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Abstract :   
 
Geochronological dating of glacial landforms, such as terminal and lateral moraines, is useful for 
determining the extent and timing of past glaciation and for reconstructing the magnitude and rate of past 
climate changes. In the Southern Alps of New Zealand, well-dated glacial geomorphological records 
constrain the last glacial cycle across much of the Waitaki River basin (e.g. Ōhau, Pukaki, Tekapo) but 
its southern sector such as the Ahuriri River valley remains comparatively unconstrained. Recently, there 
has been debate on the scale and rapidity of mountain glacier retreat during the last glacial termination, 
particularly the 20–17 ka period in New Zealand. Missing from this debate is well-constrained equilibrium-
line altitude (ELA) and associated temperature reconstructions, particularly over the period around 17 ka, 
which can help us to develop a more complete picture of how past temperature changes drove glacier 
retreat. Here we report the first glacial chronology dataset from the Last Glacial Maximum (LGM) and 
subsequent deglaciation from the Ahuriri River valley, Southern Alps, New Zealand (44°23′54″S, 
169°39′48″E) based on 38 beryllium-10 (10Be) surface-exposure ages from terminal moraine systems 
and glaciated bedrock situated at the lower and middle sections of the valley. Our results show that the 
former Ahuriri Glacier reached its maximum extent at 19.8 ± 0.3 ka, which coincides with the global Last 
Glacial Maximum. By 16.7 ± 0.3 ka, the glacier had retreat ∼18 km up-valley suggesting at least ∼43% 
glacier-length loss relative to its full LGM extent. This deglaciation was accompanied by the formation of 
a shallow proglacial lake. Using the accumulation area ratio (AAR) method, we estimate that the ELA was 

lower than present by ∼880 m (∼1120 m a.s.l.) at 19.8 ± 0.3 ka, and ∼770 m lower (∼1230 m a.s.l.) at 
16.7 ± 0.3 ka. Applying an estimate for temperature lapse rate, this ELA anomaly implies that local air 
temperature was 5 ± 1 °C colder than present (1981–2010) at 19.8 ± 0.3 ka, while it was 4.4 ± 0.9 °C 
colder at 16.7 ± 0.3 ka, assuming no change in precipitation. The substantial glacier retreat in response 
to a relatively small accompanying increases in ELA (110 m) and temperature (0.6 °C) may have been a 
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result of the high glacier-length sensitivity of this glacier system due to its low gradient of former ice 
surface. Our low warming estimate differs markedly from other deglaciation studies, specifically from 
Rakaia River valley, which reports a much larger temperature increase at the onset of the last 
deglaciation. This precisely-dated moraine record along with reconstructed ELA as proxies for 
atmospheric conditions, provides new insight into post LGM glacier behaviour and climate conditions in 
New Zealand. 
 

Keywords : Last glacial maximum, Last deglaciation, Equilibrium line altitude, Past climate, Southern 
Alps, New Zealand 
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1 Introduction 54 

Past glacial maxima and their terminations provide important information on the dynamics of the 55 

climate system, particularly the relationships between the atmosphere, hydrosphere and the 56 

cryosphere (Clark et al., 2009; Denton et al., 2010). Such information is fundamental for assessing the 57 

stability of Earth’s climate considering ongoing climate change (IPCC, 2019). Identifying the timing 58 

of key climate transitions during past warming episodes, such as the last glacial termination, may help 59 

to understand the future evolution of Earth’s climate system (e.g. Denton et al., 2021).  60 

Mountain glaciers are highly sensitive to climate change (Oerlemans and Fortuin, 1992) and 61 

provide proxy information for regional and global climate (Oerlemans, 2005; Mackintosh et al., 62 

2017). Exposure dating of moraines using terrestrial cosmogenic nuclides such as 10Be provides new 63 

information on the duration, timing, and scale of the Late Quaternary glaciation (Balco, 2011, 2020). 64 

The high sensitivity of glaciers to climate change also permits quantitative reconstruction of past 65 

temperature and precipitation (Mackintosh et al., 2017), which may be used to test hypotheses about 66 

past climate change mechanisms (e.g. Dowling et al., 2021).  67 

Late Quaternary glacier-based climate reconstructions from the Southern Alps are of particular 68 

interest since very few glacierized mountain regions exist in the mid latitudes of the Southern 69 

Hemisphere (Figure 1). The climate in New Zealand and the southwest Pacific region was markedly 70 

different from present during the last glacial termination (Lorrey and Bostock, 2017). Despite the high 71 

utility of glaciers as climatic indicators, glacier-based estimates of the onset and rate of air 72 

temperature rise during this time-period lack consensus. Several studies advocate for rapid 73 

deglaciation, in response to regional warming beginning at 18 ka (Putnam et al., 2013b; Barrell et al., 74 

2019; Denton et al., 2021). However, this is countered by suggestions that proglacial lake 75 

development at such sites may have compromised the relationship between glacier length and surface 76 

mass balance (Shulmeister et al., 2010; 2018a) and that air temperatures may have remained 77 

depressed until 15-16 ka (Rother et al., 2014).   78 

These uncertainties remain, despite relatively abundant moraine chronologies, in large part due to 79 

the paucity of associated quantitative climate reconstructions. While glaciers are of high utility as 80 
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climate proxies, the magnitude of length changes is not only reflective of regional climate, but also 81 

glacier geometry, which is largely reflects catchment topography. Qualitative inference of climate 82 

change from chronological information alone, may thus overlook key aspects of glacier response to 83 

climate change (e.g. Eaves et al., 2019). In this study we pair cosmogenic 10Be exposure dating of a 84 

sequence of glacial landforms that are sufficiently preserved to permit reconstruction of past glacier 85 

equilibrium line altitude, thus affording quantitative information of both the timing and magnitude of 86 

climatic change in the Southern Alps at the onset of the glacial termination.  87 

 88 

 89 

Figure 1. a - Map of the Southern Hemisphere. Light grey - showing the approximate positions of the Southern 90 

Westerly Winds (SWW) belt (Sime et al., 2013); Light grey arrows - direction of the SWW belt; The blue dotted 91 

line - Polar Front; The red dotted line - Sub-Antarctic Front; The black dotted line - Sub-Tropical Front (Darvill 92 

et al., 2016); The red star - location of the Ahuriri River valley; The black dots - locations of key marine core 93 

palaeoclimate records illustrated in Figure 8 and mentioned in the text (Pahnke et al., 2003; Barrows et al., 94 

2007); The red dots - locations of key ice core palaeoclimate records mentioned in the text (Pedro et al., 2012; 95 

WAIS Divide Project Members, 2013). b - Location map of New Zealand showing all sites mentioned in the 96 

text. See Figure 2 for a detailed view of the Ahuriri River valley. 97 

 98 

 99 
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2 Study area  100 

2.1 Southern Alps 101 

The Southern Alps extend approximately 700 km from northeast to southwest along much of the 102 

length of New Zealand's South Island. Overall, there are seventeen peaks that exceed 3,000 metres in 103 

height, and the range reaches its maximum elevation in its central section around Aoraki/Mount Cook 104 

(3,724 m a.s.l.). The Southern Alps have high uplift rate of about 8±3 mm/year in the central section 105 

(Norris and Cooper, 2001), along with the major active transcurrent compound of the Alpine Fault 106 

(Kamp and Tippett, 1993). Individual ranges of the Southern Alps are separated by glacial valleys, 107 

many of which contain glacial lakes.  108 

The Southern Alps lie perpendicular to the prevailing westerly flow of air masses, dividing South 109 

Island into strongly different climate regions. The western slopes of the Southern Alps are the wettest 110 

(4,000-10,000 mm/year), whereas the eastern slopes are drier (<1,000 mm/year) (Chinn et al., 2014). 111 

Mean annual air temperatures range from 9°C to 13°C at sea level across the South Island. The 112 

coldest month is usually July and the warmest is January or February. Temperatures decrease at rate 113 

of about ~1°C for every 200 m increase in altitude (Norton, 1985) providing low temperature on many 114 

mountain summits that are sufficiently cold to enable perennial survival of snow and thus 115 

glacierization (Chinn et al., 2014). 116 

Equilibrium line altitudes for glaciers in the Southern Alps vary with latitude (Porter, 1975) (which 117 

affects temperature) and west to east precipitation gradients (Lamont et al., 1999), as well as aspect 118 

(Carrivick and Chase, 2011). The high precipitation on the west-facing slopes of the Southern Alps 119 

sustains glaciers that descend to just a few hundred meters above sea level (Purdie et al., 2014). The 120 

largest glaciers and snowfields can be found west of, or straddling, the highest peaks of the main 121 

watershed range, with smaller glaciers typically located further east. According to the latest inventory 122 

(Baumann et al., 2020), this mountain range contains over 3,000 glaciers with approximately 800 km2 123 

total area. Tasman Glacier is the largest in New Zealand with ~83 km2 area. 124 

 125 

 126 
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2.2 Ahuriri River valley  127 

The Ahuriri River originates on the eastern slopes of the central Southern Alps and forms the 128 

border between the Canterbury and Otago regions. The river flows approximately 70 km from the 129 

north-west (Mt. Huxley 2505 m a.s.l., -44° 4'15.58"S, 169°40'42"E) to the south-east (conjunction 130 

with Lake Benmore -44°30'30.18"S, 170° 3'26.51"E), within the Waitaki (Mackenzie) River basin.  131 

