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AUSTRALIA NEW ZEALAND GEOMORPHOLOGY GROUP

MID CONFERENCE FIELD TRIP
13 December 2000
Led by R. Thomson and PJ Forsyth

¢ Introduction to Central Otago Geology and Slepe Stability (Appendix A)
Climate and Vegetation (Appendix B)

Rivers and Flooding (Appendix C)

Victoria Basin Boulders (Appendix D)

Archaeological Sites (Appendix E)

Glacial Limits (Appendix G)

Quaternary Time-scale (End-chart)

FIELD TRIP STOPS

1 CARDRONA VALLEY 2 phshos

Weathered greywacke gravels of fluvioglacial origin, lying within a catchment that is
entirely schist, hint at tectonically induced drainage changes. The source of these
gravels may have been near the Southern Alps Main Divide at the head of Lake
Hawea. An old drainage system may have flowed “up” the Cardrona Valley and into
the Kawarau via Tuchy’s Gully (Gentle Annie Fault); uplift of the Pisa Range later
reversing this drainage. As there is little or no schist component in the gravels, the
former drainage system was apparently isolated from the high-grade schist to the
west. The gravels are probably early to mid-Quaternary in age but have not been dated
directly.

The lower Cardrona Valley is a graben between two faults of the active Nevis-
Cardrona Fault System. The valley changes above Tuohy’s Gully to a more youthful
form with interlocking spurs. A trace on the NW Cardrona Fault crosses fan surfaces
aged 19000-18000 years. The reverse Nevis-Cardrona Fault System has influenced
the development of this region since at least the Miocene.

2 CROWN TERRACE LOOKOUT
Views to the Arrow Basin, with Lake Wakatipu and the Remarkables beyond. The
glacial landforms below were formed during several ice advances — at times the
glacial surface would have been about 300 m above where you are standing. In the
Late Otiran, termini of the Wakatipu Glacier were near Morven Hill/Lake Hayes and
at the southern end of Lake Wakatipu (Kingston). When the last Late Otiran glacier
retreated, Lake Wakatipu was about 60 m higher than at present, and extended into
the Arrow Basin. The Shotover River delta built out into this lake, eventually
separating Lake Hayes from Lake Wakatipu (see Sketch 1 — outline plan of
Wakatipu Basin).

Both Queenstown and Arrowtown had their beginnings as gold mining settlemenis,
servicing the alluvial and lode gold workings in the Arrow and Shotover catchments,




but tourism is now their main industry. Controversial urban planning decisions are
resulting in intensive subdivision of what was until recently a predominantly rural
landscape. Queenstown is one of the fastest-growing areas of New Zealand (as
measured by increases in population and building permits). Not everyone thinks this
represents progress.

ARROW BASIN CIRCUIT

The tour will meander around the northern fringe of the Arrow Basin to Queenstown
and Lake Wakatipu. Significant geological and historical features will be described en
route.

FRANKTON LANDSLIDE

On 18 November 1999, after about 4 days of heavy rain, an old landslide was
reactivated at Frankton. A Civil Defence Emergency was declared, enabling
authorities to evacuate over 30 homes of which 5 were later condemned. Frankton
Road, the main route into Queenstown, was closed for a week.

3 FRANKTON

The Shotover River catchment lies in highly fissile mica-rich pelitic schist and
coniributes a vast amount of sediment to the Kawarau and Chutha river systems. The
old Shotover delta, built into a higher Lake Wakatipu (see above), has been stranded
by lake fall, which results largely from recent capture of the lake by the Kawarau
River. The delta constricts outflow from the lake to some extent, especially during
flood events.

In the last 50 years there have been 8 episodes where Lake Wakatipu rose high
enough to flood into Queenstown, with 4 of these in the last 5 years. In November
1999 a fleoding event lasted for about a fortnight an decaused major damage and
health risks in Queenstown’s central business district, as well as affecting other towns
on the lake shore. Landslides and flooded streams closed roads around the district, e.g.
the Frankton landslide, and almost all the Cardrona Valley road. Downstream,
flooding caused major damage to property at Alexandra.

KAWARAUFAULT TRACE

Just east of the bungy-jumping site, the Kawarau trace of the active Nevis-Cardrona
Fault System (see above) crosses paddocks on the north side of the highway. The land
surface is offset 6 m and buried soils beneath this surface show at least three 2 m
displacement events with recurrence intervals of 4000 to 9000 years.

4 GIBBSTON BASIN
Formerly used mainly for sheep and cattle grazing, the Gibbston Basin has been
intensively developed for viticulture over the past 15 years.

Hummocky terrain in the central Gibbston Basin was formerly interpreted as a late
Otiran glacial deposit. In 1994 it was reassessed as part of a large landslide, Resta
Road Slide — this was probably caused by the collapse of the glacially oversteepened
schist slope behind, some 500 000 years ago. The schist debris within the slide area is
similar to surrounding in sifu schist and there are no glacial erratics.



High above the Gibbston Basin lies Coal Pit Saddle, where a sliver of Miocene lignite
and quatrz gravel is infaulted along the Nevis-Cardrona Fault System. Lignite was
mined here until about 1970 and used to fuel the Lake Wakatipu steamer “Earnslaw”.

5 NEVIS BLUFF

The bluff is composed of grey and green schist, with a volcanic dyke, and has a
history of instability. A rockfall on 17 September this year blocked the highway for a
fortnight. Blasting and sluicing with monsoon buckets were used to remove loose and
potentially unstable rock from above the road, and scaling is still going on. The rapids
in the Kawarau River below consist partly of debris from other recent rockfalls at this
site (e.g. a failure in 1972 which occurred during road realignment), and partly of car
keys and small change from the pockets of bungy-jumpers further upstream.
However, most of the rapids comprise material from the deep-seated Mi Malcolm
Slide across the river, a dip-slope failure (See Sketch 2 — section through Nevis
Bluff). Nevis Bluff appears to be the downstream limit of glacier ice in the Kawarau
Valley.

BOULDERS ON SURFACE OF VICTORIA BASIN (Appendix D).

6 ROARING MEG POWER STATION

The Roaring Meg drains the western Pisa Range, and saddles with Tuohy’s Gully
(seen earlier). The Kawarau River here has an inner gorge incised into a stepped
strath terrace, with a veneer of auriferous river gravels. The river has cut down as the
Pisa Range has risen. Landslides along the valley sides include the Kawarau Slide, a
dip-slope failure of some 1.6 billion cubic metres (see Sketch 3 — cross section
through Kawarau Slide).

CROMWELL

This town at the junction of the Kawarau and Clutha rivers had its beginnings as a
mining town, but the most historical parts were drowned below the waters of Lake
Dunstan in 1989.

7 BRUCE JACKSON LOOKOUT
The former junction of the Clutha and Kawarau rivers was drowned with the filling of
Lake Dunstan behind the Clyde dam.

The view up the Clutha shows a suite of fluvioglacial terraces — the downstream parts
of the Upper Clutha sequence — and the inferred terminal positions of some older
(Northburn and Lowburn) glacial advances.

Views of the Pisa and Carrick ranges show the form of these uplifted blocks of the
Otago Basin and Range province.

S HARTLEY & REILLY MEMORIAL

Landslides occur on both sides of the Cromwell Gorge, and these became recognised
as potential problems during the Clyde Dam construction (see diagram of major
landslides in Cromwell Gorge). Some had potential to fall into the newly-created Lake
Dunstan, especially with the raising of the water level to wet their toes, and some
threatened the new highway. The Brewery and Cairnmuir slides, and associated
works, are seen from this stop.



The memorial commemorates early gold discoveries.

