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Summary: Investigating Holocene glacier chronologies constitutes a valuable approach within palaeoclimatic research. 
Recent progress of  numerical dating techniques, in particular terrestrial cosmogenic nuclide dating (TCND), has given it 
new momentum. Highly increased precision and improved methodological procedures of  data calibration seem, however, 
to have gradually pushed previous rigorous geomorphological analysis of  the investigated glacier forelands aside. By using 
a well-known key site in the Southern Alps/New Zealand it is demonstrated that even alleged benchmark studies are not 
immune to geomorphological uncertainties. Considerable potential misinterpretations are alerting and reinforce the demand 
for an unaltered ‘supremacy’ of  geomorphology in this context. Especially with global compilations aiming at wider palaeo-
climatic conclusions critical re-assessment of  glacier chronologies may occasionally seem necessary. 

Zusammenfassung: Die Erforschung holozäner Gletscherchronologien stellt einen wichtigen Ansatz innerhalb der Paläo-
klimaforschung dar. Jüngste Fortschritte hinsichtlich numerischer Datierungstechniken, insbesondere bei der terrestrischen 
kosmogenen Nuklid-Datierung, haben diesem Forschungszweig neue Impulse gegeben. Die erheblich gesteigerte Präzision 
deren Ergebnisse in Verbindung mit verbesserten Kalibrierungsverfahren haben jedoch die vormals gründliche geomorpho-
logische Analyse der untersuchten Gletschervorfelder in den Hintergrund gedrängt. Am Beispiel einer bekannten Schlüs-
sellokalität in den Southern Alps/Neuseeland wird aufgezeigt, dass selbst vermeintliche Grundsatzarbeiten nicht immun 
gegenüber geomorphologischen Unsicherheiten sind. Erhebliche potentielle Fehlinterpretationen sind alarmierend und be-
stätigen eine notwendigerweise unveränderte Vormachtstellung der Geomorphologie in diesem Zusammenhang. Besonders 
auf  paläoklimatische Schlussfolgerungen abzielende, weltweite Zusammenstellungen dürften eine kritische Überprüfung 
von Gletscherchronologien fallweise erforderlich machen.

Keywords: Quaternary geology, glacial geomorphology, mountain glaciations, Holocene glacier chronology, numerical dat-
ing techniques, New Zealand

1 Introduction

1.1 Mountain glaciers – the general context

Mountain glaciers constitute valuable (palaeo)
climatic archives. Concurrently, they are impressive 
indicators of present climate change and deserve high 
attention of scientists, policy makers, and the pub-
lic (WGMS 2008; alean 2010; lozán et al. 2015). 
Future changes within the high mountain cryosphere 
will exert significant impact beyond the geo-ecosys-
tems upon, for example, natural risk assessment and 
sustainable economic development in mountain re-
gions (Huber et al. 2005; beniSton et al. 2018). This 
explains the current effort of monitoring moun-
tain glaciers and developing reliable predictions of 
their future behaviour (bamber and Payne 2004; 

Haeberli et al. 2007; Slaymaker and kelly 2007; 
zemP et al. 2009; barry and Gan 2011; karGel et al. 
2014; tedeSco 2015). Leading motivation for the in-
vestigation of Holocene glacier fluctuations is to uti-
lise glaciers as valuable archives for climate variability 
in the past. The ability of mountain glaciers to record 
short- as well as mid- and long-term climatic variabil-
ity is seen as an advantage over other climate proxies. 
Their response to different influencing factors (e.g. 
seasonal air temperatures, seasonal precipitation, 
and solar insolation) may reveal valuable insights 
about their climatic drivers, indispensable knowl-
edge for any subsequent assessment of both present 
changes and predictions of future developments with 
their geo-ecological impact (Winkler et al. 2010). 
Consequently, every reconstruction of Holocene gla-
cier chronologies has the hidden or pronounced aim 
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to yield reliable palaeoclimatic information enabling 
the investigation of causes, mechanisms, and patterns 
of climate variability on local, regional, hemispheric, 
or global scales. Not least the importance of this goal 
is mirrored in recent IPCC reports (IPCC 2001, 2007, 
2014) where palaeoclimatic data based on Holocene 
glacier chronologies subsequently gained broader 
room and higher attention (cf. caSeldine et al. 2010). 

