeiieeeieeecieeeenens 116
7.3.2 Terminus to Headwall Altitude Ratio (THAR) method...........ccccoeevvieenneenneen. 118
7.3. 2.1 INEPOAUCIION ...t saee e e e e aaeeenanees 118
7.3.2.2 Determination of the current ELA..............cccccoevveeeeeneeecienieeieenieneeenn, 118
7.3.3 Extrapolation Method...........cccuiiiiiiiiiiiieiieceeceeee e 118
7.3.3. 1 INEPOAUCTION ...ttt ettt e 118
7.3.3.2 Determination of the current ELA...............cccoeevueeeeiueeecieeeciieeeieeeecieeennens 119

7.4 Basal Shear SEress .........oocooiiiiiiiiiiiiee e 119
741 INETOAUCTION ...ttt ettt ettt et e e s 119
7.4.2 Determination of the maximum Basal Shear Stress...........ccccoevveiiiniiiniennnnne. 119
TS ADIation Rate...........coooiiiiiiiiii e 120
7.5.1 INErOAUCHION ...ttt et ettt et e et e e b e e saeeseeenee e 120

VIII



7.5.2 Determination Of the ablation TAte........cooeeeee e e eeeeeeeeeens 120

T Lapse RALE ......oooooiiiiiiiiieeeee e sttt et 120
7.6.1 INTrOAUCTION ...ttt ettt e e s 120
7.6.2 Determination Of 1apSe rate .........cceecuieriieiiieniieiieie et 121

7.7 ELAS and precipitation ...............ccoooiiiiiiiiiiie e 121

7.8 N1 11111111 o) TP TUTPRSPRRRPPIO 122

8.1 INErodUCTION ....coviiiiiiiiiie et 123
8.2 Comparison of the relative age dating methods.......................cocoooiiviiinnnnnnnn. 123
8.2.1 General trendS .......cceevuieiirieiiiiectete e 123
8.2.2 Comparing lichen results and Schmidt hammer rebound values...................... 125
8.2.3 Comparing lichen results and Boulder roundness values ..........c...cccceeeuennene. 126
8.2.4 Comparing Schmidt hammer and Boulder roundness values........................... 127
8.2.5 SUIMIMATY ...eeiiiiiiiiiieeiie ettt ettt ettt e ettt e st e e et e e s abeeesabteesabeeesabeesabeeenseas 128
8.3 Comparison with other lichenometric research.....................cccocoocriniinnnnnnnn. 128
8.3.1 GIOWLN CUIVE....iiiiiiiiiieiieeiieiee ettt st 129
8.3.1.1 Comparison on @ reQioNal SCALE ............c...cccueeecueeecceeeeeiieeiieeeieeeree s 129
8.3.1.2 Comparison on a national SCALe ................cccoccoueveeeciesiieeiieiieeieeeie e, 130
8.3.1.3 Comparison on an international SCale...............c.ccccoueeecueeecveeencerencreeeannens 131
8.3.2 S1ZE-TTEQUETICY ....eviiiieiiieiieeie ettt ettt et et saeeebeesaaeenseenneas 133
8.3.3 SUMMATY ..t e e et e e e et e e e s ebaeeeesneaeeeesnseeeas 134
8.4 Schmidt HAMMET ..........oooiiiiiiiiiiiiiieeeee et 135
8.4.1 Comparison of results on a national scale............cccecvveeeiiiiniieeniie e 135
8.4.2 Comparison on an international scale ...........cccoevveeiieniieiieniiieiieeeeeeee, 136
8.4.3 SUMMATY ..eiiiiieeeiiee et e e e e ettt e e e et e e e e e ebaeeeesnsaeeeesnseeens 137
8.5 Paleo-glacier ReconStrucCtion.................cooouiiiiiiiiiiiiiiiiieeiccceeeee e 137
8.5.1 SUMMATY OF TESUILS ...eeiiiiiiieciieeiee et 137
8.5.2 Comparison with other reSearch ...........ccccoocveviieiiiniieiece e 138
8.5.2.1 Regional Climatic IMPlICALIONS............cccueeeeueeeeieeeiieeecieeeieeeeeeesvee s 138
8.5.2.2 New Zealand Climatic IMpliCAtions................coueeueecueeioeeeiiasieeieeneeeneenn, 140
8.5.2.3 International Climatic IMPliCALIONS ............ccueeecueeecciieeeiieeiieeecieeeree e 143