9 CLYDE DAM LOOKOUT

Studies of possible hydro-electric power development in Cromwell Gorge dated from
the early 1960s. By the 1980s, up to 30 geologists were involved in investigation and
construction of the Clyde Dam. In addition to landsliding in the reservoir area, there
are significant seismotectonic hazards to the dam associated with the active Dunstan
Fault, and a fault trace passes through the dam itself. This has been taken into account
in the design of the dam (see Sketch 4 — principal features in the Clyde Dam
foundations).

EARNSCLEUGH FLATS, a horticultural area, is underlain by gravel and silt from
the Clutha and Fraser rivers. A proposal for opencast gold mining over 560 ha of the
flats is well advanced, but has attracted substantial local opposition. Mining of old
Clutha River channels about 10 km downstream of Alexandra, in a similar setting, has
been followed by effective rehabilitation of pastoral land. An older set of dredge
tailings, left unmodified, is now regarded as an historic site.

FLOODING AT ALEXANDRA (Appendix C).

10 BUTCHERS DAM (Appendix F)

Tor topography is well developed on an exhumed ancient erosion surface in schist.
Between the Jurassic and Miocene epochs, central Otago may have looked somewhat
as interior Australia looks today. A low-relief surface, sometimes called a peneplain,
covered much of New Zealand, although there is debate over whether all areas were
“planed” at the same time and by the same agencies — some think the whole surface is
marine although no marine sediments remain in most of Central Otago. Tors perhaps
formed by differential subsurface weathering along joints; later stripping of softer
weathered material has left resistant shafts and blocks of schist upstanding. Most
Central Otago ranges have tors where they have not been glaciated — good examples
are the Old Man and Dunstan Ranges (visible from this stop), the Old Woman (seen
earlier) and the Pisa (seen later in the tour). Ranges that have been uplifted further so
that the ‘pepeplain’ erosion surface has been destroyed, occur west of the Nevis-
Cardrona Fault System and include the Remarkables (seen earlier).

11 SANDY POINT

The Upper Clutha Valley is underlain by a major fault system — the Grandview Fault
- linking the Pisa and Nevis-Cardrona systems; deformed glacial lake sediments in
drillholes show its Quaternary activity. The ranges to the south (Pisa) and north
(Grandview) are quite different in lithological and metamorphic terms, and a
Cretaceous history of movement on the Grandview Fault may be inferred.

Continuing with the Upper Clutha fluvioglacial sequence, from this site the ice limits
of the younger glacial advances, and some of their associated washout plains, can be
seen. On the northern Pisa Range, scattered lateral deposits of the older ice advances
are preserved. Large fans are built up off the Grandview Range to the east.

12 LAKE HAWEA
The Hawea/Mt Iron moraines, a couplet of Late Otiran age, impound both Lake
Hawea and Lake Wanaka. Till textures are seen in road cuts around Lake Hawea




township. At the east end of the moraines, an old overflow channel has been blocked
off but is still able to be used as an emergency spillway. At the west end, a dam
controls the outflow to the Hawea River, so that Lake Hawea forms a storage lake for
the Clutha hydroelectricity generation scheme. The lake level was raised by some 20
m in 1958. This is in contrast to Lake Wanaka, which is uncontrolled.







‘\\ “ rr ES e  afh 4_? 5,5_,_ a;’l;
l\\ ‘ / ' Qvﬂf‘?’f’aﬂ?@- ea =\ «oege.

E?u-c-vf"'ce-e:ﬂ -f’iu-«hdj Fag TP e

: e Terrmeoes o g ﬁ"*}i‘% e

° T e " N

L {

- gs g@dﬁ”@w /ﬂwr_@u_,ci b e K@ém C(Lc‘}a

J——— i S o




podai pueleaz mapN] jo uonerodion) A10moag sepI[spue| 98100) [[omIoI)
6861 S9OIAISG ADUB)NSUOD) SYIOAL PUR ADAING [B2180[030) PUREIZ MIN] [WOL]

53d1SAaNYT ADHOD TMIMWOHD 40 371S — 1 378avL

00E £ 2l [1emuIory
0sk oz a9g nnutuned
000y 0001 1473 Has1D anyw auiN
0G6 004 9zl Haai) G'oN
0oe 2 H xo4 Buifj4
058 oe 122 preyQ sdejunq
009 L 1 safppig om),
wmm 4 6 PIBYOIQ SUOIUIH
ot og 1881 uosyoep
0oct 0G ozl apA|n
{sanjaw) (sanjaw ogns ,01) {sarejoayy)
yibuan AWMN|OA ealy Bplspue]

“Anloey jo adAy siuy jo vonesado ajes 8wy jo wed pejdaooe ue sy sy "jjels paousiadxe
£q uojs1aB) pue UOHENRAS 'AUNIDS 8S0[2 0} 108iqNs aq M SIINSa1 B *3)N Hay wmoyfinoyy
8NUNUOD {IIM saurwiolad HOAIBSE) PUB WEBp Byj. jo Bupojuow ‘Bujyeve) Bumolod

5 . ‘sunuelfold
uljlliaxer ey} Ajtpowr o) 4o jjels Jojuas Ajjou ‘sjuawainseaw jeuoljippe eyey ‘sfujpess
Aj1aa 0y B89 AW S|y ‘peIRlY| ele suofjoe aje|idosdde ‘pejoadxe esoyl ypum asuepiosae
utlou a8 yalym spuslj Jstempunold 1o Juswaacw sjeaass Bujrojuow ey ji "ucioedsul jeneia
104 S3INP8YIs Bl alay) ucnippe ut ‘pasdjeue Ajnjaies syNsal ey} Pue S|eAleiu] palpnads
1B pual ale asay) "s{aas] 181empunolB Bupnseaw lof sitam ucljeAlasqo pue $3|0Y J81aLoUl oW
s|uiod A8AINs S0 1INS arey sapjspue) Jo[ew liv "yse} a0ie| B 51 sapyspug| auy Jo u::o___.._oE )

"pay}1oads ase SjuBWINISU] YY) JO SeSUOdses pejediojue auy pue Buyyexe) Bupnp yno peyres
2q o} s Yojum Bujiojjuow ay} 'sases (e uj ‘PEIINIHSUOS UBaq aABY SHIOM BAJUEARID AleSSanau
asaUM ‘Bunjexe) Buimorio) pue Bupnp AjHgeis Joj passasse ueaq Sey ap|spue| yoea
uoliebl1seau) ayy Buimolo- "aoeld u) aie sampasoid Bupoyuow 1eyYy pur pejajdwnd usaq
5By }som AlBSSaoau ({e JBY) Sinsua o) jno paiued aie sy2ayo snoobu Bunexe] o} soug

L "NESIBAT] LAAS
AJESS3DBU || pUR DaYIBY 8g UED Bulpjade] 8uy ‘dojaAsD SUOINPUDD BIGRINCAR UM JEY) JUBAS

3y} U} "BUlIOJIUOW pUB UCHEAISSAO INJBIBD AG PBLLIBA PUB PBISH) S HOAIASE) PUB Wwep au)
jo ubisap ayy usym sw|y ey} si M "ssesoid paresujbua A||njases g s avejolpAy e jo Buypy ay g

.Seplispuej| a1e alayy usaym paijl ayej olpfy e s1 moH

S9JON] PUR § [[919Y[S

TGS TIAMADHET IHL N1 S30NSANYT HOTYW ‘€ ainbid

sJajaung 4
" € H i 0
Wva
05 30412
~
/
/
\
/
/N
\. ¥Iu¥ 30175 IWIL LSHH
’ SHOSLHIA0H/MIIHI AHIVO
\_ .- .