At global scale, mountain ranges typically ex-
perience multiple layers of natural diversity creating 
considerable challenges for the study of their former 
or current glaciations. Spatial differences of the cli-
matic framework interacting with specific glaciologi-
cal characteristics and regimes need to be emphasised 
alongside influencing dynamic geomorphological 
process systems in this context. A number of concep-
tual reviews (e.g. oWen et al. 2009; Slaymaker and 
embleton-Hamann 2018) recently highlighted the 
resulting necessity of integrated approaches for the 
study of mountain glaciations. This is not a trivial task 
and involves more potential uncertainties caused by 
the abovementioned diversity than, for comparison, 
the investigation of polar ice-cores or large palaeo-
ice sheet. For any reliable interpretation of Holocene 
glacier archives on basis of indispensable correlations 
that provide insight in global climate dynamics with 
their hemispheric and global interconnections it is, 
therefore, an essential prerequisite to ensure a satis-
factory spatial diversity combined with credible and 
representative regional data series. Despite remark-

able recent progress even the latest global compila-
tions of Holocene glacier chronologies (Wanner et 
al. 2008; Solomina et al. 2015, 2016) reveal that only 
for very few study areas/mountain ranges all neces-
sary requirements for an unproblematic utilisation 
for their palaeoclimatic potential as demanded by 
kirkbride and Winkler (2012) can be rated as ful-
filled. This situation is highly unsatisfactory because 
the existing uncertainties caused by various reasons 
still prevent a sustainable utilisation of mountain 
glacier’s potential as palaeoclimatic archives. Due 
to better availability of accurate and high-resolution 
data, better comparability to the modern climate de-
velopment, and the chance to achieve better spatial 
diversity by covering more mountain regions most 
literature on Holocene glacier fluctuations focuses 
on neoglacial events and in particular the so-called 
‘Little Ice Age’. Additionally, there is a clear bias to-
wards the Northern Hemisphere with few exceptions 
of well-studied regions in the Southern Hemisphere, 
for example the central Southern Alps of New 
Zealand (Fig. 1): 

1.2 Investigating Holocene glacier chronologies

For any assessment of Holocene glacier chro-
nologies beyond (late) ‘Little Ice Age’ advances 
that can ‘absolutely’ be dated thanks to historical 
documents or early scientific reports and maps, 

Fig. 1: Satellite imagery of  the central Southern Alps/New Zealand with major glaciers and the summit of  Aoraki/Mt.Cook 
indicated (modified after (left, April 2010) NASA Earth Observatory and (right, February 2013) GoogleEarth)
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provision of information about selected approaches 
to achieve age constraints or about applied dating 
techniques is crucial. Early work on Holocene gla-
cier forelands often focused on relative-age dating 
techniques before radiocarbon dating subsequent-
ly allowed obtaining numerical ages for moraines 
and other glacial landforms. Most of these studies 
contained detailed geomorphological mapping of 
the glacier forelands investigated. Considerable at-
tention was drawn to the formation of moraines 
and related geomorphological analysis of the sites 
(cf. Grove 1979, 2004). A good example is the in-
ternationally undervalued work of rötHliSberGer 
(1986). It does not only provide one of the first 
global compilations of glacier chronologies (main-
ly) based on radiocarbon dating but also includes 
remarkable conceptual models of lateral moraine 
formation (cf. rötHliSberGer and ScHneebeli 
1979, Winkler and HaGedorn 1999). Highly de-
tailed site descriptions allow reliable interpretation 
of his reported numerical ages. Given that their ge-
omorphological and glacier chronological context 
is reported in a comprehensive way, conventional 
radiocarbon ages obtained by older studies are still 
of value after they have been converted using mod-
ern calibration tools (HoGG et al. 2013; reimer et 
al. 2013a, 2013b). 