Detailed glacial geomorphological mapping of the Ahuriri study site is presented in Tielidze et al. 132 

(2021). Our study area includes the upper portion of the Ahuriri River catchment, spanning about 45 133 

km from the headwater (Figure 2). The upper section of the Ahuriri River valley (~20 km from the 134 

headwater) surrounded by Huxley (western side) and Barrier (eastern side) ranges and is relatively 135 

narrow with steep slopes and high elevation with several peaks exceeding 2200 m a.s.l. Canyon Creek 136 

on western valley side, and Watson Stream and Hodgkinson Creek on the eastern side, are the main 137 

tributaries of the Ahuriri River in this upper region. In the middle and lower sections, the Ahuriri 138 

River valley has very low bed slope (~5 m/km). The bottom of the lower and middle section of the 139 

valley contains prominent terminal and lateral (hummocky) moraine systems that were selected for 140 

this study, hereafter called moraine belts 3, 2, and 1.  141 

Glacial sequences in the Aruhuri River valley have not been previously dated using modern 142 

geochronological methods. Only relative ages based on 1:250,000 geological maps by Turnbull 143 

(2000) and Rattenbury et al. (2010) are available. The Ahuriri River basin contains geological 144 

formations of the Quaternary age, ranging from the Late Pleistocene to Holocene. The Holocene 145 

deposits are characterised by angular, unsorted, blocky rock debris (scree), boulder till, and variable 146 

mixtures of rock debris, sand, silt (colluvium), and cirque moraines. Holocene moraines are mainly 147 

found in the headwater of the Ahuriri River and its tributaries. The upper section of the valley is 148 

characterised by alluvial deposits such as the alluvial plains consisting of gravel, sand, mud and minor 149 

peat, while the alluvial fans contain gravel and sand commonly with large boulders from landslides 150 

and rockfalls. Late Pleistocene glacial deposits in the middle and lower valley are built by poorly 151 

sorted, generally unweathered boulder (greywacke) till with interlayered silt. In the lower section the 152 

Ahuriri River bed is cut into the Late Pleistocene (Hawera series) alluvial (including glacial outwash) 153 
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deposits and tills. Peat swamp deposits with interbedded, mud and gravel are mainly found at the 154 

lower section of the valley. 155 

 156 

 157 
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Figure 2. a – Simplified overview map of the glacial geomorphology of the Ahuriri River valley (Tielidze et al., 158 

2021). Study area location is given on regional New Zealand insert map. b – terminal moraine systems selected 159 

for this study (moraine belts 3 and 2) along with surrounding area. c – terminal-lateral moraine system (moraine 160 

belt-1) in the middle valley along with surrounding area. Detailed glacial geomorphological maps of these 161 

panels are shown in Figure 5 and 6.  162 

 163 

Based on a regional classification (Williams, 1991) the headwater of Ahuriri River valley is placed 164 

in South Island Axial Range’s zone, while the rest of the territory belongs to the Canterbury Faulted 165 

and Folded Belt zone. There are several active and inactive fault lines in the Ahuriri River basin 166 

mainly stretching from north-east to south-west of the catchment (Turnbull 2000; Rattenbury et al., 167 

2010). Areas of younger deposits or landforms in the Ahuriri River valley such as young floodplains 168 

and river terraces, accumulating fans of stream sediment at the mouths of valleys, gullies, and steep, 169 

eroding mountain or hill slopes, are commonly younger than the most recent fault movements. 170 

However, the ice-age landforms, such as outwash terraces, and glacially-sculpted landforms, although 171 

youthful in a geological sense, are old enough to have been affected by the most recent active fault 172 

and fold movements (Barrell, 2016). 173 

 174 

3 Methodology 175 

3.1 Field work 176 

We collected 38 samples from Ahuriri moraine systems in the 2019-2020 austral summer: 11 177 

samples from outer (southern) and 11 samples from inner (northern) portion of moraine belt-3 (Figure 178 

3); 5 samples from moraine belt-2; and 11 samples from moraine belt-1 (Figure 4). We targeted the 179 

top central surfaces (sample depths = 1-5 cm) of unmodified greywacke boulders that were deposited 180 

within the moraine surface. We preferred large boulders with top surfaces well above the ground 181 

(heights provided in Table 1) to minimise the potential of prior cover by sediment. Where only 182 

smaller boulders (<50cm high) were present, we collected several samples to analyse the age 183 

distribution for any post-depositional impacts. Boulders with steep sloping tops or displaying 184 

evidence for post-depositional surface erosion (e.g., fresh-looking surfaces, evidence of human 185 
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activities etc.) were avoided. Quartz veins were targeted using a portable rock saw, hammer, and 186 

chisel. For measuring the location and altitude of individual sample we used the Trimble GeoXH and 187 

eTrex 20 Garmin GPS. We measured the angle of the surrounding horizon using a clinometer and 188 

geological compass, which were combined with strike and dip observations of each boulder surface to 189 

calculate topographic shielding of the cosmic ray flux using the online exposure (formerly known as 190 

CRONUS-Earth) calculator (Balco et al., 2008). Each boulder was measured and photographed from 191 

several points of view (Figure 3-4). All field observations are given in Table 1. 192 

 193 

Figure 3. Sampled boulders from inner (northern) portion of the Ahuriri terminal moraine terrain. Moraine belt-194 

3. 195 
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 196 

Figure 4. Sampled boulders from prominent terminal/lateral moraine system. Moraine belt-1. 197 

 198 

3.2 Laboratory work 199 

Physical and chemical preparation of samples for 10Be dating took place at the Victoria University 200 

of Wellington laboratories. The thickness of all the collected samples, relative to the surface, was 201 

measured by callipers before jaw-crushing then sieving to isolate the 250-710 μm fraction. Each 202 

sample was then repeatedly passed through the Frantz magnetic separator to remove the magnetic 203 

minerals from quartz-rich fractions.  204 
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Next, three leaching steps were performed: i) twice in a 10% HCl solution for 24 hours each, ii) once 205 

in a 5% HF / 1% HNO3 solution for 24 hours, and finally, iii) twice in a 2.5% HF / 0.5% HNO3 206 

solution for 48 hours each (Kohl and Nishiizumi, 1992). Samples were rinsed in MQ water and dried 207 

down following steps i and iii. A 1008.4 ppm 9Be carrier from University of Melbourne was added to 208 

the clean quartz (~280μg 9Be to each sample, Table 1) which was then digested in concentrated HF. 209 

Beryllium was isolated using ion exchange chromatography to remove contaminants and BeOH2 was 210 

precipitated at pH9 (Ochs and Ivy-Ochs, 1997). All the samples were calcined over a flame, mixed 211 

with niobium (Nb) powder at a ratio of 2:3 (BeO:Nb by volume) and packed into stainless steel 212 

targets. 213 

 214 

3.3 Exposure age calculations 215 

10Be/9Be ratios of all targets were measured by accelerator mass spectrometry at Lawrence 216 

Livermore National Laboratory (CA, USA). Samples were measured relative to the 07KNSTD 217 

standard (10Be/9Be = 2.85 x 10-12) (Nishiizumi et al., 2007). Moraine exposure ages were calculated 218 

using the Macaulay calibration dataset of Putnam et al. (2010). For comparison, we also present ages 219 

using the primary global production rate calibration dataset of Borchers et al. (2016). We assumed a 220 

rock density of 2.7 g/cm3 and applied a sample thickness correction for each sample based on 221 

laboratory measurements made prior to crushing (Table 1). 222 

Age calculations were carried out using the online exposure (formerly CRONUS-Earth) calculator, 223 

version 3 (Balco, 2011). This version calculates exposure ages using the scaling methods: St (Stone, 224 

2000), Lm (Balco et al., 2008), and LSD (Lifton et al., 2014). For consistency with previous studies 225 

from the Southern Alps (e.g. Putnam et al., 2013a-b; Strand et al., 2019), our discussion uses results 226 

from the Lm scaling method and this scaling decision does not affect our overall conclusions. We 227 

used the chi-squared outlier detection routine from the exposure age calculator version 3 (Balco, 228 

2017a, 2017b) to assess if the spread in 10Be exposure ages for a single moraine belt is consistent with 229 

a synchronous period of deposition. Furthermore, we follow the calculator documentation regarding 230 

presentation of summary ages and uncertainties for each landform (e.g. weighted mean or arithmetic 231 

mean; see Balco, 2017a, section 4C).  232 
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 233 

3.4 Reconstruction of equilibrium line altitude 234 

Detailed glacial geomorphological mapping (e.g., Tielidze et al., 2021) permits delineation of past 235 

ice limits and reconstruction of past glacier extent, which is an essential step for calculating palaeo 236 

ELAs (Porter, 1975). The accumulation area ratio (AAR) is a straightforward technique for ELA 237 

estimation, and has been used for glacier-climate reconstructions in different mountain ranges around 238 

the world (e.g., Porter, 2001; Lukas, 2007; Pellitero, 2015) and in New Zealand in particular (e.g., 239 

Porter, 1975; Kaplan et al., 2010; Chinn et al., 2012; Putnam et al., 2012; Eaves et al., 2016, 2017). 240 

This method assumes that the accumulation area of a glacier occupies a fixed proportion of the total 241 

glacier area (Benn and Gemmell, 1997). Knowledge of mass-balance gradients is not required for this 242 

method, however, a reconstructed 2D glacier-surface is needed to calculate the AAR. 243 