ans

s WITHY NOSHIVT
OHVHIYED SNOLNIH

3015 ‘
§3I00IHE OM],

3017s SAVINND

3015 X04 ONIATL
3075 HI3Y) §°PN

0178 HINWNYTY]

oS

J0Ms 33 AHIMIYA

HBIEI TUM ANIN
3015 TIAMKOHD



‘suofiepunod weq epAl) ewyl up seimesy [eaibojosB jedpund Bummays Qmi

gresR

ANIIND

W¥d Jaa1a E

oo £mous 1o spoey

s 2R S 2 $POKIY

e\nﬁ
[
e

powethousa

SHEAR 47HE

DIVERSION

suaynry
unidIeniq

SECTION THAQUGH A PENSTOCK AND POWERAHDUSE

e
%
TINNVHI KOIGHIAIR w_.‘

100 M
N

hal 1945

50

PENSTOECK (HTAKES

?"T;',

a
v
z =
z o
3 g
- Z
& 3. h >
E 5 a ]
T g - d
L z g
. :
3 5
> =
¥, s 7
B i 2 ﬁ
> = ¥ A
] £
. 59
. 5 (A
2 g
© H
apid13 Jo ﬂ m
mawm,; wmasxiysdpn x W
i

1N3dingy 1437

Nl 1935,

SHEAR 21

L 2row

‘Jodar pueeaz msN Jo voneiodion ANomofg suonednsaaur axyenbyues wec
BPAID) (066 SOOIATIS LoURI[NSUOY) SHI0A PUB AeAIng [20150]00r) pUR[EZ MIN] (WUOL]

el

<

100 W

ALOHG DAM AXIS LOOKING DOWNSTREAK

Cross sections through the Ciyde Dam showing principal geclogical features.
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Figure 7-3 Map of Central Otago showing majer faults, ranges, and basins,

From: Beanland, S. {compiler} 1987: Field guide to sites of active earth deformation: South Island,

New Zealand. New Zealand Geological Survey record 19, Lower Hutt



APPENDIX A

Landslides, Befl {ed.) © 1931 Balkema, Rotferdam, ISBN 905410032 X

Timing of relief and landslides in Central Otago, New Zealand

M.L. McSaveney, R.Thomson & 1. M.Tumbull
DSIR Geology & Geophysics, New Zealand

ABSTRACT: Deformation of Central Otago in the Kaikoura Orogeny commenced about 5 Ma and
climaxed in the last 2 Ma. Faulting and folding produced NE-SW-trending broad schist mountain
ranges and sediment-filled valleys with relief of up to 2000 m. Principal rivers of the region flow
along synclines and locally through antecedent gorges cut through anticlinal ranges. Deformation
has been episodic and is on-going. Relationships between tectonic landforms and dated deposits
indicate that most deformation is late Pliccene to mid-Pleistocene. About 15% of the vertical de-
formation occurred in the last 500 ka. Gorge erosion was controlled by uplift of mountain blocks,
and uplift rates must have been similar to long-term average rates of river incision (0.27-0.29
m/ka). Mass movements are widespread on schist in Central Otago. They vary from thin, only
slightly displaced regolith, to extensive sagging slopes and deep-seated landslides. The latter are
strongly developed on the more steeply dipping foliation of the eastern flanks of mountain blocks,
and on the sides of deeply incised gorges. In the Cromwell Gorge, landsliding began before 404
(+1509/40) ka. The Clyde Slide was active by 365 (+160/s0) ka, and many extant slides may have
formed early in the onset of uplift and gorge development. Landslide movement is not constant and ,
some landslides have been more active in the past. There is no evidence of landslide movement in -
phase with late Cenozoic climatic cycles, rather movement is linked to episodic tectonic uplift and
fluvial and glacial erosion.

INTRODUCTION

Central Otago is the inland southern region of

South Island, New Zealand (Fig 1}. In the lee
of mountains from all quarters of the wind, it
is the driest part of New Zealand, with a semi-
arid climate, The region is ome of broad
crested anticlinal ranges between wide synclinal
basins, with refief of up to 2000 m (Fig 2). The
deeply incised Clutha River and its tributaries
drain obliquely across the area’s structural
grain. The mountains have low denudation
rates and are dissected by sparse drainage nat-
works. Steeper flanks of schist ranges, and the
more deeply incised gorges often are maniled
by slowly creeping landslides ranging in thick-
ness up to 300 m. (Fig 3). This paper discusses
relationships between the landslides and devel-
opment of the basin-and-range landscape.

GEOLOGICAL SETTING

Basement schists of Central Otago were
metamorphosed largely from quartzofelds-
pathic sediments about 200-150 Ma. Folding
and faulting accompanying the metamorphism
is known as the Rangitata Orogeny; many rock-
mass defects now exploited in landsliding
originated in this orogeny.

By 25 Ma, a formerly mountain land had
eroded to rolling hills (Stirling 1990), the
Orago Peneplain of Cotton (1917). The pene-
plain cut across deeply weathered (10-20 m)
schist without regard to structure or lithology.

About 20 Ma, river and lake basins merged
into one lake covering most of Central Otago
(Douglas 1983). Manuherikia Group sediments
deposited in and around it subsequently were
overwhelmed with greywacke-derived gravel
from the north (Maori Bottom Fm), and schist
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gravel from the south (Schoothouse Fm). These
units mark a slow beginning at ca. 5 Ma of the
Kaikoura Orogeny, which has proceeded at a
faster pace in the last 2 Ma. The peneplain now

Fig. 3 Kawarau Slide, on left bank of antecedent
Kawarau Gorge, 10 km from Cromwell. Toe is at-or-be-
neath river. Slide mantles schist antiform. Foilation dips
toward river in lower slopes, and to right bepeath dis-
placed schist (upper right). Valley floor is buckled along
toe. Slide thickness locally 350 m ; volume, about [.5 x

10° m* (phota; D. L. Homer).
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Fig. 4 Ice margins and glacier termini of mid and late
Pleistocene age, Upper Clutha Valley. Moraine and terrace
profiles of older, higher events through Cromwell Gorge
are shown in Sections AJA’-A” (see Table 1 for ages).
Two thirds of the relative displacement of crustal blocks
{defined from known and inferred peneplain remnants)
preceded the known glacial advances which have estimated
ages up to ca. 1 Ma.
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Table 1 Ages and deformation of glacial deposits and
outwash terraces of Clutha River. Age comrelation still is
in state of flux, All age estimates suggest steady slow
uplift in Cromwell Gorge over last 500 ka (Fig 5). See Fig
6 for steepening of modermn rver profile.
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is widely exhumed. Upland erosion has re-
moved only covering sediments and a 0-20-m
thick weathered schist zone (Stirling 1991). It
provides a crude datum for inferring deforma-
tion (Fig 4). Folding of the peneplain and
Cenozoic sediments, and broad folds in the
schist (Turnbull 1987) show anticlinal ranges
and synclinal basins. Tectonic relief exceeds




200

150

100 .

50 Accepted age 4
incision = 0.29 m/ka |
0 Possible revision ]

incision = 0.27 m/ka ]

Terrace height above river (m)

1 L I

200

0 100
Age {(ka BP)

Fig. 5 Terrace height vs age in Cromwell Gorge for two
age interpretations (Table 1), showing insensitivity of in-
cision-rate estimates to exact chronology. Filled symbols -
glacial aggradation terraces. Open symbols - interglacial
strath terraces beneath alluvium. Curves show river
aggradation and degradation. Data suggest long-term
down-cutting of 0.27-0.29 m/ka.