8.5. 2.4 SUMMIATY ..ottt et ettt et e e 144

8.6 Future Research opportunities ...............occcovvveiiiiiiniiiie e, 144
8.6.1 Relative Age dating........ccouiiiiieiiiiiiieiieeieeee ettt 144
8.6.2 Climate ReCONSIIUCTION ......ceiuiiiiiiiieiie et 145

Chapter 9: Conclusions

9.1 Objectives RevVISIted ..............oooviiiiiiiiiiiieee e e 147
0.2 LACR@NOMELTY .......cooiiiiiiiiiiiiieeiteeete ettt ettt ettt e st e e st e st esnaneeens 147
0.2.1 GTOWLH CUIVE....viiiiiieeiie ettt et et stee e stee e saeeessaeeesaaeensaeennns 147
0.2.2 SIZE-TT@QUEIICY ....eeutieeiiieiieeieeite ettt ettt ettt e et e sateebee st e enseessaeenseesneeenne 148
9.3 Schmidt HAMIMEE ..........ooooiiiiiiiiiiieeeeeee et e e e es 148
9.4 Boulder ROUNANESS ...........cociiiiiiiiiiiiiiieeieteetee et 149

IX



9.5 ClIMAatic RECONSEIUCHION . ....oeiiieeeeeiee e e et e e e eeeaaas

9.6 Summary....

References

Appendix..



List of Figures
Chapter 1

Figure 1.1. Location of the Taupo Volcanic Zone, North Island, New Zealand ............... 2

Figure 1.2. Looking northward onto Mangachuehu and Mangaturuturu glaciers, Mt

RUAPENU ..o 3
Figure 1.3. Looking south onto Crater Basin Glacier, taken in April 1909 .................... 4
Figure 1.4. Looking south onto Crater Basin Glacier taken in January, 1973 ................. 4
Figure 1.5. Looking south onto Crater Basin Glacier taken in February, 2007 ............... 4

Figure 1.6. Former extent of Mangachuehu Glacier taken early 1900s, crevassing is highly
evident on the surface.  Girdlestone Peak can be seen to the right of the
o B 163 1<) SO PPN USOUPRRRPPRPPOt 5

Figure 1.7. Former extent of Mangachuehu Glacier taken during the 1970s, note the
smoother surface of the glacier, indicative of surface lowering, mass loss and few, if any
CTEVASSES .. etenttentt ettt et e ettt et e et ettt et ettt et et e e et et e e e et et e e e 5

Figure 1.8. Current extent of the Mangaehuehu Glacier taken in March 2006. Note that
glacier has retreated past the riegel (rock ledge) and a new ridge is beginning to emerge in
the top 1eft COTNET .. ..o e, 5

Figure 1.9. Looking westward onto Mt Ruapehu with Wahianoa Glacier situated to the
right of Girdlestone peak ............oiiiiiiiiii i e 6

Figure 1.10. Wahianoa Valley situated on the southeastern slopes of Mt Ruapehu,
Wahianoa Glacier is at the head of the valley, and is little more than a small niche glacier
L7062 7

Figure 1.11. Annual mass balance of a glacier system, showing how the relation between
accumulation and ablation controls the location of the equilibrium line altitude (ELA)

............................................................................................................ 8
Chapter 2

Figure 2.1. Geological Timescale ..........ccooiuiiiiiiiiiii e, 10

Figure 2.2. Significant locations of Quaternary glacial and interglacial evidence ...........13

Figure 2.3 Marine oxygen isotope record over the last 200,000 years ........................ 15

XI



Figure 2.4. New Zealand vegetation at LGM ..., 18
Figure 2.5. New Zealand at the Last Glacial Maximum (LGM) ..., 19
Figure 2.6. Location and geology of the four volcanic formations identified by Hackett
(1985). 1= Whakapapa Formation; 2= Mangawhero Formation; 3= Wahianoa Formation;