The lowest terminus limit used in this study is based on our ages from the prominent terminal 244 

moraine (belt-3). Other glacier limits (e.g., marginal, headwall) were defined from a detailed glacial 245 

geomorphological map (Tielidze et al., 2021) and high-resolution aerial imagery. For the palaeo 246 

glacier area uncertainty we used a buffer method which is broadly adopted for modern glacier 247 

mapping (e.g., Granshaw and Fountain 2006; Tielidze et al., 2018). A buffer width of 100 m was 248 

created along the glacier outline, and the uncertainty term was calculated as an average ratio between 249 

the original glacier area and the area with a buffer increment. This generated an average uncertainty of 250 

the mapped glaciers area of ±9 %. We manually mapped the past glacier outlines and reconstructed 251 

glacier surface contours at 50 m intervals in the 800-1300 m elevation zone and at 100 m intervals in 252 

the 1300-2400 m elevation zone. Contour lines were drawn mimicking a typical glacier surface 253 

topography (consistent with principles of glacier flow): convex near the terminus, horizontal at mid-254 

elevations, and concave near the headwall. We assume that the largest source of error associated with 255 

this method is the reconstruction of glacier surface contours. Nevertheless, this uncertainty is 256 

considered to be randomly distributed and unlikely to introduce major deviations (Nesje and Dahl, 257 

2000).  258 

Based on the reconstructed glacier contour lines we created a 30 m resolution digital elevation 259 

models (DEMs) in ArcGIS software 10.6.1. The area between each pair of successive contours was 260 
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measured automatically in ArcGIS by ELA calculation toolbox (Pellitero et al., 2015). Empirical 261 

studies of modern glaciers have shown that under steady-state conditions the AAR typically falls 262 

between 0.5 and 0.8 meaning that the accumulation area occupies approximately two-thirds of the 263 

glacier's total area (Meier and Post, 1962). The AAR of 0.67 with a nominal 1 standard deviation 264 

uncertainty of 0.05 is used in this study, which is standard for New Zealand glaciers (Chinn et al., 265 

2012) and the commonly-adopted value for palaeoglacial reconstructions in this region (e.g. Kaplan et 266 

al., 2010; Putnam et al., 2012; Eaves et al., 2016, 2017). 267 

In order to reconstruct past temperature conditions (relative to present (1981-2010) (NIWA, 2012)) 268 

associated with the palaeo ELA, we translate the magnitude of ELA change, relative to present to 269 

temperature change using a temperature lapse rate and assuming no change in precipitation. To reflect 270 

the high uncertainty in the key variables for ELA-temperature estimation, Eaves et al. (2016, 2017) 271 

employed a Monte-Carlo approach that repeatedly resampled distributions of the present-day ELA 272 

and the temperature lapse rate. Here we follow the same approach. To derive estimates of the present-273 

day ELA, we used recently mapped modern glacier outlines from the Ahuriri River valley (Tielidze et 274 

al., 2021) along with a medium resolution (15 m) DEM (Columbus et al., 2011) and applied the AAR 275 

automatic approach (Pellitero et al., 2015) with the same ratio (0.62-0.72). The present-day 276 

temperature lapse rate in New Zealand is ~5°C km-1 (Norton, 1985; Tait and Macara, 2014), although 277 

it is poorly constrained by observations. Thus, we follow Eaves et al. (2016) in selecting temperature 278 

lapse rates from an evenly-distributed range from -4 to -7°C km-1. The algorithm repeatedly resamples 279 

these input parameters providing a population of palaeo equilibrium line altitude (pELA) and delta 280 

temperature (dT) estimates that represent a full window of parameter uncertainty. 281 

 282 

4 Results 283 

4.1 Moraine belt-3 284 

A large terminal moraine unit (∼3.5 km long and 1.6 km wide) at an elevation of about 760 m 285 

a.s.l. was identified in the lower section of the Ahuriri River valley, defining a former ice margin. The 286 

surface of this landform is broad and lacks sharp crests, however, it is scattered with large 1 to 2 m 287 
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(diameter) sized greywacke boulders. The upper surface of the moraine is in some places lined by 288 

low, broad ridges that range in height from 1 to 5 metres above the general moraine surface. Two 289 

small ponds occur on the surface of this terrain. The middle part of the moraine is incised by a 290 

meltwater channel, which divides the moraine into two parts, inner (44° 23′ 54″ S, 169° 39′ 48″ E) 291 

and outer (44° 24′ 36″ S, 169° 40′ 25″ E) (Figure 5). The inner (northern) part of the moraine has a 292 

hummocky nature and is characterised by relatively shorter, steeper angle up-glacier faces, and 293 

longer, low down-glacier faces. Multiple former shorelines (44°23'25''S, 169°39'31''E) at different 294 

elevations (~720–740 m a.s.l.) occur on the up-glacier faces of the hummocky moraine belt which 295 

likely represents a palaeo lake and its subsequent recession (Tielidze et al., 2021). These shorelines 296 

manifest as multiple platforms nested at several elevations (~725, 734, and 740 m a.s.l.) that extend 297 

horizontally for between ∼50 and ∼300 metres. In total, we identified three clear (and several 298 

possible) former shorelines running parallel to each other. The outer (southern) section of the moraine 299 

belt is more subtle and flat. 300 

Sample details for surface exposure ages from all moraine systems are given in Table 1, while 301 

cosmogenic 10Be exposure ages are listed in Table 2.  All age calculations are referenced to calendar 302 

year before sample collection (2019).  303 

Eleven samples from the inner (northern) part of a moraine belt-3 show individual apparent 304 

exposure ages ranging from 17.6±0.4 to 20.9±0.5 ka (Table 2 and Figure 5). The ages from this 305 

moraine belt were grouped around an exposure age of 20.1±0.4 ka (n=10; 1 outlier - AL-27-61, see 306 

methods for details), based on the internal error-weighted mean of the eleven exposure ages. Eleven 307 

exposure ages from the outer (southern) moraine range from 19.1±0.4 to 20.0±0.6 ka (Table 2 and 308 

Figure 5). These eleven ages yield internal error-weighted mean age of 19.5±0.4 ka (n=11; no 309 

outliers). Because the mean ages of the Ahuriri moraine belt-3 at the inner and outer sites are within 310 

error of each other, we interpret this feature as one continuous moraine that formed 19.8±0.3 ka ago. 311 

The entire moraine was probably divided by a meltwater channel when the glacier was located 312 

nearby. These results suggest that 19.8±0.3 ka ago, the glacier margin was located at the outermost 313 

terminal moraine system of the Ahuriri valley at an elevation of ~760 m a.s.l. Overall, a comparison 314 

of exposure ages from all the different scaling or calibration models (St, Lm, LSD, and Global) shows 315 
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that this conclusion is insensitive to the choice of scaling model (Table 2), thus we proceed using the 316 

Lm model of Balco et al., (2008). 317 

 318 

 319 

4.2 Moraine belt-2 320 

Approximately 4 km upstream from moraine belt-3, on the eastern side of the Ahuriri River, we 321 

identified a flight of left-lateral moraines that descend in elevation from ~785 m a.s.l on the valley 322 

side down to ~710 m a.s.l close to the present-day riverbank. The outermost portion of this sequence 323 

grades down-valley to intersect with moraine belt-3, thus we interpret the inner parts of this sequence 324 

to represent a recessional sequence that records glacier surface lowering after 19.8±0.3 ka.  325 

We targeted the lowest, innermost section of this moraine sequence for surface exposure dating, to 326 

bracket the timing of glacier thinning at this location. Our target moraine is a prominent, isolated 327 

moraine hummock situated immediately adjacent (east of) the present-day Ahuriri River at the edge of 328 

largest alluvial fan in the middle-lower section of Ahuriri River valley (Figure 5) (44°21'46''S, 329 

169°38'15''E). A single former shoreline at elevation of 721 m a.s.l. occurs on the outer face of this 330 

moraine belt, which likely represents a subsequent recession of a palaeo lake. The surroundings of the 331 

moraine belt are swampy with several small ponds. Several greywacke boulders are embedded in the 332 

slopes and crest of the moraine, ranging in elevation between 720-740 m a.s.l.  333 

Five samples from moraine belt-2 range from 9.9±0.3 to 12.2±0.5 ka (Table 2 and Figure 5). The 334 

ages from this moraine belt were grouped around an exposure age of 11.3±0.7 ka (n=4; 1 outlier - 335 

AML-28-105), based on the internal error-weighted mean of the five exposure ages. Although these 336 

ages are morphostratigraphically consistent with moraine belt-3, they are unusually young for their 337 

situation in the lower valley and are inconsistent in age relative to moraine belt-1 below. As such, we 338 

do not believe these ages represent the timing of deposition by ice and we discuss the possible reasons 339 

for this discrepancy in the discussion (section 5.2.1), below. 340 

 341 

4.3 Moraine belt-1 342 
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Approximately 11.5 km upstream from moraine belt-2, a prominent terminal-lateral moraine 343 

system extends for approximately 4 km in the middle section of the Ahuriri River valley between 760 344 

and 800 m a.s.l. (Figure 6) (44°15'44''S, 169°36'41''E). The middle section of this moraine is linear, 345 

while the lower section is curvilinear and demarcates the limits of former glacier margin. This feature 346 

comprises fragmentary crested ridges (divided by meltwater channels or river streams) exhibiting ∼30 347 

m relief from the present valley floor and usually up to a few hundred metres long. The surface of 348 

upstream section of the moraine terrain is broad and exhibits distinct ridge crests. Here ice-moulded 349 

bedrock ridges, streamlined in the former direction of ice flow, protrude through the overlying 350 

moraine. Large sized (1 to 2 m diameter) greywacke boulders are found in many places on the crest of 351 

the fragmented moraine ridges. We collected samples from a mixture of erratic boulders (n=6) and 352 

ice-moulded bedrock surfaces (n=5). 353 

Six ages from the boulders of moraine belt-1 are tightly clustered and range from 16.6±0.4 to 354 