2000 m, with smaller anticlinal hills with relief
as little as 100 m within some basins, Second-
order cross-folds make ranges and basins
smoothly undulating (Stirling 1990).

FElements of drainage predate the present
structural landscape: the Clutha, Kawarau and
Manuherikia Rivers cross rising structures in
gorges. Some trends may have been inherited
from rivers around the Miocene lake. Rivers
east of the Manuherikda, however, are accor-
dant with, or rearranged by surrounding
structures. Incision there has not kept pace with
uplift, reflecting lower gradients and stream
power, and not more rapid deformation.

The Otago glacial sequence (Table 1, Fig 4)
is described by McKellar, 1960, Officers of the
N Z G. 5. (1984), Thomson1987, Turnbull
(1987). Ages, currently under revision, are
constrained by the oxygen-isotope curve
(Imbrie et al. 1984) and a few dates from
Clutha Valley deposits. Hawea deposits are
older than 15.14£0.2 ka (+C, NZ88A, McKellar
1960). A concretion from Lindis-age lake silt
at G41:162755 is dated (by U-Th) at 413 (+=/
35} ka, but may be contaminated by Th from
the silt, Massive travertine, well dated at 404
(*150/ o) ka, is from isotope stage 11 and ce-
ments Lowburn gravel at G42:188593 (430 =4
ws ka), G42:196558 (400 +179ls0 ka} and
G42:196560 (380 +t597¢ ka). Northburn de-
posits are considered to be ca. 1 Ma, but could
be as young as oxygen-isotope stage 16 (650-
620 ka BP). The chronology provides age con-
trol for inferring rates of tectonic deformation
and possible uplift (Figs 4, 5).
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Fig. 6 River profile through Cromwell Gorge showing

anomatous steepening amounting to drop of 4.7 m in 7
km. Data within anomaly by survey, otherwise by photo-

grammetyy.

NEOTECTONICS

Central Otago is a block-faulted basin-and-
range province (Cotton 1917), with a strong
element of folding (Cotton 1919,1941). Some
range fronts are monoclinal scarps. Most mod-
ern neotectonic studies concentrate on major
faults (Fig. 1; see Yeats 1987). Many faults
probably are Rangitata Orogeny features react-
ivated in Kaikoura time. Many are zones of in-
tense fracturing and shearing, tens to hundreds
of metres wide.

Timing and amounts of movement on major
faults are difficult to evaluate because much
displacement occurred long ago, or does not
displace anything of known age. Amounts of
displacement of mid and late Pleistocene
moraines and outwash terraces in the Upper
Clutha Valley indicate that most faulting and
folding had occurred before 0.5-1 Ma (Fig 4).
In the Cromwell Gorge, about 15% of the
uplift of the Dunstan Range occurred after ca.
500 ka as recorded by uplift of the Lowburmn
terrace (Fig 4). Gorge erosion mostly has been ;
controlled by uplift, and uplift rates must have :
been similar to rates of river incision, about
0.27-0.29 m/ka over the last 0.5 Ma {Fig 5).

Although ranges and basins are folded, it is
not known whether folding still dominates.
There are few areas where dated surfaces or
sediment allow inferences of foldng or uplift
rates. Sediment is folded in the vicinity of the
Pisa and Grandview Faults, Upper Clutha
Valley (Fig 1). The youngest deposits are of
Luggate age (Table 1). Lowburn moraine is
warped across the north flank of the Pisa
Range (Fig 4), but the original profile is



known only poorly from theory. The modern
river profile in the Cromwell Gorge is
anomalously steep upstream of the Fish Creek
Fault (Fig 2, Fig 3 in Gillon and Hancox 1992),
The river drops an extra 4.7 m in 7 km, in
excess of that inferred from gradients up and
downstream of the anomaly (Fig 6).
Deformation is not apparent in terraces of the
Jast 100 ka, indicating no discrete fault
dislocation. A fold of less than 10 m amplitude
probably could not be seen in these terraces.
"The Lindis terrace appears to be be warped by
50 m across the same zone (Fig 4), suggesting
that the steepening of the river is not due to
river constriction by movement or valley-floor
bulging asscciated with the Nine Mile Creek
Slide (see Gillon and Hancox 1992; Beetham et
al. 1992a; b). If folding is occurming, it likely
is episodic. If it occurred in steps of 4~3 m, a
recurrence interval of ca. 75 ka would be
indicated, consistent with the lack of visibly
warped younger terraces.

Repeated geodetic surveys show continuing
deformation in Central Otago {summarised in
Pearsor 1990). The Central Otago region of
about 15 000 km? is being shortened along an
axis of 50° to 90°. The angular strain is about
0.4 yradians per year west of the Manuherikia
Basin (Pearson 1990), similar to rates for the
San Andreas Fault in California, and the West
Coast of South Island, New Zealand.

LANDSLIDES AND SAGGING
METAMORPHIC TERRAIN

Mass movement occurs widely on schist slopes
in Otago, forming a stepped and rippled land-
scape (Figs 3, 7). underlain by deep-seated
rock-mass creep (sagging, Hutchinson 198%)
and thick landslides (>100 m). Hutchinson de-
fines saggings as “deep-seated deformations ...
which .. do not justify classification as land-
slides,” but admits the features would be
“confined slides” if they were smaller and in
compressible soil or rock. The inconsistency
reflects lack of, and difficulty in obtaining ade-
quate information from depths >300 m. Close
association of sagging and landslides in Central
Otago is evidence of a genetic continuum, colk
lectively described as sagging metamorphic ter-
rain (McSaveney and Stirling in press).
Sagging terrain develops on rock masses
weak in the presence of water because of struc-

Fig. 7 Landsliding on schist siopes of tectonically ele-
vated Pisa Range at Cromwell (bottom). Pisa Fault (zone)
traverses photo below centre, while foreground terraces
comprise fluvioglacial sediments of the last 350 ka.
Prominent landsiide to left of centre probably is actively
creeping, Movement rates of displaced schist indicated by
discoptinuous transverse ridges are unknown, but on-go-
ing cregp is likely. Foliation dips towards Cromwell as a
result of late Cenozoic folding (phoio: G. Randall).

tural defects and susceptibility to chemical
weathering. It forms by deep-seated creep over
tens of thousands of years. It occurs widely on
steeper slopes (usually 20° or more) with high
relief (usually 1000 m or more, and rarely as
little as 300 m). Cromwell Gorge’s left bank
which averages 22.240.1°, is marginally less
steep than the right bank at 23.410.1°, but is
more widely covered in sagged terrain: differ
ences in relief (1650 vs 1200 m), hydrology,
and attitude of structural defects seem to ac-
count for the differences in slope stability,
without leading to major differences in slope
angle. Larger areas of sagging terrain occur
where foliation inclines down slope, particu-
larly on the steeper eastern flanks of ranges
(Fig 7). Sagging terrain is not restricted to
Central Otago, and occurs widely in all schist
regions of South Island (Whitehouse 1983). Its
distribution relates to long-term uplift and dis-
section, and the in-sity mass strength of the
rock with all its defects.

Creep during sagging is uanmeasured.
Landslide creep generally is 0-20 mm/a,
reaching up to several metres a year. Rates
within landslides depend on groundwater pres-
sure and whether toe material is being removed
(by streams or another landslide). Spatially
variable, high-pressure water systems occur
widely within and beneath Cromwell Gorge
landslides, and must occur elsewhere.
Precipitation at higher altitudes supplies water,
which feeds through faults, crush zones, open
joints and rock fractured by movement.