A process not yet fully implemented with the 
attempts to relate the horizontal position of fossil 
organic matter within lateral moraine profiles to 
former glacier surfaces and consecutively charac-
terise magnitude or overall expansion of the glacier 
(cf. rötHliSberGer 1986) is sediment aggradation 
leading to changing valley floor levels (see Fig. 2). 
Tasman Glacier is a good example where the rem-
nant of the outermost neoglacial latero-frontal mo-
raine (‘Little Hump’, c. 6,500 years old - ScHaefer 
et al. 2009) exhibits an elevation more than 100 m 
lower than the proximal ‘Little Ice Age’ moraine. A 
reconstructed palaeo-glacier surface would conse-
quently be at least 100 m lower than the ‘Little Ice 
Age’ one, despite the former supporting an advance 
roughly 700 m further downvalley. Unless Tasman 
Glacier’s geometry has radically changed since for-
mation of ‘Little Hump’, the strongest neoglacial 
advance could be represented by organic matter 
within the lowest parts of any lateral moraine up-
valley and prone to misinterpretation as moderate 
or minor glacial expansion period only. Generally, 
the different nature of evidence requires caution 
with the amalgamation of radiocarbon and other 
numerical age records (see below) without concur-
rent detailed geomorphological assessment.

A major obstacle for the reconstruction of 
Holocene glacier chronologies solely based on di-
rect glacial evidence in form of moraines and other 
glacial landforms constitutes, however, the problem 
of ‘erosional censoring’ (kirkbride and Winkler 
2012). If subsequent glacier advances become more 
extensive, they usually destroy any evidence of less 
extensive previous ones. This causes incomplete 
glacier records especially in those regions that ex-
perienced the ‘Little Ice Age’ as most extensive 
(late) Holocene advance. An alternative approach 
meanwhile developed into a method delivering very 
reliable and high-resolution records for Holocene 
glacier activity and their climate drivers is the study 
of glaciofluvial sediment in distal lakes (e.g. daHl et 
al. 2003; mattHeWS and dreSSer 2008; Wittmeier 
et al. 2015). When favourable environmental con-
ditions allow successful execution, lake sediment 
studies bear the advantage of revealing also in-
formation about periods of smaller or even absent 
glaciers, thus adding to any direct evidence of gla-
cier activity (cf. kirkbride and Winkler 2012, 
mattHeWS 2013 for more detail on additional in-
direct approaches for the reconstruction of glacier 
chronologies). 

1.3 The rise of  surface exposure dating and 
aims of  this study

It is not an exaggeration to claim that the in-
vestigation of Holocene glacier chronologies expe-
rienced a substantial boost or even almost a reju-
venation after progress within the field of surface 
exposure-age dating using in situ cosmogenic nu-
clides (TCND = terrestrial cosmogenic nuclide dat-
ing or CRN = cosmogenic radionuclide dating; cf. 
dunai 2010; von blankenburG and WillenbrinG 
2014) saw this ‘new’ numerical dating technique 
applied on (late) Holocene moraines. TCND utilis-
ing 10Be (and increasingly also 3H, 14C, 36Cl) offers 
the sought-after opportunity to numerically date 
boulder and bedrock surfaces on glacier forelands 
that naturally often lack access to potential buried 
organic material for radiocarbon dating. A mile-
stone was the work of ScHaefer et al. (2009) in the 
Southern Alps of New Zealand with no less than 74 
TCND-sampled moraine boulders in 3 glacier fore-
lands. They achieve remarkable precision and small 
errors with their reported individual numerical 
ages. TCND as relatively new dating technique for 
Holocene glacier chronologies has seen astonishing 
progress during recent years including the intro-
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duction of new production rates (cf. Putnam et al. 
2010; lifton et al. 2014; borcHerS et al. 2016), ac-
cessible online calibration tools (balco et al. 2008; 
marrero et al. 2016; PHilliPS et al. 2016a, 2016b), 
laboratory preparation procedures (e.g. corbett et 
al. 2016), or improved control on the necessity to 
apply correction for snow shielding (benSon et al. 
2004; ScHildGen et al. 2005; delunel et al. 2014) 
to name just a few recent improvements. 

But even if all this progress in near future 
certainly will help to further improve precision 
and tighten existing error bars, there is still an 
increasing source of concern unrelated to these 
more ‘technical’ aspects. Already kirkbride and 

Winkler (2012) noted a sometimes subliminal 
‘overconfidence’ in this dating technique com-
bined with its apparent ‘supremacy’ over the results 
of other dating techniques and, most concerning, 
even the overall geomorphological context of the 
sampled sites. This geomorphological uncertainty, 
addressed and demonstrated with the help of a case 
study below, needs to be treated as the most seri-
ous source of uncertainty with the assessment of 
TCND-based glacier chronologies. It may largely 
exceed adjustments of perhaps ~5 % with the ac-
tual age estimates (hardly more) that seem possible 
in the light of new calibration tools and calibration 
procedures currently under development. Because 