17.1±0.4 ka (Table 2 and Figure 6). The ages from these boulders were grouped around an error-355 

weighted mean exposure age of 16.7±0.3 ka (n=6; no outliers). Five exposure ages from the bedrock 356 

surfaces of moraine belt-1 range from 16.3±0.4 to 16.8±0.4 ka (Table 2 and Figure 6). These five ages 357 

yield internal error-weighted mean age of 16.6±0.3 ka (n=5; no outliers).  358 

Our ages from the boulders, which are situated on the moraine ridge crests, represent the final 359 

stages of moraine formation. Meanwhile, the bedrock ages record the withdrawal of ice and onset of 360 

bedrock exposure. As the two sample populations date complementary events in the glacier history, 361 

we expect them to be similar in age. As this is the case, we consider a combined age 16.7±0.3 ka to 362 

best represent the culmination of moraine building and withdrawal of ice from this site.363 
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 364 

Figure 5. a – Glacial geomorphological map of the Ahuriri terminal moraine systems (moraine belts 3 and 2) and surrounding area described in this study. See Figure 2 for 365 

map location with respect to the Ahuriri River valley. b – Oblique aerial view of the Ahuriri River valley from south to north (Photo by K. Norton). Yellow dots on both 366 

panels indicate the location of the samples (see Table 1-2 for more details). The outlier samples are given by red italic text (see discussion section below).  367 
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 368 

Figure 6. a – Glacial geomorphological map of the Ahuriri terminal moraine system (moraine belt-1) and surrounding area. See Figure 2 for map location with respect to the 369 

Ahuriri River valley. b – Field photo of the Ahuriri moraine belt-1 (by L. Tielidze). Yellow dots on both panels indicate the location of the samples (see Table 1-2 for more 370 

details). The black ages are from boulders while the blue ages are from bedrock. 371 
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Table 1. Surface-exposure sample details and 10Be data of moraine systems from the Ahuriri River valley. Italic ages indicate outliers that were excluded from the chi-372 

squared test (Balco, 2017a, 2017b). See Table 2 for the extracted ages and Figure 5-6 for sample location. 373 

Sample field 

ID  
LLNL ID 

Boulder/ 

Bedrock 
Latitude (S) Longitude (E) 

Elevation 

(m a.s.l.) 

Boulder size 

(L×W×H) (cm)

Sample 

thickness 

(average 

cm) 

Shielding 

correction 

Quartz 

weight 

(g) 

Carrier 

(9Be) 

added (g) 

 

10Be/9Be ± 

1σ (10-14) 

 

[10Be] ± 1σ  

(104)  

(atoms/gram 

qtz.) 

Moraine belt-3 (inner) (44°23′54″S, 169°39′48″E) 

AL-26-49 BE48600 Boulder -44.395441 169.666723 774 170×140×95 2.3 0.998195 13.3375 0.2814 11.20±0.21 15.82±0.35 

AL-26-53 BE48601 Boulder -44.393977 169.669205 774 180×95×80 4.0 0.990586 13.5432 0.2823 11.11±0.21 15.50±0.35 

AL-26-55 BE48602 Boulder -44.393104 169.668986 768 240×228×78 2.8 0.993362 13.3095 0.2841 10.76±0.20 15.37±0.34 

AL-26-57 BE48603 Boulder -44.391977 169.666613 765 300×280×150 2.8 0.998693 13.6803 0.2836 11.64±0.22 16.16±0.36 

AL-27-59 BE48604 Boulder -44.394375 169.655063 769 144×138×36 1.7 0.996929 13.6810 0.2851 11.32±0.21 15.79±0.35 

AL-27-61 BE48605 Boulder -44.395731 169.658087 766 211×110×24 2.4 0.998627 13.1517 0.2827 9.48±0.18 13.62±0.30 

AL-27-63 BE48606 Boulder -44.400109 169.657308 767 332×150×64 2.4 0.995922 12.7456 0.2850 9.91±0.18 14.82±0.32 

AL-27-64 BE48607 Boulder -44.401301 169.659033 769 268×262×171 2.5 0.992318 13.5983 0.2822 11.43±0.21 15.88±0.35 

AL-27-65 BE48608 Boulder -44.401771 169.659769 769 157×102×67 2.7 0.998846 13.4261 0.2840 10.91±0.21 15.45±0.35 

AL-27-66 BE48609 Boulder -44.403993 169.659257 774 420×350×130 2.8 0.995555 12.9888 0.2835 10.91±0.33 15.93±0.52 

AL-27-68 BE48610 Boulder -44.396934 169.660573 768 182×147×69 3.8 0.991419 12.8317 0.2839 10.60±0.21 15.69±0.35 

Blank BE48611 - - - - - - - - 0.2747 0.08±0.02 - 

Moraine belt-3 (outer) (44°24′36″S, 169°40′25″E) 

AL-19-18 BE48481 Boulder -44.409645 169.678879 757 160×110×60 1.9 0.990779 11.6167 0.2760 9.81±0.17 15.08±0.33 
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AL-19-20 BE48482 Boulder -44.410053 169.677258 759 201×171×81 2.0 0.998955 12.1344 0.2757 10.29±0.22 15.15±0.39 

AL-19-21 BE48483 Boulder -44.410519 169.677116 759 244×144×90 2.3 0.998955 13.3596 0.2762 11.51±0.29 15.49±0.45 

AL-19-27 BE48484 Boulder -44.41137 169.67104 761 163×132×65 2.7 0.998955 15.1612 0.2758 12.44±0.23 14.77±0.33 

AL-19-28 BE48485 Boulder -44.41184 169.67271 757 266×127×57 4.3 0.998955 13.7932 0.2784 11.38±0.24 14.95±0.37 

AL-20-29 BE48486 Boulder -44.41072 169.68034 753 251×210×138 2.1 0.998955 14.6778 0.2782 12.17±0.23 15.05±0.34 

AL-20-33 BE48487 Boulder -44.41117 169.67877 762 357×173×170 2.0 0.974704 14.5035 0.2714 12.35±0.25 15.07±0.36 

AL-20-37 BE48488 Boulder -44.41179 169.67583 755 207×184×80 2.9 0.998955 14.1247 0.2766 11.65±0.22 14.86±0.35 

AL-20-39 BE48489 Boulder -44.41282 169.67349 756 182×133×55 2.3 0.998680 14.3993 0.2775 12.10±0.23 15.21±0.35 

AL-20-40 BE48490 Boulder -44.41389 169.6703 758 443×365×66 2.6 0.998955 14.0415 0.2752 11.65±0.22 14.87±0.34 

AL-20-41 BE48491 Boulder -44.41443 169.6712 753 112×98×41 2.1 0.976371 15.1486 0.2787 12.14±0.21 14.57±0.32 

Blank BE48492 - - - - - - - - 0.2737 0.4±0.04 - 

Moraine belt-2 (44°21′46″S, 169°38′15″E) 

AML-28-102 BE49454 Boulder -44.362613 169.637987 738 150×130×40 1.1 0.996832 13.5616 0.2772 6.47±0.16 8.55±0.24 

AML-28-103 BE49455 Boulder -44.362858 169.637718 738 200×160×70 4.1 0.994472 7.7271 0.2782 3.95±0.14 8.96±0.36 

AML-28-104 BE49456 Boulder -44.363229 169.637915 736 110×80×40 2.2 0.994472 14.1598 0.2789 6.25±0.14 7.95±0.21 

AML-28-105 BE49457 Boulder -44.363044 169.637183 731 130×90×80 2.6 0.992993 14.0255 0.2793 5.64±0.14 7.22±0.20 

AML-28-106 BE49458 Boulder -44.362497 169.637083 727 120×100×70 3.0 0.997196 13.5082 0.2794 5.87±0.18 7.82±0.27 

Blank BE49459 - - - - - - - - 0.2754 0.3±0.04 - 

Moraine belt-1 (Boulders) (44°15′44″S, 169°36′41″E) 

AM-17-01 BE47757 Boulder -44.264579 169.605771 775 185×90×156 1.1 0.927932 15.1732 0.2991 9.35±0.16 12.23±0.30 

AM-18-11 BE47761 Boulder -44.241326 169.614783 800 231×145×110 1.4 0.984798 16.7197 0.2987 11.46±0.26 13.52±0.35 
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AM-18-13 BE47763 Boulder -44.239497 169.616435 813 172×131×65 1.3 0.986981 13.7934 0.2949 9.56±0.15 13.39±0.27 

AM-18-15 BE47765 Boulder -44.239671 169.619302 863 75×50×48 0.9 0.976531 15.4166 0.2951 10.87±0.21 13.71±0.32 

AM-18-16 BE47766 Boulder -44.239705 169.619328 863 97×75×45 0.9 0.969833 12.9430 0.2941 9.25±0.17 13.74±0.31 

AM-18-17 BE47767 Boulder -44.25119 169.61516 804 320×175×80 2.6 0.979546 15.6424 0.2908 10.60±0.20 12.93±0.29 