4=Te Herenga FOrmation .............ouiiiiiiiiiiiii i i eaeen 25

Figure 2.7. Stratigraphy of Tufa Trig type site (Donoghue, 1991), abbreviations described

in Table 2.2, Mk stands for Makahikatoa sands ..................ccoociiiiiiiii i 28
Figure 2.8. Climbers in the centre of the Crater Lake ................c.oooiiii. 29
Figure 2.9. 1995-96 eruption of Ruapehu, lahars in the foreground ...........................30

Figure 2.10. Moraine ridge crests and inferred ice limit of the Ruapehu ice cap and outlet
glaciers at the maximum of the last major ice advance, which may have been the late Otiran
glacial age (McArthur and Shepherd, 1990). 1= Mangatoetoenui Glacier, 2= Whangaehu
Glacier, 3= Crater Lake which contains Crater Basin Glacier on southern side and
Tuwharetoa Glacier on northern side, 4= Wahianoa Glacier, 5= Mangaehuehu Glacier, 6=
Mangaturuturu Glacier, 7= Whakapapa Glacier, 8= Summit Ice Field ..............c.......c... 31

Figure 2.11. Alternative ways of measuring a lichen thallus. Inscribed circles and largest
diameter (hatched 1INES) ........ooiiiiiii e 35

Figure 2.12. Growth curve of the Rhizocarpon geographicum from Vernagt glacier
foreland (Beschel, 1950). Letters indicate sample sites used ............c.ccoviiiiiiiiiiinnn, 36

Figure 2.13. Lichenometric dating curve, South Island, New Zealand ....................... 37

Figure 2.14. The relationship between the gradient of size-frequency distributions of
Rhizocarpon and surface age on seven dated surfaces in southeast Iceland .................. 38

Figure 2.15. Some factors which influence R-values results, and their interrelationships
Figure 2.16. Left: Diagrammatic illustration of the use of radius of curvature to represent
edge roundness. Right: Design of a simple instrument for measuring edge-roundness of
1arge BOULAELS ... .ot 43
Figure 2.17. Graphed relationship between normalised length and radius of curvature
Figure 2.18. Accumulation Area Ratio (AAR). This method is based on the ratio of the
accumulation area (Sc) to the total area of the glacier, (where Sa is the ablation area). A

steady state (SS) AAR of 0.65 (when mass balance = 0) is regarded as the most appropriate
for majority of temperate, debris-free glaciers ..............oooiiiiiiiiiiiiiii 45

XII



Figure 2.19. Maximum Elevation of Lateral Moraine (MELM) ...................ccovine. 46

Figure 2.20. Terminus to Headwall Altitude Ratio. ELA lies midway between the
headwall (Ap) and the terminus (A¢) ...oveeeiiiie e aeens 47

Chapter 3

Figure 3.1. Yellow-green Rhizocarpon SUDZENUS ............covuiiiiiiiiiiiiiiieeiieanneennn, 49

Figure 3.2. Sampling areas in the Wahianoa Valley. Dashed line is the round the mountain

track and signifies the maximum extent of the study site for this thesis ...................... 50
Figure 3.3. Measurement of lichen using callipers ................cooviiiiiiiiiiiiiiiinn.n. 51
Figure 3.4. Location of Ohakune Cemetery ...........coeiiiiiiiiiiiiiiiiiiii e, 52
Figure 3.5. Measurements taken using L-type Schmidt hammer .............................. 54
Figure 3.6. Roundness images and classes .............cooeviiiiiiiiiiiiiiiiiiiiiieaene 54
Figure 3.7. Measurement of a sample using boulder roundness instrument ................. 56

Figure 3.8. Map of New Zealand showing the northward vectors from Cobb Valley and Mt
Ellato Mt Ruapehul ... .o e 59

Chapter 4

Figure 4.1. Lichenometric results for the Wahianoa Valley. Numbers indicate the average
of the five largest lichens in each sample Site ...........c.cooiiiiiiiiiiiiiiiiiiii, 61