Impervious fault and landslide gouges impede
flow, and cause high water pressure and slope
instahility.

Structural defects and water were present be-
fore uplift began, so sagging initiated as uplift
and incision provided relief. Landsliding was
present in the Cromwell Gorge at G42:188593
before slide debris was cemented at 430 +=/108
ka. The Clyde Slide was active by 365 +160/60
ka. There is little sagged schist where relief is
less than 300 m, or on gentler slopes, so it is
likely that sagging appeared first in the gorges,
after about 300 m of gorge erosion into schist.
The first landslides, however, probably ap-
peared much earlier: soft Manuherikia rocks
overlying the schist are very susceptible to
landsliding, in small masses, and on low gradi-
ents. Landslides likely featured in the landscape
from the onset of the Kaikoura Orogeny and

the first 100 metres or so of river incision, 2-5"

Ma.
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APPENDIX B

CLIMATE

From a 2-yr climatic record on the summit of the Old

Man Range, Mark {1965) estimated the mean annuat arr
temperature and precipitation to be 0.6°C and 2100 mm,
respectively (Table 1), with a winter precipitation maxi-
mum. A mean temperature of near 0°C for the swmmit
was subsequently confirmed following the analysis of a
5-yr climatic record {1963 to 1968) by Mark and Bliss
(1970). They also estimated that, on the average, 180
freeze-thaw events can be expected each year, with the
soil remaining frozen for up to 3 mo in the winter. From
a 6-yr record at 1000 m on the Rock and Pillar Range,
Mark and Rowley (1976) estimated the mean annual air
temperature to be 5.3°C, and the mean annual precipi-
tation at 1320 mm. Relative humidities seldom feil below
50%. Measurements made at nearby stations over the
same period showed precipitation to reach 1800 mm at
1150 m elevation, and then decline to 1020 mm at 1360 m.
No record exists for the highest site visited (1760 m on
the Pisa Range). However, based on a lapse rate of 1°C
per 100 m (Mark, 19653), the mean annual temperature

can be estimated at around -1.0°C.

When the foregoing climatic figures are compared with
those recorded in alpine tundra areas elsewhere (e.g.,
French, 1976: 7), the summit regions of the fault blocks
at or above 1500 m can be regarded as truly periglacial,
a conclusion supported by the widespread occurrence of
active turf-banked lobes and terraces on north- and south-
facing slopes.

In contrast to the mountains, the basins below 800 m
are semniarid (Table 1). The Manorburn Dam climatic sta-
tion, located 30 km east of the Old Man Range, exhibits
a four-fold reduction in precipitation compared with the
summit, and a mean annual air temperature of 6.6°C.
However, evaporation rates on the summits during the
summer can be high. Mark (1965) estimated the potential
evapotranspiration for the period December to March on
the summit of the Old Man Range to approach tha: of
Alexandra for the same period.

TaBLE 1.
Climatic information from selected stations in the field area

. Mean ann. Numbers of
Altitude Mean ann. air temp. freeze-thaw
Location® {m) Period of record ppt (mm) {°C) days
Old Man Range® 13%0 1955-1960 = 2000 0.6 180
Rock and Pillar Range® 1000 1966~1972 =1300 5.3
Manorburn Dam¢? 746 1920-1977 497 6.6 13¢
Waipiata? 472 1926-1966 444 8.9 04
Cromwelld 213 1949-1980 401 10.8 88
Alexandrad 141 1922-1980 343 10.6 86
35ee Figure 1 for locations.
®Data from Mark (1965) and Mark and Bliss (1570).
‘Data from Mark and Rowley {1576).
Data from New Zealand Meteoroiogical Service {1984).
Fahey B.D., 1986. In: Arctic and Alpine Research, Vol. 18, No. 3, pp. 337-348.
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EFFECT OF SCHEME F ON LOCAL CLIMATE

From analysis of the above measurements, from per-
sonal observation of the weather and climate of the re-
gion, and from a review of available literature, it is clear
that overall, the effects of the hydro developments on
climate will be small, and confined to a few hundred
metres of the lake and dams. The main changes are dis-
cussed below.

1. Destruction of the climatic resource presently occupied
by the Cromwell Gorge orchards.

This will be the major ‘c/imaric’ effect of the Scheme,
since the area is relatively frost free and favoured for
apricot growing. For example, during September to the
end of December 1974, Earnscleugh recorded 43 ground
frosts, Cromwell 30 and the Cromwell Gorge at Annan’s
orchard but 6. Probine (1949) found temperatures to be
on average 3.3°C, and occasionally up to 6°C warmer
in the Cromwell Gorge at Annan's than on the
Earnscleugh flats. There have been only 3 spring frosts
to produce severe damage in the Cromwell Gorge in the
last 75 years (Ray Annan, personal communication). All
of these were advection frosts, and wiped out most of
the fruit for the season in Central Otago.

Furthermore, the Gorge is favourable for fruit ripen-
ing, compared with other Central Otago orchard areas.
Only Cromwell has similar warmth (Table I), but it suf-
fers the hazard of early to late season frosts. The degree
day heat units (base temperature 10°C) for the period
November to April 1974-75 inclusive are as follows:

Cromwell Gorge 995

Cromwell 996
Earnscleugh 930
-Roxburgh 887

This combination of summer warmth and lack of frost
found within the Gorge is unique in the southern half
of the South Island. These climatic facts, combined with
suitabie soils, allow the Cromwell Gorge to produce high
quality, high yielding, early season apricots. The area is
often described as the most suitable for apricot growing
in New Zealand,

Thus the climate of the Gorge is of such high quality
that it may be considered as a first class climate, and

as such, should be husbanded in the same way we seek
to conserve first class soils. Areas of first class climate
may be considered as those with few climatic constraints,
and suitable for intensive horticulture capable of grow-
ing a wide variety of crops. Clearly, the Cromwell Gorge
is such an area, and with 13.5 percent of Central Otago’s
apricot trees, represents a resource which is not easily
replaced. In the same way as we seek to prevent say,
the spread of cities onto first class soils, s0 also we should
give careful consideration before allowing areas of first
class climate to be flooded for unrelated economic gain.

Economically Gorge orchardists can take advantage
of this climatic resource in a number of practical ways:
(i) Because the risk of spring frosts is low, some orchard-
ists elect not to use costly frost fighting equipment as
is essential in most of Central Otago. Therefore, Gorge
orchardists can make significant savings. For example,
a gravity fed, frost sprinkler system costs about
$3000/hectare to install. more if pumps are required. If
an orchardist uses frost pots he may expect to burn on
at least 5 nights/season {up to 28 nights at Earnscleugh),
each burn using up to 4000 litres of oil;

(i) Because air temperatures ciose to the ground are
warmer than elsewhere in the district, Cromwell Gorge
orchardists can prune so that more fruit is borne iower
on the tree. This produces significant savings on labour
costs for thinning and picking, in that less time is spent
climbing up and down ladders. This special situation
would lend itself better to highly intensive apricot pro-
duction, as is being developed in Australia, where up
to 90 tonres/hectare can be expected;

(iif) The lack of spring frost, and high early summer heat
units, usually mean the apricots from the Gorge mature
one week earlier than those elsewhere in the district. To
the Gorge grower this early fruit produces a price of
§12/case, compared with a mid-season price of 36 /case
(197677 figures). Earlier harvesting enables him 1o ac-
quire labour before the demand for pickers elsewhere
becomes intense. There are also advantages for the whole
district from these Cromwell Gorge Orchards, in that the
early fruit lengthens the marketing and processing
season.