Moraine belt-1 (Bedrock) (44°15′44″S, 169°36′41″E) 

AM-18-08b BE47758 Bedrock -44.241709 169.614529 798 Bedrock 1.6 0.988486 15.5916 0.2980 10.38±0.19 13.04±0.29 

AM-18-09b BE47759 Bedrock -44.241693 169.614466 798 Bedrock 1.6 0.981724 15.3914 0.2969 10.13±0.19 12.77±0.29 

AM-18-10b BE47760 Bedrock -44.241688 169.61446 797 Bedrock 2.5 0.944171 15.4690 0.2977 10.02±0.19 12.62±0.29 

AM-18-12b BE47762 Bedrock -44.241384 169.614766 800 Bedrock 1.2 0.991202 16.8167 0.2972 11.28±0.21 13.13±0.30 

AM-18-14b BE47764 Bedrock -44.23724 169.617903 820 Bedrock 1.3 0.985638 16.2337 0.3289 10.08±0.19 13.45±0.30 

Blank BE47768 - - - - - - - - 0.2977 0.3±0.03 - 
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Table 2. Cosmogenic 10Be exposure ages (with internal 1-sigma uncertainties) from the moraine belts in the 374 

Ahuriri River valley. Three scaling schemes: St (Stone, 2000), Lm (Balco et al., 2008), LSD (Lifton et al., 2014) 375 

and the “Macaulay” production rate (Putnam et al. 2010) was used for exposure age calculations. Ages 376 

calculated using a global production rate (Borchers et al., 2016) are also presented without external uncertainties 377 

that are much higher due to the large uncertainties in the global 10Be production rate calibration dataset. Italic 378 

ages indicate outliers that were excluded from the chi-squared test (Balco, 2017a, 2017b).  379 

Sample field ID 

St age (ka) and 

internal uncertainty 

Lm age (ka) and 

internal uncertainty 

LSDn age (ka) and 

internal uncertainty  

Lm age (ka) and internal 

uncertainty Global prod. rate 

Moraine belt-3 (inner) (44°23′54″S, 169°39′48″E) 

AL-26-49 20924±464 20204±448 20032±444 19272±427 

AL-26-53 20963±469 20241±453 20068±449 19307±432 

AL-26-55 20604±458 19906±442 19747±438 18987±421 

AL-26-57 21631±479 20859±462 20679±458 19899±441 

AL-27-59 20896±463 20178±447 20010±443 19246±426 

AL-27-61 18118±403 17569±391 17463±389 16752±373 

AL-27-63 19781±424 19138±410 18998±407 18250±391 

AL-27-64 21255±469 20512±453 20336±449 19567±432 

AL-27-65 20561±467 19866±451 19706±447 18948±430 

AL-27-66 21226±701 20485±677 20305±671 19541±645 

AL-27-68 21258±483 20515±466 20341±462 19570±444 

Error-weighted 

mean (n=10) 
20859±151 (360) 20144±146 (350) 19977±144 (340) 19214±139 (913) 

Moraine belt-3 (outer) (44°24′36″S, 169°40′25″E) 

AL-19-18 20312±450 19636±435 19491±431 18727±414 

AL-19-20 20228±524 19558±506 19413±503 18652±483 

AL-19-21 20729±606 20025±585 19868±580 19100±558 

AL-19-27 19772±450 19131±435 18994±432 18243±415 

AL-19-28 20352±508 19674±491 19527±487 18763±468 

AL-20-29 20194±463 19526±448 19386±444 18621±427 

AL-20-33 20563±499 19869±482 19714±478 18951±460 

AL-20-37 20037±470 19380±454 19242±451 18482±433 

AL-20-39 20413±468 19730±452 19584±449 18818±431 
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AL-20-40 19962±459 19309±444 19170±441 18414±423 

AL-20-41 20003±436 19348±422 19212±419 18451±402 

Error-weighted 

mean (n=11) 
20201±144 (348) 19533±140 (338) 19390±139 (330) 18628±133 (885) 

All samples 

error-weighted 

mean (n=21) 

20516±104 (338) 19826±101 (329) 19672±100 (319) 18909±96 (893) 

Moraine belt-2 (44°21′46″S, 169°38′15″E) 

AML-28-102 11538±326 11391±322 11446±324 10860±307 

AML-28-103 12423±509 12204±500 12228±501 11665±478 

AML-28-104 10864±293 10747±290 10798±291 10267±277 

AML-28-105 9958±287 9904±285 9977±288 9462±273 

AML-28-106 10799±380 10688±376 10742±378 10208±359 

Error-weighted 

mean (n=4) 
11406±756 (777) 11258±707 (729) 11304±695 (716) 10750±677 (844) 

Moraine belt-1 (Boulders) (44°15′44″S, 169°36′41″E)  

AM-17-01 17233±419 16730±406 16646±404 15946±387 

AM-18-11 17639±455 17115±442 17013±439 16314±421 

AM-18-13 17238±355 16733±344 16623±342 15948±328 

AM-18-15 17054±399 16551±388 16414±384 15777±369 

AM-18-16 17224±392 16717±381 16568±377 15933±363 

AM-18-17 17071±390 16570±379 16472±377 15795±361 

Error-weighted 

mean (n=6) 
17226±163 (315) 16720±158 (307) 16606±157 (300) 15937±150 (763) 

Moraine belt-1 (Bedrocks) (44°15′44″S, 169°36′41″E) 

AM-18-08b 17007±386 16510±374 16419±372 15737±357 

AM-18-09b 16775±383 16295±372 16210±370 15528±355 

AM-18-10b 17352±395 16844±383 16746±381 16056±365 

AM-18-12b 17002±384 16506±373 16414±371 15733±356 

AM-18-14b 17241±389 16736±378 16620±375 15950±360 

Error-weighted 

mean (n=5) 
17071±173 (318) 16574±168 (311) 16478±167 (304) 15797±160 (758) 

All samples 17154±119 (293) 16652±115 (287) 16546±114 (279) 15871±110 (753) 
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error-weighted 

mean (n=11) 

 380 

4.5 Palaeo glacier geometry 381 

Based on recent geomorphological mapping (Tielidze et al., 2021), a 15 m DEM (Columbus et al., 382 

2011), high-resolution aerial imagery, and oblique aerial photographs we reconstructed the 383 

approximate area and thickness of the palaeo glacier occupying the Ahuriri River valley. According to 384 

this calculation, the former glacier covered at least 219±18 km2 at 19.8±0.3 ka (Figure 7a). The length 385 

of the main trunk of the ice (from headwater of the valley to the moraine belt-3) was ~41 km. Canyon 386 

Creek was the only large tributary that flowed into the former glacier from the western (right) side, 387 

while three large tributaries (Watson Stream, Hodgkinson Stream, and Snowy Gorge Creek) joined 388 

the glacier from the eastern (left) side. 389 

The main trunk of the Ahuriri Glacier was relatively narrow (1.5 km) in its upper section. By the 390 

middle section, the former glacier doubled in width (~3.0 km), and in its lowest sections, its width 391 

was much expanded (~4.0 km) (Figure 7b). The palaeo glacier had also a very low surface inclination 392 

in its lower section. 393 

According to our three different profiles, the thickness of the palaeo glacier was at least ~450 m in 394 

the upper section, ~350 m in the middle section, and ~300 m in the lower section (Figure 7c). We note 395 

that our ice thickness estimate was produced based on modern and manually reconstructed DEMs and 396 

it does not consider post-glacial changes in the valley profile resulting from sediment fill. It is likely 397 

that the sediment-cover was thinner and the valley floor lower during the glacial period relative to 398 

today, thus our ice thickness estimates are likely minimum constraints. However, this uncertainty is 399 

irrelevant for equilibrium line altitude reconstruction. 400 

Our reconstructions indicate that glacier area decreased significantly between 19.8±0.3 and 401 

16.7±0.3 ka. The estimated area of all separated ice bodies for 16.7±0.3 ka was 117±15 km2, while the 402 

area of single Ahuriri Glacier was 86±8 km2 (Figure 8). This indicates that ~18 km (or ~580 m/0.1 ka) 403 

of terminus retreat of the palaeo Ahuriri Glacier occurred between 19.8±0.3 and 16.7±0.3 ka.  404 
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 405 

Figure 7. a – Manually derived palaeo Ahuriri Glacier at 19.8±0.3 ka. b – reconstructed ice thickness based on 406 

three cross-sections in the lower, middle, and upper sections of the glacier at 19.8±0.3 ka. The black dotted lines 407 

show the maximum height that ice could have for that time. Oblique imagery and GIS simulation show palaeo 408 

glacier expansion in the upper (c – view from north to south) and lower (d – view from south to north) valley 409 

(photos by: W. Dickinson and K. Norton).  410 

 411 

4.6 Palaeo ELA and air temperature 412 

Uncertainties in the knowledge of former ice geometries affect the accuracy of reconstructed ELAs 413 

for any particular glacier. Our manually reconstructed palaeo Ahuriri glaciers are shown in Figure 8. 414 
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Using an AAR of 0.67, we estimate the modern ELA (mELA) at 2000 a.s.l. for the Ahuriri catchment, 415 

while the palaeo ELAs (pELAs) are estimated at 1120 m a.s.l. and 1230 m a.s.l, for 19.8±0.3 ka and 416 

16.7±0.3 ka, respectively. This calculation represents an ELA lowering relative to present (dELA) of 417 