Fig. 2: Challenge of  interpreting radiocarbon ages at Tasman Glacier: (a) Tasman Glacier’s lower tongue and glacier fore-
land, the outermost neoglacial moraine ‘Little Hump’ (cf. text) is circled (26.02.2008); (b) ‘Little Hump’ (circled) as seen 
towards the South from the crest of  the ‘Little Ice Age’ moraine (22.11.2017); (c) close-up (30.11.2015) and (d) ground view of  
‘Little Hump’ (15.11.2011); (e) example of  a lateral moraine profile with radiocarbon-dated buried organic matter (modified 
after RöthlisbeRgeR 1986); (f) theoretical relationship between frontal positions and palaeo-glacier surfaces as represented 
by buried organic matter in lateral moraine profiles at an ideal valley glacier and (g) actual situation in the southwestern 
foreland of  Tasman Glacier due to significant valley floor aggradation (see text for further explanation). 
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many TCND studies focus much less than older 
work on an initial geomorphological mapping and 
analysis or sometimes seem to ‘hide’ such informa-
tion in supplementary data files, this is a regrettable 
development. Further problems arise when such 
data records are collected for global compilations 
or online data bases to perform subsequent chrono-
logical or palaeoclimatic investigations, simply be-
cause details on possible geomorphology-related 
uncertainties may likely become lost.

It is the aim of this plea to argue for the un-
changed value of an initial and rigorous geomor-
phological analysis of glacier forelands during every 
investigation of Holocene glacier chronologies – 
even in the light of abovementioned considerable 
progress with numerical dating techniques. By 
focusing on a frequently cited key site and a well-
known study indisputably constituting a methodo-
logical benchmark the potential consequences of 
ignoring geomorphological uncertainties will em-
pirically be demonstrated to raise awareness of this 
issue. Despite recent attempts to solve inconsisten-
cies related to the interpretation of numerical age 
estimates by using statistical measures (aPPleGate 
et al. 2010, 2012; Heyman et al. 2011, 2016; dortcH 
et al. 2013) it will be shown that addressing the un-
derlying geomorphological fundamentals during 
chronological investigations may be an easier and 
more reliable solution to tackle any emerging dis-
crepancies. Finally, potential consequences of not 
accepting the ‘supremacy’ of glacial geomorphol-
ogy with the reconstruction of Holocene glacier 
fluctuations and their subsequent palaeoclimatic 
interpretation will be outlined briefly.

2 The study site – Mueller Glacier  

2.1 Natural environment in the Southern Alps

The Southern Alps with their peaks and 
ranges of 3,000 m a.s.l. and higher are the domi-
nating relief structure of New Zealand’s South 
Island (Fig. 1). The Main Divide extends parallel 
to its western coastline often in less than 30 km 
distance and is responsible for orographically con-
trolled precipitation with a strong west-east gradi-
ent (cHinn et al. 2005). Annual precipitation in this 
maritime mid-latitudinal climate rises from 3,000 
mm at the coast to 10,000 mm (and possibly more) 
at the glacier’s accumulation areas west of the Main 
Divide, before it drops sharply east of it (GriffitH 
and mcSaveney 1983). But despite the lack of 

long-term precipitation data from high elevations, 
short-term studies indicate that glaciers immedi-
ately to the east of the Main Divide within the cur-
rent centre of glaciation can still be characterised 
as maritime and benefit from so-called ‘overspill’ 
(cHinn et al. 2008; Winkler et al. 2010). Summer 
snow fall events are quite common in accumula-
tion areas and snow fall down to 1,000 m a.s.l. or 
lower connected to extreme weather events may 
occur all year. This substantial precipitation consti-
tutes a requirement for glaciers to exist within the 
Southern Alps that display a relative equator-ward 
position for mid-latitudinal mountain regions with 
comparatively mild annual air temperatures.  Broad 
glacier accumulation areas above 2,000 m a.s.l. are 
concentrated near Southern Alps’ highest summit 
Aoraki/Mt. Cook (3,724 m a.s.l.), but until very re-
cently glacier termini could flow as far down-valley 
as 300 m a.s.l. towards the West and 750 m a.s.l. 
towards the East (Winkler 2015b). Corresponding 
mean annual air temperatures are estimated to c. 
11°C (Franz Josef Glacier, 300 m a.s.l.) and c. 8.5°C 
(Mt.Cook Village, 800 m a.s.l.). The New Zealand 
glacier inventory compiled during the 1970s lists 
3,132 individual glaciers and a total of 1,139 km2 
glacier area (cHinn 1989; Hoelzle et al. 2007). The 
total ice mass has since decreased from 54.5 km3 
(1976) to 46.1 km3 (2008) with a significant bias of 
loss contributed by 12 large debris-covered glaciers 
with proglacial lakes (70 %; cHinn et al. 2012). An 
updated inventory (baumann et al. 2017) reports a 
glacier area of 857 km2 for 2016 derived from re-
mote sensing data. 