Figure 4.2. Box and Whisker plot for the average of the five largest lichens calculated for

the Wahianoa Valley .........ooiiiiiii e 62
Figure 4.3. Range of the five largest lichens for each the sample sites in the Wahianoa
Y21 1 1<) N 63
Figure 4.4. Graph of lichenometric results from Ohakune cemetery .......................... 65
Figure 4.5. Lichenometric growth curve for Ohakune cemetery .................oovieininen 66
Figure 4.6. Size-frequency histogram for the Wahianoa ‘A’ moraines..........................69
Figure 4.7. Lichenometric size-frequency curve for the Wahianoa ‘A’ moraines ........... 70
Figure 4.8. Histogram of the size-frequency for the Wahianoa ‘B’ moraine................... 71

XIII



Figure 4.9. Size-frequency curve for the Wahianoa ‘B’ moraine.............cccceeeevveerieeennnennn. 72
Figure 4.10. Histogram of the size-frequency for the Wahianoa ‘C’ moraines.................. 73
Figure 4.11. Size-frequency curve for the Wahianoa ‘C’ moraines............cccccveeeveeennveennee. 74

Figure 4.12. Lichen, approximately 80mm, located on the eastern slope of the true left
Wahianoa ‘A’ moraine facing and near the junction with Wahianoa ‘B’ moraine............... 76

Figure 4.13. Rhizocarpon subgenus located on the southern face of the Wahianoa ‘A’ true

left moraine. Note the lichen’s lack of circular shape..........cccceeevvieviiiinciii e, 77
Chapter 5
Figure 5.1. Schmidt hammer measurements for the Wahianoa Valley...........c.cccccveeennnnnee. 84

Figure 5.2. Box plots of the range of R values measured at each sample site on the
Wahianoa ‘A’, ‘B’ and “C’ MOTAINES. .........oovevuriiiiiiieeeeeeeeeieeetee e e e eeeeeeeeeree e e e s essiaassreeeeeses 85

Figure 5.3. Size-frequency histogram of R values versus the size-frequency (%) for the

Wahian0oa ‘A’ MOTAINES. ......eeitiiiiiiiieiie ettt ettt e st e st e beesateenbeesaees 86

Figure 5.4. Size frequency histogram for R values of the Wahianoa ‘B’ moraine.............. 87

Figure 5.5. Histogram of the Wahianoa ‘C’ rebound (R) values...........cccceevvvieeciieenneeennnen. 88

Figure 5.6. Histogram of the frequency of the roundness categories...........ccccceevevveerveennee. 90

Figure 5.7. Mean Roundness versus Mean R value of each site..........c.cccccvveeeiiiiniieenneens 92
Chapter 6

Figure 6.1. Boulder roundness measurements for the Wahianoa Valley. Numbers indicate
the average radius of curvature for each sample Site...........ccoooueeriieiiiiniiniiieniecieceee e, 97

Figure 6.2. Box and Whisker plot of the Boulder roundness measurements of the Wahianoa

Figure 6.4. Histogram of adjusted length versus frequency of the Wahianoa ‘A’ boulder
TOUNANESS MEASUTCINEIILS. .....eeuetieitieiiteeteeeiieette et e e teesiteesaeesabeebeeeabeesbeesabeesbeesaseeabeesnseanaeeans 101

Figure 6.5. Interfacet angle versus measured length for the Wahianoa ‘A’
TTMOTAINICS ..ottt et e et et et e at e e bt et e st e s bt et e e st e sb e et e es e e s bt et e shbesbeenbeeatenbeenbeebee bt enteeneenses 101

XV



Figure 6.6. Histogram of the Boulder roundness measurements for the Wahianoa ‘B’
TIMOTAINIC. ...ttt ettt ettt et st et e at e bt et e eb b e bt e st e ebt e bt e st e eh e e bt ea b e eb e e bt eateebee bt enbesbeebeentesaeenee 103