880 m and 770 m for 19.8±0.3 ka and 16.7±0.3 ka, respectively. Altering the AAR by ±0.05 (0.62–418 

0.72) yields pELAs of 1170–1060 m a.s.l. for the 19.8±0.3 ka glacier, which represent dELAs of 830–419 

940 m. Similarly, altering the AAR by ±0.05 (0.62–0.72) yields pELAs of 1280–1170 m a.s.l. for the 420 

16.7±0.3 ka glacier, which represents dELAs of 720–830 m. 421 

The temperature lapse rate at the Last Glacial Maximum is not known, and hence we use a range 422 

of lapse rate values to estimate the temperature lowering that equates to the dELA. The mean annual 423 

temperature lapse rate for upland (>300 m) New Zealand (-5.1°C km-1; Norton, 1985) gives us 424 

temperature lowering of -4.5°C and -3.9°C relative to present for the ELA depression of 880 and 770 425 

m for 19.8±0.3 ka and 16.7±0.3 ka respectively. A standard environmental lapse rate (-6.5°C km-1) 426 

increases the temperature depression to -5.7°C and -5.0°C for the same times relative to present.  427 

Using a Monte Carlo technique (Eaves et al., 2016, 2017) to combine uncertainties in each variable 428 

(mELA, pELA, AAR, and temperature lapse rate), we derive an estimated temperature anomaly of -429 

5.0±1.0°C (1σ) relative to present for 19.8±0.3 ka and -4.4±0.9°C (1σ) relative to present for 16.7±0.3 430 

ka (Figure 8e, h). 431 

 432 
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Figure 8. Reconstructed surface of the palaeo Ahuriri Glacier (based on manually derived contour lines) and reconstructed ELA (AAR=0.67) for 19.8±0.3 ka (a) and 434 

16.7±0.3 ka (b). Cumulative curve (surface profile) of the palaeo Ahuriri Glacier for 19.8±0.3 ka (c) and 16.7±0.3 ka (f). The palaeo ELA is shown by the dashed line and 435 

shaded box. Hypsometry and reconstructed ELA of palaeo Ahuriri Glacier for 19.8±0.3 ka (d) and 16.7±0.3 ka (g). Cumulative distribution function for the palaeo 436 

temperature estimate associated with the Ahuriri terminal moraines for 19.8±0.3 ka (e) and 16.7±0.3 ka (h). Shaded box defines the 1-sigma uncertainty interval1.  437 

                                                           
1 The extent of separate ice bodies on panel “b” is theoretical, as we did not extract any ages at these sites. Therefore, these are not included in the ELA measurements. i.e. the 
panels “f”, “g”, and “h”, in the figure 8, are created based on a single Ahuriri Glacier (without separate ice bodies). 
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5 Discussion 438 

5.1 Last Glacial Maximum 439 

Our exposure age data from moraine belt-3 provide robust constraint on the timing of maximum 440 

glacier advance during the Last Glacial Maximum in the Arhuriri River valley. Given the ~2.5 km 441 

spread of the terminal morainal sequence at moraine belt-3, we anticipated that this landform may 442 

have accumulated during several glacial advance events, perhaps across several millennia. However, 443 

with the exception of one anomalously young sample, there is no significant difference in boulder 444 

ages across this landform within age uncertainties (Figure 5, Table 2). We thus conclude that this 445 

moraine formed during a single glacial advance or stillstand and we combine the ages to give the 446 

timing of moraine formation as 19.8±0.3 ka. The absence of any older ages from the outer parts of this 447 

landform suggests that the largest advance of the last glacial cycle in the Ahuriri valley occurred at 448 

~20 ka, at the height of the global Last Glacial Maximum (Clark et al., 2009). 449 

Comparison of our new data with proximal moraine exposure chronologies shows that the timing 450 

of this glacier advance in the Ahuriri valley is consistent with other published 10Be data from the left-451 

lateral moraine system at Lake Pukaki, situated ~60 km to the northeast of our study site. There, a 452 

prominent portion of the Mt. John moraine formation is robustly dated to 20.3±0.6 ka (Doughty et al., 453 

2015) and 20.0±0.5 ka (Strand et al., 2019) (Figure 9), which is indistinguishable within uncertainties 454 

from the Ahuriri moraine belt-3. However, while the 20-ka advance in the Ahuriri valley represents 455 

the largest of the last glacial cycle, the geomorphic records at Lake Pukaki and other nearby sites (e.g. 456 

Putnam et al., 2013a) record a much richer history of earlier, slightly more extensive glacier advances 457 

spanning much of oxygen isotope stages 2-3 (Denton et al., 2021). Differences in moraine presence 458 

between Ahuriri and the Pukaki/Ōhau records are unlikely to be attributable to large scale climatic 459 

forcing, given the proximity of all sites to one another. Instead we consider these differences arise 460 

from the local topographic settings, which may influence both glacier response to climate (e.g. 461 

response times, and length sensitivity), as well as moraine preservation potential. For example, several 462 

studies have noted the potential feedback effect of subglacial erosion as a modulator of glacier length 463 

in the Pukaki catchment, whereby the large temperate glaciers advancing over and eroding thick 464 
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packages of unconsolidated sediment may decrease bed elevation and reduce glacier length over time 465 

(McKinnon et al., 2012), thus enhancing the preservation potential of older moraines (Barr and 466 

Lovell, 2014). There is limited scope for such feedbacks in the Ahuriri valley, where sediment fluxes 467 

are lower, and the low surface gradient of the former glacier (Figure 8a) restricted ice velocity, thus 468 

increasing the potential for obliterative overlap of moraines by successive glacier advances (Gibbons 469 

et al., 1984; Kirkbride and Brazier, 1998). 470 

Despite lower potential for preserving moraines from glacial advances of similar extent, the 471 

prominent terminal moraine (moraine belt-3) in Ahuriri does afford clear delineation of past ice 472 

extent, which permitted 2D reconstruction of the former ice mass.  473 

Our constraint from moraine belt-3 is in good agreement with glacier chronologies from southern 474 

mid-latitudes of South America (Patagonia) (Kaplan et al., 2008; García et al., 2019; Leger et al., 475 

2021) and Australia (Tasmania and Mt Kosciusko) (Barrows et al., 2002; Kiernan et al., 2004; 476 

Mackintosh et al., 2006) that indicate glacier advance at ~20 ka. 477 

Using the AAR method, we estimated pELA depression of 830–940 m for the former Ahuriri 478 

Glacier at ~19.8±0.3 ka. Porter (1975) also used AAR method (0.6±0.05 ratio) for pELA estimation 479 

during the Last Glacial Maximum in the Lake Pukaki drainage basin, and suggested that pELA was 480 

875 m lower during construction of the equivalent Mt. John formation (26.5-18.0 ka; Barrell and 481 

Read, 2014). In addition, a glacier modelling simulation by Golledge et al. (2012) indicated that the 482 

Last Glacial Maximum ELA was depressed by 800 m (Ōhau, Tekapo glaciers) to 875 m (Pukaki 483 

Glacier), consistent with our pELA calculations. Furthermore, modelling experiments by Putnam et 484 

al. (2013a) indicate snowline lowering of 920±50 m relative to present since the Last Glacial 485 

Maximum at the palaeo Ōhau Glacier. 486 

 487 

 488 

 489 

 490 

 491 

 492 
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  493 

Figure 9. a – Southern Ocean sea-surface temperature (SST) records for 24-14 ka: black - fauna based sediment 494 

cores MD88-770 (Barrows et al., 2007); red - Mg/Ca sediment cores MD97-2120 (Pahnke et al., 2003). See also 495 

Figure 1 for the location of the coring sites. b-c – A normal kernel density plots or “camel plots” from Pukaki 496 

and Rakaia glaciers (Putnam et al., 2013b; Doughty et al., 2015; Strand et al., 2019). d – Ahuriri terminal 497 

moraine belts (1 and 3). Outlier sample from current study camel plot was excluded. Blue bands correspond to 498 

Heinrich Stadials 1 (HS1) and 2 (HS2).  499 

 500 
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Good agreement was found in the reconstruction of palaeo temperature between the manual and 501 

Monte Carlo method in our study. Both methods indicate that local temperature was 5±1°C lower than 502 

present when the Ahuriri moraine belt-3 was formed (19.8±0.3 ka). This finding is consistent with 503 

modelling studies indicating the Last Glacial Maximum (24-21 ka) temperature depression of 5.8°C 504 

below to the modern values from the Cobb valley (e.g., Eaves et al., 2019) or 5.8±0.6°C from 505 

Fiordland in 19-17 ka time interval (e.g., Moore et al., 2022). However, while our finding agrees 506 

within uncertainty with modelling studies indicating the Last Glacial Maximum temperature 507 

depression of 6.25±0.5°C below to the modern values from the Lake Ōhau (e.g., Putnam et al., 2013a) 508 

or 6-6.5°C from the entire Southern Alps (e.g., Golledge et al., 2012), it is on the low side of the 509 

temperature range of these previous reconstructions. A likely explanation for this difference is that the 510 

simulation of ‘maximum’ LGM extent corresponds to the earliest ice advances between 32.5±1.0 ka 511 

and 27.4±1.3 ka from the Lake Ōhau (Putnam et al., 2013a) or between 30 ka and 27 ka from the 512 

entire Southern Alps (Golledge et al., 2012), while we only constrain the latest stage of the LGM 513 