TABLE I

COMPARISON OF TEMPERATURES DURING A FRUIT RIPENING SEASON AT CENTRAL OTAGO
ORCHARD AREAS, INCLUDING THE CROMWELL GORGE*

: Mean daily Mean daily

Month Location Masimum (€) Minimum (C) Mean (€)
November Cromwell Gorge 23.1 8.4 15.8
Cromweil 23.4 7.7 15.6
Earnscleugh 224 6.7 4.6
Roxburgh 214 7.9 14.7
December Cromwell Gorge 257 114 18.6
Cromwell 256 114 18.5
Earnsclengh 250 10.5 17.8
Roxburgh 234 10.5 17.0
January Cromwell Gorge 24.4 50 16.7
: Cromwell 24.5 10.1 17.3
Earnscleugh 243 20 16.2
Roxburgh 231 83 15.7

*Data for 1974-75. when mean temperatures were close to 1°C warmer than normal.

Source: Melteorological Gbservations for 1974, New Zealand Meteorologic Service, Misc, Public. 10% (1974 and 1975).



2. Alteration of airflow

With any high dam across a valley, winds in the local
area will be affected. Turbulence within a hundred
metres or S0 may increase, or some shelter may be given,
depending on direction of air flow.

With any northerly airflow at the DG3 damsite there
is serious risk of dust from the site workings being blown
down to the township of Clyde and nearby orchards.
Such conditions exist for about one quarter of the time.
Therefore, a vigorous programme of noise and dust con-
trol would seem essential at the dam site during construc-
tion.-

Under calm, or near calm conditions and clear skies,
frosts are a frequent feature of the Clyde area. The
airflow and temperature conditions prevailing during
frosty conditions close to the DG3 dam site have already
been outlined (Fitzharris, 1976). Early in the night classi-
cal down valley katabatic air drainage occurs at speeds
of 0.5-3.0m/sec in a layer below an inversion 3040m
above river level. This nocturnal air flow will continue
with the creation of DG3 lake, but may decrease in
strength because the present down valley gradient of
1:500 will be reduced to one of a level water surface.

As well, the possibility exists that some cold air in the
northern part of the Gorge may then move toward
Cromwell, rather than flow down valley toward Clyde,
as at present. This could alter the frost regime of Crom-
well.

Sometime in the morning hours (0000 to 0900 hours),
the direction of airflow under spring frosty conditions
often reverses at the DG3 dam site from down the Gorge,
to up the Gorge. Cold air, often accompanied by fog,
pushes up the Gorge from the Earnscleugh Basin in 2
layer about 40m deep. This intrusion of cold air steepens
the up-Gorge temperature gradient (Fitzharris, 1976,
1977).

3. Alteration of temperature and frost incidence

A 65m high dam at Clyde would be as high. or higher,
than the depth of fog and associated cold air intruding
into the Gorge. Hence the DG3 dam will interrupt this
process and impede the up-Gorge airflow on many Spr-
ing mornings. Consequently, cold air will pond below
the dam, with a likely increase in the frost incidence and
severity at Clyde. This cooling will be effective within
about 1 km to the south and southeast of Clyde, and
will increase the risk of frost damage to nearby orchards
at the Gorge mouth.

The effect of the lake behind DG3 on temperature
around Cromwell is uncertain. Several conflicting
processes will be operating. Some, such as the presence
of a water body, will act to moderate temperatures.
Others, such as the previously mentioned cold air drain-
age toward Cromwell up the Gorge, will cool night time
temperatures, Then too the urban heat island of the
enlarged Cromwell will act to warm temperatures. Oke
(1973) reports the maximum size of the urban heat island
(found on clear, calm nights) is given by:

AT=29 log P - 641, for North

American towns ()
or 8T=2.01 log P - 4.06, for European
towIls {2)

where AT=difference between background

rural and highest urban tempera-

tures (heat island intensity) in °C
P=population of town.

Cromwell’s present population of 1500 is forecast to
grow to perhaps 7000 at the height of hydro construction.
Thus using equation (1), its heat isiand, presenily
predicted at 3.0°C will rise to 5.0°C. Alternatively, using
equation {2), it will increase from 2.3°C to 3.7°C. The
present urban heat island of Cromwell has been
measured on two occasions, and AT found tobe 2°-3°C,
similar to that estimated by the equations. Thus an
enfarged Cromwell may have an urban heat island up
to 2°C warmer than present.

4. Increase in fog incidence

The increased water surface area in the Upper Clutha
Valley is likely to increase the incidence of autumn and
winter fog near Cromwell. A definite increase in fog oc-
currence is reported overseas in a number of studies on
small man-made lakes (Nemec, 1973). The main mech-
anism is cold air advection over a warmer water surface,
Such an increase in fog incidence at Cromwell could be
investigated further by applying mathematical models
for the numerical solution of the heat and moisture dif-
fusion equations for the turbulent boundary layer above
the lake. Such simuiation methods are currently used to
predict fog produced by cooling ponds of thermal power
stations (Tsai and de Harpporte, 1973).

5. Effect on rainfall '
Central Otago has a well developed summer rainfall
maximum, often ascribed to convectional thunderstorm
activity produced by strong surface heating (Maunder,
1965). There is some overseas evidence ghat man-made
lakes .can suppress thunderstorm activity, and hence
rainfall, by reducing surface heating (Nemec, 1973). The
effect appears most pronounced with a large number of
small reservoirs in the same region, but may be less im-
portant in mountainous areas such as Central Otago,
where the hills themselves rather than the valleys, act
as significant summer heat sources for the atmosphere.

From: Fitzharris B.B., 1979, Climatic questions
in the Upper Clutha Valley, New Zealand Geographer
35(2): 64-70.




TABLE I
CLIMATE STATISTICS FOR NEW ZEALAND AND CENTRAL EUROPEAN WINE AREAS FOR
THE GROWING SEASON

Climate Latitude ~ Sunshine Frost-free Temperature Growing Degree
Station (degrees) (hours) period of warmest Days (baseT
{days) month (°C} of10°C)
Auckland 378 1388 309 197 1,626
Gisborne 395 1479 294 18.8 1,377
Napier 408 1490 306 18.9 1,440
Blenheim 428 1601 233 174 1,170
Alexandra 455 1420 176 17.0 ' 979
Queenstown 455 1389 227 15.8 775
Montpellier 44N "1929 244 223 1,760
Bordeaux 45N 1541 214 196 1,356
Freiburg : 48N 1368 195 19.4 1,146
Bernkastle SON 1138 190 18.7 1,026
Ahrweinler SON 1088 178 17.7 887
Wurzburg SON 1302 168 18.2 957
Geisenheim SON 1322 197 18.5 1,044

Data Sources: New Zealand National Institute of Warer and Armospheric Research and the German Weather Service.
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From: Fitzharris B.B. & W. Endlicher, 1996. Climaric conditions for wine grape
growing, New Zealand Geographer: 1-11.
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APPENDIX C
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Figure 2.3 Map of the mean flow and coefficient of variation of major rivers in the South Island, based
on data held in National Institute of Water and Atmospheric Research or Regional Council archives.

From: Duncan M. J., 1992. In: Waters of New Zealand, Mosley M.P. (ed). New Zealand
Hydrological Society
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No answers over flood work

By Debbie Jamieson

Alexandra: A big guestion
mark hovers over the issue of
flood protection work in the
Manuherikia Valley and Gal-
loway, 7Tkm east of Alexandra.

Frustrated residents yesterday
asked a meeting of the Alexandra
flood project sub-commitiee what
action was being taken in the area
and received few answers.

Some properties in the area
have been flooded three times in
the past five years and residents
blame a build-up of silt in the
Manuherikia River, caused by the
Roxburgh Dam, for the damage.