Figure 6.7. Interfacet angle versus measured length of the Wahianoa ‘B’ Boulder
rOUNANESS MEASUTEINIENIES. ....c..eeutiritirieeteeiteettete ettt et et e st ebesesesteesteeteesbeetesaeenbeenneeneenreenne 103

Figure 6.8. Histogram of the Wahianoa ‘C’ Boulder roundness measurements................ 104

Figure 6.9. Interfacet angle versus measured length of the Wahianoa ‘C’ Boulder
TOUNANESS MEASUTCINEIILS. .....eeiiieeiieeiieetieeieeite et esteeeteesaeeeteesseeesseesseesseenseesseesssesnseesseeans 105

Chapter 7

Figure 7.1. Reconstructed Wahianoa glacier outline with estimated paleo-ELA values
JADEILEA. ... e 110

Figure 7.2. Cumulative area-altitude graph for the reconstructed outline of the Wahianoa
Glacier. An AAR of 0.65 yields a paleo-ELA of 1750m (dashed line). Error lines + 0.05
are also ShOWN (SOIIA TINES).....ccviieiiieiieciiccicecies et e e e e 112

Figure 7.3. Approximate location of the maximum elevation of the Wahianoa
TTMOTAINCS ..ttt ettt ettt ebt et e at e eh e et e st e s bt et e e st e s bt et e ehteshe et e ss b e sbeenbeentenbeenbeebee bt enseeneennes 114

Figure 7.4. Current outline of the Wahianoa Glacier with estimated current ELAs
LADEILEA. ... e 116

Figure 7.5. Cumulative area-altitude graph for the current outline of the Wahianoa Glacier.
An AAR of 0.65 yields an ELA of 2430m (dashed line). Error lines +0.05 are also shown
[0 e N U TS TR 117

Chapter 8

Figure 8.1. Comparison of results from the relative age dating methods. Top numbers in
each box indicate the average of the five largest lichen. Middle numbers indicate Schmidt
hammer rebound values and the bottom numbers indicate average radius of
CUTVALTUTE ...ttt et et eit e ettt et e st e bt esbt e et e e suteeab e e ebt e e abeesab e e bt e sbeeeabeesaneeabeesbaeeaneenuneenneenane 124

Figure 8.2. Comparison between average five largest lichens and respective average

rebound values of the Wahianoa Valley..........ccccoeeviiiiiiiiiiieieceece e 126
Figure 8.3. Comparison between the average of the five largest lichen and radius of
curvature for the Wahianoa Valley..........cccoviiiiiiiiiiiiiieieiccee e 127
Figure 8.4. Comparison between Boulder roundness and Schmidt hammer results.......... 128

XV



List of Tables

Chapter 2

Table 2.1. Preferred classification of the International Commission of Stratigraphy (2004).
Source: Bowen and Gibbard, (2007).........ceeiiieiiiie ettt 11

Table 2.2. Preferred classification: the base of the Pleistocene (Early Pleistocene
subseries) coincides with the Gauss-Matuyama polarity reversal; that of the Middle
Pleistocene coincides with the Matuyama- Brunhes polarity reversal; and the base of the
Late Pleistocene coincides with that of the Eemian stage. Source: Bowen and Gibbard,
(2007) ettt et b e et h et a e bttt e a b bt e bt st e bt et eaeenees 11

Table 2.3. Correlation of New Zealand Pleistocene glacial advances and interglacials.

(Pillans, 1994; Palmer and Pillans, 1996; Newnham et a/, 1999; Suggate and Waight, 1999
and SaliNer, 2001).....ccuiiiiieiie ettt ettt ettt enbeebeennnas 14
Table 2.4. Tephrachronology of the southeastern sector of the Mt Ruapehu ring plain.....27

Table 2.5. Elevations and recession of glacier snouts between 1962 and 1988................... 33

Table 2.6. Properties and uses of the different versions of the Schmidt Hammer (Goudie,

01 TSRS 39

Table 2.7. Practical Points that need to be observed when using the Schmidt Hammer

(Day, 1980; McCarroll, 1989a).....c...oiiiiiiiiiieieeieeeeeee et 41

Table 2.8. Sampling criteria for the selection of boulders. (Kirkbride, 2005)................... 42
Chapter 3