(19.8±0.3 ka) in this study. Our temperature depression also corresponds with pollen-based estimates 514 

of temperature lowering by 6.01±1.91°C for New Zealand at the ~21 ka (Newnham et al., 2013). 515 

Multiple studies showing excellent agreement give high confidence to these LGM temperature 516 

estimates, providing a robust target for assessment of paleoclimate simulations using climate models 517 

(e.g. Kageyama et al., 2017). 518 

A close linkage between Southern Ocean sea surface temperatures (SSTs) and mid-latitude glacier 519 

activity was proposed by Barrows et al. (2007) and later supported by Doughty et al. (2015) and 520 

Shulmeister et al. (2018b). Sediment core MD97-2120, 300 km east from the Southern Alps at 45°S 521 

(Pahnke et al., 2003) and sediment core MD88-770 (R/V Marion Dufresne), situated southwest of 522 

Australia at 46°S (Barrows et al., 2007) (Figure 1) highlight a Southern Ocean temperature drops of 4-523 

5°C below present at the height of the Last Glacial Maximum (Figure 9). Overall, the agreement 524 

between the estimated age of the Ahuriri moraine belt-3 and the cooling at ~20 ka years ago suggests 525 

that the deposition of this moraine was not a local event. Rather, it was likely caused by regional or 526 

hemispheric cooling during at this time. 527 

 528 
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 529 

5.2 Last glacial termination 530 

5.2.1 Onset of glacier retreat 531 

The former Ahuriri Glacier retreated from the prominent LGM terminal moraine (moraine belt-3) 532 

at or shortly after 19.8±0.3 ka. A flight of left-lateral moraines situated 2-4 km upstream (44°21'6"S 533 

169°39'24"E) from moraine belt-3 records the downwasting of the glacier at this time. We attempted 534 

to constrain the timing of this ice-thinning event by targeting the innermost moraine of the recessional 535 

sequence, termed here moraine belt-2 yield exposure ages from 9.9±0.3 ka to 12.2±0.5 ka. These 536 

dates are unusually young for their situation relative to LGM ice limits and morphostratigraphically 537 

inconsistent with the age of moraine belt-1 (16.7±0.3 ka), thus we do not believe these accurately 538 

reflect the timing of moraine-belt-2 deposition.   539 

Anomalously young outliers are not uncommon in alpine moraine datasets (Heyman et al., 2011). 540 

However, young outliers are often isolated cases, that occur perhaps due to unrecognised surface 541 

erosion or rotation of individual boulders, and stand apart from a more secure population of samples 542 

that centre close to the true depositional age (e.g. sample AL-27-61 from moraine belt-3 in this study; 543 

Table 1).  However, the clustering of inaccurate ages from moraine belt-2 ages suggests the cause is a 544 

process that worked more uniformly across these boulders. One possibility is that we have 545 

misinterpreted the genesis of this landform. Landslide and rock avalanches are frequent occurrences 546 

in the tectonically active Southern Alps, and can generate hummocky landforms of unconsolidated, 547 

poorly sorted sediment that resemble moraines (McColl and Davies, 2011). However, the position of 548 

this landform close to the centre of the valley away from nearby hillslopes, coupled with the relatively 549 

low-elevation valley sides that seem unlikely to generate large runout mass movements, leads us to 550 

rule out such a misinterpretation. Furthermore, the connection of our sample site (44°21'46"S, 551 

169°38'15"E) to the clear flight of left-lateral moraines (44°21'6"S 169°39'24"E) that grade to 552 

moraine belt-3 gives us confidence that our samples were similarly deposited by the waning former 553 

glacier.  554 

We consider that the consistent age underestimation of samples from moraine belt-2 is likely to 555 

represent suppression of 10Be production due to submergence beneath a shallow water body that 556 
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developed during glacier retreat. Earlier mapping by Tielidze et al. (2021) revealed multiple 557 

shorelines imprinted on the ice-contact slope of moraine belt-3, which indicate former lake existence 558 

with former water levels (~725, 734, and 740 m a.s.l., Figure 10a). Crucially, the elevation of the 559 

uppermost shoreline is higher than the elevation of the boulders sampled (727-738 m a.s.l., Table 1), 560 

indicating that the boulders could have been submerged by this former water body. Using a 561 

cosmogenic nuclide production model, which incorporates the recent muon production model of 562 

Balco (2017c; Method 1A), we show that in situ cosmogenic 10Be production declines rapidly even in 563 

shallow water, largely due to the rapid attenuation of spallogenic production (Figure 10b).  564 

As a further test, we undertook hypothetical modelling to explore the lake depths and duration of 565 

boulder submergence that could explain our observed 10Be concentrations. We assume that the 566 

proglacial lake existed continuously for a single period (rather than drying and refilling repeatedly) 567 

and that this period of lake cover began at 19 ka, shortly after moraine belt-3 deposition. Figure 10c 568 

shows that if water depth above our samples was 1-5 m, then minor sub-aqueous production could 569 

occur, and such a shallow lake would need to persist for 7-15 kyr to produce our measure 570 

concentrations. However, water depths >5 m effectively shutoff production. Thus, for a deeper lake 571 

(>5 m), our concentrations would imply lake persistence for ~7 kyr. While the lake depth is poorly 572 

constrained, these insights suggest that our concentrations require persistence of a glacial lake in 573 

Ahuriri River valley at least until the onset of the Holocene Epoch (c. 12 ka). Progressively falling 574 

lake levels, as indicated by the mapped shorelines (Figure 9-10; Tielidze et al., 2021) may reflect 575 

down-cutting of the lake outlow into the glacio-fluvial outwash plains as indicated by the impressive 576 

flights of fluvial terraces situated immediately outboard of moraine belt-3 (Figure 5). Further 577 

chronological investigation of these sequences may afford critical examination of our inferred 578 

chronology of proglacial lake evolution. 579 

 580 
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 581 

Figure 10. a – Five 10Be exposure data from moraine belt-2 and simulated palaeo Lake Ahuriri. Lake 582 

bathymetry was provided according to the palaeo lake shorelines based on DEM contours. The blue dotted line 583 

shows the maximum possible level of the lake, where the hypothesised lake level coincides with the maximum 584 

elevation of the moraines. b – 10Be production decreases beneath water according to Balco (2017c).   c - 585 

hypothetical modelling to constrain the lake depths and duration of existence that could explain observed 10Be 586 

concentrations. 587 

 588 

5.2.2 Rate of deglacial warming 589 

The available chronological information from the lower Ahuriri valley indicates that glacier retreat 590 

began at 19.8±0.3 ka, although the precise timing of ice withdrawal from the lower valley remains 591 

uncertain. However, surface-exposure ages from the moraine belt-1 confirm that the second re-592 

advance or stillstand of the former Ahuriri Glacier occurred at 16.7±0.3 ka, which shows that a 593 

significant retreat of the palaeo Ahuriri Glacier occurred between 19.8±0.3 and 16.7±0.3 ka. These 594 

data constrain an 18 km retreat in glacier length (43% retreat of the LGM length) of the former 595 

Ahuriri Glacier. Our glacier reconstructions indicate that this retreat occurred in response to an ELA 596 

rise of c. 110 m, from ~1120 m a.s.l. to ~1230 m a.s.l., which corresponds to just 0.6°C of warming 597 

between those two time-periods (Figure 11) (assuming no change in precipitation occurred).  598 
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The large length change in response to relatively minor ELA rise suggests that the former Ahuriri 599 

glacier, in its LGM configuration, was highly sensitive to even minor climatic variability. Such high 600 

sensitivity may be a function of the very low inclination (~5 m/km) of the former Ahuriri Glacier in 601 

its middle to lower section (Figure 8). This characteristic of some former valley glaciers was recently 602 

demonstrated in the Cobb River valley, where physics-based modelling shows that a low-angle glacier 603 

reduced in length by half during the LGM in response to just 0.5°C rise in air temperature (Eaves et 604 

al., 2019). The former Ahuriri Glacier exhibits similar characteristics to former Cobb valley glacier, 605 

namely a low surface slope and lower altitude source area, especially in comparison to neighbouring 606 

Ōhau and Pukaki glaciers, which were sourced from the highest parts of the Southern Alps. These 607 

characteristics may be responsible for the observed difference in moraine sequences at these locations.  608 

In contrast to the LGM, few quantitative estimates of air temperature changes during the last 609 

glacial termination exist for the Southern Alps. In one of the few glacial studies to provide such data, 610 

Putnam et al. (2013b) reported 3.25°C warming (from −6.25 to −3.0°C) between 17.8±0.2 and 611 

16.3±0.4 ka from the Rakaia River valley, situated on the eastern side of the Southern Alps. At face 612 

value this rate of warming appears much greater than our ~0.6°C temperature increase between 613 

19.8±0.3 ka and 16.7±0.3 ka (Figure 11), however there are several possible explanations for this 614 

discrepancy.  615 

Firstly, it may represent a real difference, whereby there was substantial heterogeneity in the 616 

timing and rate of warming across the Southern Alps. The interplay of topography and atmospheric 617 

circulation, particularly the orientation of the Southern Alps relative to prevailing circulation, has 618 

been recognised to create distinct climate districts that exhibit different responses to changes in 619 

synoptic atmospheric conditions (Kidson, 2000; Lorrey et al., 2007; 2010). There is general consensus 620 

that the westerly winds contracted southwards during the last glacial termination (Anderson  et al., 621 