No specific mention of the area
has been made in relation to a gov-
ernment and Contact HEnergy-
funded $20 miilion flood protee-
tion package for Alexandra.

However, the package was based
on a report by the Clutha Solutions
Co-ordinator Alex Adams that rec-
ommended $1 million be set aside
for work on the Manuherikia River
bed and surrounds and another
$250,000 for investigation work
into sediment location and charac-
teristics in the river.

‘When questioned about the

Council chief
execuiive Sieve
i Green said the
committee was

not party to the
details of the gov-
o ernment-funded
il package.

“We have no
other information
other than it was

Adamsg’ recom-

- Steve Green mendations,” he
said.

All residents of Alexandra and
surrounding areas on “flood
prone” properties that would not
be protected by fiood protection
works or would need to build flood
banks had received letters from a
crown agent notifying them of the
purchase of their properties.

However, some people in Gal-
loway whose properties had been
flooded many times had received
no communication while others
were surprised to receive some.

Galloway holiday home owner
Helen Flockton said she received
a letter requiring her property for
glasements “totaily out of the

ue”.

——

ONT Ue~((~0D
in the past but water had not
entered the house. She was con-
cerned a compulsory sale would
be foreed on the property for flood
protection work.

Neighbour Robyn O'Brien had
not received a letter even though
his Galloway farm had been
flocded three times in the past five
years.

Other affected properfies
include the Alexandra Holiday
Park, which is taking legal action
against the Crown and Contact
Energy, and the Ithiel farm owned
by Bob Harrison-Lee.

Speaking after the meeting, sub-
commitfee chairman Malecolm
Macpherson said he did not
believe flood protection work was
to be funded in the area and prop-
erties contacted for purchase
were being considered with
gnprotected properties in Alexan-

ra.

He had attempted to find some
answers from government depart-
ments to the residents’ concerns.

“It's all a bit vague,” he said.

A meeting of residents is being
planﬁled at the holiday park this
wee

@ Flood bank apphcatmn lodged

funds, Central

Otago Distriet

The property had been flooded

—page 11
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Flood bank application lodged

By Dehbhie Jamieson

‘A resource consent appli-
-eation for flood banks in
Alexandra’s Linger and
Die area has been lodged
with the Otago Regional
Council and is open for
"‘submissions.

Submissions will close on
December 1 and the applica-
5'15311 will be heard on December

The work includes a 135m

long flood hank with & 4m wide
access way on fop. Fifteen
properties will be directly
affected. Costs will be met by a
$20 million government and
Contact Energy funded flood
protection package.

Regional council chief
executive Graeme Martin fold
the Alexandra fiood project
subcommittee yesterday that
an indepemdent commissioner
was being appointed to hear
the eanseni, as the council was
the anolicant.

References to landscaping
the area in front of the flood
bank were {0 be removed from
the appiication, to comply with
an earlier decision made by the
sub-committee, that the land-
scaping of that area be dealt
with separately.

About 20 members of the pub-
iic and the media were
excluded from the subcommniit-
Lee's discussions on the consul-
tatiors process for huilding
flood banks in Alexandra's cen-
tral business area and the Clu-

tha River left bank. la—({ @
Land and Infermation Nev;
Zealand general manager, busi-
ness support, Brian Usher-
wood, said all owners whose
properties were reguired for
purchase or easements for
flood protection works in Alex-
andra had been sent letters by
agents The Property Group.
Peopiz who feltthey ought to
have been contacled and had
nol been should talk lo The
Properly Group at its office in
the ACC building from 1ext
week or telephone 0800 579797,

Otago Daily Times 14.11.00
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APPENDIX D

From: Tumner A., 1990. In: Southern Landscapes, Kearsley G. & Fitzharris B. (eds),
Department of Geography, University of Otago.

The highest concentration of boulders cceurs near the base of Mt Malcolm and
it is conceivable that a debris flow could have transported some of the boulders
to their current location. However although the general downstream fining of the
boulders is consistent with this mechanism some of the landform features observed
are clearly inconsistent. The boulder distribution pattern expected from a debris
flow is not apparent. Although the boulders furthest downstream are located south
of the road, the majority are strewn essentially straight down the valley and are
confined to north of the road. Boulders would be strewn obliquely across the valley
away from Mi Malcoim if transport was by a debris flow. Furthermore the boulders
are concentrated in a central zone rather than in levees and a terminal Iobe. It is
likely that the matrix of a debris flow from Mt Malcolm would be coarse and a great
range of material size would be transported by the flow. Although some of the finer
material would be removed by subsequent erosion, most of the material would be
expected to remain to form a tongue-like feature with an irregular surface; this is
clearly not the case.
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Figure 4: Location of the |argest boulders on the Victoriz Basin surfuce

Rurthemsore a rapid slope failure would have been needed for boulders o be
transported any appreciable distance but this is not a feature of landslides in the
area. Landslides in the Cromwell Gorge following flooding of the toe by Lake
Dunstan and an earthquake would move at a rale of only about 1.5m per day
(D.S.1.R. 1990). Many of the boulders are hundreds of metres away from the slopes
and a debris flow would not be capabie of transporting boulders such distances
across an essentially horizontal surface at such slow speeds, It appears, then, that
a debris flow was not responsible for transporting the boulders,

* The distribution of boulders across Victoria Basin is not inconsistent with trans-
portation by a glacier and then ablation of stagnant ice. It is conceivable that mas-
sive boulders could have become guite evenly distributed across the ice as it flowed
down valley and then be deposited across the valley as the ice ablated. However
certain expected features associated with this mechanism are absent. The boulders
are not associated with a hummocky surface as would be expected if all material
being carried by a glacier was deposited. Meltwater features such as kames and es-
kers are also absent, as are terminal and lateral moraines. If such features had been




deposited originally then their removal would require an extreme fluvial event; that
is an outburst flood. More significantly, no boulders or even smaller rock debris
occur upstream of Nevis Bluff in the Gibbston Basin yet ice transport would resuit
in similar features on both sides of the Bluff, The absence of these features appears
1o rule out glacial activity s a possible transport mechanism for the boulders.

The distribution of the boulders is consistent with transport by an outburst
flood, being strewn down the valley in the zone where the maximum flow veloc-
ities would occur. Also the boulder occurrence begins immediately downstream
of Nevis Bluff and the conceniration of boulders decreases with distance from
the constriction, which suggests transportation from a local source. The general
decrease in size is as expected and the size anomalies could be explained by ice-
rafting in the turbulent waters, or boulders starting from different elevations on
the slope, and sampling errors. The boulders rest on, or are partially buried in,
a nearly horizontal surface and this suggests extreme fluvial activity resulting in
an armouring of the surface. This is consistent with the interpretation of Macfar-
lane (1985) who describes the surface as heavily degraded. The virtual absence
of scour holes around the boulders casts doubt on this mechanism, but subsequent
deposition of fine material by the Kawarau River before it became entrenched in
its present channel could be the reason for this situation. The absence of debris
upstream of Nevis Bluff is unexpected as the constriction would cause deposition
throngh the temporary damming of flood waters. One explanation is that the burst-
ing dam was located some distance upstream of Nevis Bluff and the material was
not ransported as far as the constriction. Another possibility is that the dam was
at Nevis Bluff and all material was transporied downstream of that point.