Table 3.1. Assigned values for each roundness Category.........cocceevieeviieniienieeciienieeieene 55
Chapter 4

Table 4.1. Averages and range for lichenometric measurements in the Wahianoa valley...63

Table 4.2. Lichenometric results from Ohakune cemetery, bold values indicate their use

1N the GIOWER CUIVE.....eiiiiiicie e et e e e et e e tae e s aaeeebaeesaseeenes 65
Table 4.3. Lichenometric results for the Wahianoa valley..........ccccooevvieciiinnciiiciieeiee, 66
Table 4.4. Calculated ages of the moraines present in the Wahianoa valley...................... 68
Table 4.5. Lichenometric results for the three sites shown in Figure 4.1............ccceeennee. 69

XVI



Table 4.6. Summary of ages for the Wahianoa Valley............cccoeovieniieiniiiecciieeieeees 80

Table 4.7. Summary of T-test values for the Wahianoa Valley............ccceevvviviiiencnennnnnn. 80
Chapter 5
Table 5.1. Overall Schmidt Hammer measurements for the Wahianoa valley................... 87

Table 5.2. Comparison between selected R values for the Mueller Glacier catchment and

the Wahianoa Valley.........cccoeiiiiiiiiiiieiecieeee ettt ettt st et site e e e 89
Table 5.3. Ttest values for the Wahianoa Valley..........cccccoevviiiiiiniiiiiiniiieeeeeee, 90
Table 5.4. Frequency (%) values for the roundness measurements for the Wahianoa
Y1115 2SR 91
Chapter 6
Table 6.1. Descriptive statistics of the Boulder roundness measurements from the
Wahian0oa Vall@y.......cccoeeiuiiiiiiiiieiiee ettt ettt ettt e sabeenbeesnaeenseas 100
Table 6.2. Boulder roundness measurements from the Wahianoa Valley........................ 102
Table 6.3. T-test values for the Boulder roundness measurements............c.ccceeeveeeveennnnnne 106
Chapter 7

Table 7.1. Area calculations for each region between successive contour lines on
reconstructed glacial OULIINE...........c.oooviiiiiiiiiiii e 111

Table 7.2. Results from the THAR method used on the Wahianoa Glacier reconstruction.

............................................................................................................................................. 113

Table 7.3. Resultant values (m?) for areas between successive contour lines for current

Wahianoa Glacier N FIGUIE 7.4........cc.oiiiiiiieiie ettt 117

Table 7.4. Results from the THAR method............ccooiiiiiiie, 118

Table 7.5. Lapse rate calculations for the Wahianoa Glacier ELA depressions............... 121
Chapter 8

Table 8.1. Comparison between lichenometric results from the Wahianoa Valley and
selected Little Ice Age dates in New Zealand..........c.cooveeeciiieiiiecciieeieeee e 130

XVII



Table 8.2. Comparison between lichenometric results from the Wahianoa Valley and
selected Norwegian Little Ice Age reSults........coovviiiiriiiiiieiiiciieeeeee e 132

Table 8.3. Comparison of the dates derived from the size-frequency method and the
corresponding negative gradients from the Wahianoa Valley and Iceland......................... 134

Table 8.4. Comparison between selected R values for the Birch Hill moraines and the
Wahianoa Vall@y.......ccoeiiuiiiiiiiiiciiee ettt ettt ettt et e st e e e nseenseas 135

Table 8.5. Comparison between estimated current and paleo ELAs for Mt Ruapehu and Mt
NZAUTUNOE. ......eieeiiiecie ettt e et e e et e e et e e s ebee e saeeeaaeesssaeesssaeesnseeessseeennseeenssens 139

Table 8.6. Comparison of the estimated paleo and current ELA values for the Wahianoa
Valley with other estimated ELA values in New Zealand.............c.cccceevieniiiniienienieen. 141

Table 8.7. Comparison between estimated ELA depression and associated decrease in
temperature with national LGM eStimates..........ccceevvuiieriieeiiieeiieecieeeee e 142

XVIII