2009; Buizert  et al., 2108; Denton et al., 2021), which would lead to an increase in blocking, relative 622 

to trough regimes (Kidson, 2000). However, such a regime shift tends to have fairly uniform 623 

temperature effects across the country, while flattening the west-east precipitation gradient (Lorrey et 624 

al., 2007). Neither of these climatic impacts are consistent with greater rates of recession of glaciers in 625 

the Rakaia, relative to the Ahuriri. 626 
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 627 

 628 

Figure 11. Comparison of the dTemperature (°C) change relative to present (1981-2010) between current study, 629 

Moore et al. (2022) and Putnam et al. (2013b) at the onset of last glacial termination. 630 

 631 

Alternatively, both glacier-based temperature reconstructions may be accurate, but the difference 632 

may be caused by relatively low resolution of the dating method, relative to the rate of climate 633 

change. Despite precise local constraint of the in situ 10Be production rate in New Zealand (Putnam et 634 

al., 2010), exposure ages of landforms typically have a 1σ (68% confidence interval) uncertainties of a 635 

few centuries at best, largely due to geological scatter. Thus, it is possible that this imprecision may 636 

reduce the ability to pinpoint the onset of deglaciation if those the climatic changes were abrupt (i.e. 637 

occurring over a few centuries or less) (Balco, 2020). This effect may be relevant to the onset of 638 

deglaciation in New Zealand. For example, Denton et al. (2021) demonstrate using climate model 639 

experiments how a southward shift in the westerly winds at the onset of the last glacial termination 640 

can cause several degrees of warming in the Tasman Sea over centennial timescales. Such a shift, 641 

which is supported by marine sea-surface temperature proxies (Bostock et al., 2015), may have 642 

occurred more rapidly than the cosmogenic dating method can resolve. 643 

Recent studies have suggested that differences in the timing and rates of glacier retreat between 644 

nearby catchments may reflect local topo-climatic influence. For example, retreat of large valley 645 

glaciers, such as the former Rakaia Glacier, into overdeepened basins may have promoted proglacial 646 

lake formation that enhanced the overall sensitivity of glacier mass balance to atmospheric forcing 647 
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(Shulmeister et al., 2010). Sutherland et al. (2020) show that under similar climate conditions, glaciers 648 

calving into proglacial lakes may experience enhanced retreat relative to land-terminating glaciers. 649 

The modelling simulations of Putnam et al. (2013b) do not account for this possible feedback, likely 650 

due to the lack of constraint on former bed geometry, therefore it is possible their inferred temperature 651 

changes overestimate the rate of deglacial warming.  652 

Finally, it is possible that methodological differences between our manual approach to ELA 653 

reconstructions and other numerical modelling approaches may be the cause of differences in the 654 

inferred temperature anomalies. Previous work has shown that temperature reconstructions are 655 

comparable between these methods (e.g. Kaplan et al., 2010; Doughty et al., 2013; Eaves et al., 2017), 656 

however these studies largely focus on relatively small former glaciers with simple geometries. Our 657 

application of manual glacier reconstruction method to the large, former Ahuriri Glacier requires 658 

extrapolation of ice surface over several 10s of kilometres without direct constraint by 659 

geomorphological evidence. Errors in the reconstructed glacier geometry may thus propagate over 660 

such distances with potential to impact the ELA estimation via the AAR method. However, 661 

temperature estimation via numerical modelling of former glaciers also involves assumptions (e.g. 662 

precipitation rate, bed geometry) that may cause inaccuracies (e.g. Rowan et al., 2014), which could 663 

also factor into the discrepancy between our deglacial temperature curve and that of Putnam et al. 664 

(2013b). It is noteworthy that a recent study from southern New Zealand demonstrates that the local 665 

ELA remained close to LGM values, with little evidence for warming, until at least 17.2±0.2 ka 666 

(Moore et al., 2022) (Figure 11). This reconstruction, from a simple former cirque glacier, is unlikely 667 

to be affected by uncertainties in past bed geometry or possible lake calving feedbacks, thus may 668 

represent a robust estimate of atmospheric conditions. Our record from the Ahuriri valley mirrors the 669 

ELA-inferred temperature changes from Moore et al. (2022), with gradual ELA-rises during the late 670 

stages of the LGM (see Eaves et al., 2019), with the majority of deglacial warming occurred after 17 671 

ka.  672 

 673 

5.2.3 Hypotheses for glacial termination and its triggering factors  674 
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A leading hypothesis for the last glacial termination suggests that Southern Hemisphere climate 675 

warming was triggered by rising Northern Hemisphere summer insolation intensity, which propagated 676 

southwards via oceanic and atmospheric teleconnections (Denton et al., 2010). Central to this 677 

hypothesis is the role of the oceanic bipolar seesaw mechanism, in which reduced North Atlantic 678 

Deep Water formation at 17.5 ka (McManus et al., 2004) caused sea surface warming across southern 679 

mid-high latitudes (Stocker and Johnsen, 2003; Pedro et al., 2018). However, while the timing of this 680 

proposed teleconnection correlates within dating uncertainties with the increases in glacier retreat 681 

rates in New Zealand (Putnam et al., 2013b), it does not readily explain the apparent early onset of 682 

gradual warming and glacier retreat recorded in the Ahuriri and other sites in the Southern Alps 683 

(Putnam et al., 2013a; Rother et al., 2014; Eaves et al., 2019; Moore et al., 2022). 684 

Radiative equilibrium estimates by Huybers and Denton (2008) suggest an alternative insolation 685 

hypothesis – demonstrating that integrated summer duration over the Southern Ocean is near identical 686 

in timing and sign to northern (65°N) summer insolation intensity during the Late Pleistocene epoch. 687 

Denton et al. (2021) invoke this southern insolation hypothesis as a key driver of south-westerly 688 

winds position, which is important in explaining discrete shifts between glacial and interglacial modes 689 

of climate. The WAIS Divide team (2013) suggest such local insolation forcing may explain gradual 690 

warming over West Antarctica prior from 22-20 ka, as rising summer insolation reduced sea ice 691 

extent. According to Denton et al. (2021) such insolation changes may have also promoted gradual 692 

poleward shift of the southern westerly winds, permitting enhanced penetration of subtropical heat to 693 

southern mid-latitudes, which is consistent with our observations of retreating ice in the Southern 694 

Alps at this time. An advantage of this hypothesis is that it can reconcile these gradual changes with 695 

subsequent global deglaciation. Denton et al. (2021) demonstrate using a global climate model that a 696 

sustained poleward position of the westerlies from 18 ka (e.g. Buizert et al., 2018) can promote 697 

global-scale warming. Further model-based experiments are required to test this hypothesis further 698 

and disentangle competing influences such as rising carbon dioxide from 18 ka (e.g. Menviel et al., 699 

2018). 700 

 701 
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6 Conclusions 702 

To investigate the maximum extent and deglaciation of the former glacier during the Last Glacial 703 

Maximum, we report the first dataset from the Ahuriri River valley, central Southern Alps, New 704 

Zealand. The dataset includes 38 10Be surface-exposure ages from three different sites. The main 705 

findings of this study are:  706 

i) The former Ahuriri Glacier reached its maximum extent at 19.8±0.3 ka. This advance appears to 707 

be the largest event of the last glacial cycle in the Ahuriri River valley. 708 

ii) A GIS-based glacier reconstruction indicates that the palaeo Ahuriri Glacier had an ELA of 709 

1170–1060 m a.s.l. at 19.8±0.3 ka, which is 830–940 m lower than the present ELA on nearby 710 

glaciers. This equates to a temperature difference of -5±1°C relative to present (1981-2010), which 711 

agrees within uncertainty with other regional climate proxy reconstructions for this time. 712 

iii) Onset of glacier retreat after 19.8±0.3 ka coincided with development of a proglacial lake that 713 

imprinted shorelines on the LGM moraines and partially submerged recessional moraines. 714 

Anomalously young 10Be exposure ages (11-12 ka) from submerged moraines suggest this lake 715 

persisted at c. 740 m a.s.l. or higher until at least 12 ka. 716 

iv) By 16.7±0.3 ka the Ahuriri Glacier had retreated 18 km from its LGM position, in response to a 717 

c. 110 m rise in ELA, which equates to a 0.6°C rise in temperature. This small amount of warming 718 

contrasts with a previous estimate of local deglacial warming at this time interval from the Rakaia 719 

River valley (Putnam et al. 2013b). These differences may in part reflect the approaches taken to 720 

reconstruct past temperature from glaciers (ELA reconstructions using the AAR method versus 721 

glacier models), but the correspondence between this study and similar ELA-inferred temperature 722 

changes from Fiordland (Moore et al., 2022) shows that our finding may be real and warrants further 723 

investigation. 724 

Our study shows that the Ahuriri Glacier was at its LGM position at 19.8±0.3 ka and then receded 725 

by 16.7±0.3 ka but our ages do not constrain the timing of termination onset. Thus, the precise timing 726 

of ice withdrawal from the lower Ahuriri valley remains uncertain. Further dating, particularly of the 727 

left lateral moraines near Moraine belt-2, may shed light on this. 728 
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Further work should focus on reconstructing paleo-ELAs from other regions through the 729 

deglaciation in New Zealand and comparing these with studies from similar mid latitude sites of 730 

former glaciation in South America and south-eastern Australia. This will help us build a more 731 

complete picture of the Late Quaternary glacial-climatic fluctuations in the Southern Hemisphere. 732 
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