The possibility of an outburst flocd raises several questions including the na-
ture and location of the injtial lake and the existence of other landform features.
The existence of a lake higher than the level of current Lake Wakatipu has been
established by the occurrence of lake deposits at the south-cast end of the Crown
Range (Bell and Swanson, 1977) and in the Gibbston Basin {R. Thomson, pers.
comm.). During glacial times, ice in the Arrowtown Basin could have blocked
river drainage from the Arrow and Shotover valleys to form a lake. The Gibbston
Basin deposits require & dam downstream; this would appear to rule out an ice dam
since the glacier would have occupied the Basin and so pessibly indicates an carth
dam near Nevis Bluff. A connection between these deposits and the transportation
of the boulders has not been established but it is apparent that water has been im-
pounded {o a high elevation upstream of the boulders and catastrophic dam failure
is a possibility.

An outburst flood would resalt in the deposition of finer material downstream.
Backflooding up tributary valleys such as the Nevis River would occur, resulting
in an upstream fining of material and bedding which indicated up-valley currents.
The existence of such features would confirm outburst flood occurrence, while
their absence may simply be due to subsequent erosion. The “Kawarau Moraine™
at the mouth of the Gorge near Cromwell contains exotic rocks and a glacial oni-
gin has been suggested (Park, 1908). Bell (1982) suggested the possibility of the
flushing of debris by an extreme flood. Although this feature was formed well be-
fore the boulders in Victoria Basin were deposited (250,000 years ago compared
to 70,000 years ago, R. Thomson pers. comn.), the boulder deposition supports
Bell's suggestion. Channels have been formed on the Waitiri Spur and these may
have been caused by outburst floods, but this is only speculative. The channelisa-
tion may instead be due 10 normal river erosion which occurred when the Kawarau
and Nevis Rivers were aggraded above their current levels,

The evidence presented here suggests that the large boulders on the surface of
Victoria Basin were not tansported by a glacier, while a debris flow could have
transported some of the boulders. The preferred explanation is that a catastrophic
dam failure caused an cutburst flood 10 flow down the Kawarau Gorge. The out-
burst flood eroded material from the slopes of Mt Malcolm and deposited the
debris immediately downstream.

This explanation is tentative and further study is needed to test its validity. Such
work includes deterrnining the nature and location of the dam, locating other ero-
sional and depositional features further downstream, and establishing the lithology
of the boulders to determine their origin. The presence of exotic debris would pre-
clude a debris flow from being the only transport mechanism, while the absence of
exotics would rule out glacial activity. Lithology would neither confirm nor deny
the occurrence of an outburst flood directly, but may help in further refinement of
the hypothesis.
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Given that rock type remains essentially constant across
the field area, the virtual absence of pits at lower alti-
tude strongly suggests that their altitudinal distribution
is climatically controlied. Above 1500 m where their num-
bers are greatest, periglacial conditions prevail. Between
1000 and 1500 m, summers are milder and winters Jess
severe; piis are still common but their frequency is re-
duced. Below 1000 m, precipitation falls off sharply, the
number of freeze-thaw cycles declines, and pits are rare.
The foregoing, coupled with the fresh appearance of
many of the smailer pits on the high summits points to
microgelivation as being the primary agent responsible
for their origin and growth. Disaggregation through wet-
ting and drying is believed to occur but to be of second-
ary importance. Detailed field evidence, augmented by
precise chemical analyses support the contention that salt
and chemical weathering play little if any role in pit de-
velopment. Indeed, the increased potential for chemical
weathering below [000 m may well be a factor inhibiting
pit development at lower elevations,

Frost weathering and hydration effacts will be concen-
trated initially where water collects in pre-existing hollows
on exposed rock surfaces. Pit growth takes place and
schist detritus collects in the expanding hollow. Further
comminution of this material into the sand and silt frac-
tions is likely, some of which may be removed by wind
when the material in the pits dries out. As pits approach
their optimum size, activity becomes confined to a zone
below the rim and a pronounced overhang develops, Pits

“then either begin to decay, or continue to expand but at

a reduced rate. Coalescence of adjacent pits during the
expansion phase may account for some of the laTger ones
observed, especially those that are irregularly shaped.

However, those with a circular configuration are thought
to have reached their present size independently.

Most of the larger pits were found on degraded tor sur-
faces. However, detached blocks occasionally displayed
pits with diameters exceeding 50 cm. These blocks are
thought to have become separated from the parent rock
comprising the tors by frost wedging or macrogelivation.
Although this process is still taking place today it is prob-
ably on a much reduced scale compared with that oceur-
ring during the last glaciation when periglacial conditions
on the high summits were more severe. Thus the larger
pits found on isolated blocks probably began forming
during the Otiran Glacial Stage, under & climatic regime
characterized by freeze-thaw events of greater magnitude
than today. At the same time, however, the fact that indi-
vidual blocks display pits ranging in size from a few to
tens of centimeters across demonstrates that pit forma-
tion is an on-going process in the current periglacial cli-
mate. It is believed that the tor surfaces displaying the
largest pits have been exposed to weathering at least since
the beginning of the Otiran. Thus, 100,000 yr may well
be required for pits in periglacial environments to reach
a width of 1 m or more.

Mean values for major ion and Si0, concentrations, and for electrical conductivity (k) and pH,
based on warer samples faken from selected weathering pits

Altitude Number of Na* X Ca* Mg S50, CI Si0, k

Location (m) samples (mg L™ (umhos cm™) pH
Pisa Range 1760 g 070 0.64 0.49 0.18 0.13 042 <0.10 24 3.6
Old Man Range 1685

December 1984 8 2,28 0.44 0,78 0.53 0.1l 0.85 <0.10 33 3.1

February 1985 6 1.49  0.60 0.23  0.25 «<0.10 i.64 <0.10 20 3.3
Dunstan Mountains 1630 4 0.32 0.33 <0.10 <0.10 0.08 0.35 <0.18 13 57
Rock and Pillar Range 1350 7 341 071 042 022 022 110 <0.10 33 5.5
Carrick Range 1300 4 0.73 079 0.54 <0,10 0.08 0.52 <0.10 30 3.5

TABLE 6

Mean values for water chemistry based on samples taken from melted snow, summit ponds, and subsummit streams
on the Pisa, Old Man, Dunstan, and Rock and Pillar ranges. Comparative information from the relevant
literature is included

Number
of Na* K+ Ca* Mg 50, Cl- Si0, k

Source samples {mg L) (pmhos cm™) pH
‘Snow 4 0.12 6.17 <0.10 <0.10 0.04 0.03 <0.10 5 5.0
Standing water 4 1.42 0.44  <0.10 0.56 0.09 0.15 0.25 36 5.4
Stream 4 1.37 0.31 0.16 <0.10 <0.10 0.06 1.04 25 5.7
Weathering pits 37 1.40 0.51 0.42 0.22 0.12 0.56 <0.10 24 5.6
Manuherikia River® * 2.20 0.26 3.00 0.47 0.05 0.30 6.60 * *
Lammerlaws? * 2.20 0.26 0.89 0.52 0.33 .17 * * *
Ellesmere Island® 4 28.5 8.9 5.3 4.0 220 - 463 0.68 232

*Data from Ahlers and Hunter (1984)—rock type, schist.
bData from Holdsworth (1981) —rock type, schist.

‘Data from Watts (1983)—rock type, granite.

*No data available.

Fahey B.D., 1986. In: Arciic and Alpine Research, Vol. 18, No. 3, pp. 337-348,




APPENDIX G

Ice limits -
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> 400 m contour

Inferred down-valley limits of Wanaka, Hawea and Wakatipu
glacial systems, and extent of main Quaternary deposits.
Early Quaternary ice limits are not shown. Adapted from
Geology of the Wakatipu Area 1:250 000 (I.M. Turnbull
compiler, 2000), and based largely on work by R. Thomson,
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