Their tectonic setting and high neotectonic ac-
tivity in combination with frequent climatic extreme 
events are main factors for highly dynamic geomor-
phological process systems in the Southern Alps 
characterised, amongst others, by frequent mass 
movement events of high magnitude (for details see 
koruP et al. 2005; cox and barrell 2007; davieS 
2016). As a consequence, supraglacial debris-cover 
constitutes a regionally important glaciological fac-
tor. Although supraglacial debris input to the gla-
cier transport system is high for most glaciers of the 
Southern Alps (Hambrey and eHrmann 2004), the 
potential impact on moraine formation processes or 
glacier behaviour in this extreme geomorphic envi-
ronment has only be discussed recently, and most-
ly connected to the particular case of Late Glacial 
Waiho Loop moraine at Franz Josef Glacier (cf. 
SHulmeiSter et al. 2009; reznicHenko et al. 2012a, 
2012b). With the investigation of Holocene glacier 
chronologies in the Southern Alps, influence of 
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highly dynamic geomorphological processes has to 
be accepted and the resulting uncertainties have to 
be addressed with the palaeoclimatic interpretation 
of any landform (reznicHenko et al. 2016). This 
will be demonstrated below by geomorphologically 
assessing the results of ScHaefer et al. (2009) from 
Mueller Glacier in Aoraki/Mt. Cook National Park. 

This glacier is a good example for the larger valley 
glaciers close to the Main Divide with a length of 
13.9 km and an area of 22.5 km2 according to the 
1970s glacier inventory (cHinn 1996). Frontal re-
treat in combination with continuous growth of its 
emerging proglacial lake has shortened its length and 
decreased its area since (see Fig. 3). 

Fig. 3: Oblique air photo of  Mueller Glacier and its foreland (08.12.2010). Moraine ridges are labelled following WinkleR (2000) 
and the colour-coding corresponds to the one partially used with Figures 7, 9 and 10. A few other features (see text) are indicat-
ed including the position of  Mt. Sefton (= Main Divide of  the Southern Alps). The proglacial Mueller Lake has further enlarged 
since the photo was taken and the heavily supraglacial debris-covered glacier tongue retreated accordingly (cf. also Figure 5). 
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2.2 Previous chronological studies

New Zealand’s Southern Alps are consid-
ered one of the rare key localities in the Southern 
Hemisphere for the investigation of Holocene gla-
cier chronologies. Their position within the south-
ern mid-latitudinal climate zone furthermore will 
potentially provide valuable insights into temporal 
changes of the atmospheric circulation patterns 
of the whole Australian-Southwest Pacific sector. 
Until more recently (cf. daviS et al. 2009), their pa-
laeoclimatic potential was not satisfactory utilised, 
perhaps a result of disagreement between several 
studies that had been carried out during the past 
decades applying different approaches and dating 
techniques (cf. summaries in rötHliSberGer 1986; 
Gellatly et al. 1988; burroWS 2005; Winkler 
2005). With this background, the groundbreaking 
work of ScHaefer et al. (2009) offering a novel ap-
proach to precisely numerically date moraines by 
TCND was well received. Apart from the above-
mentioned methodological progress, the study by 
ScHaefer et al. (2009) also provides a new major 
conclusion contrasting to rötHliSberGer’s (1986) 
previous view of globally parallel glacier fluctua-
tions by stating that the Holocene glacier chronol-
ogy in New Zealand differs from the Northern 
Hemisphere. The latter statement attracted criti-
cism by Winkler and mattHeWS (2010a) highlight-

ing that ScHaefer et al. (2009) do not provide a 
representative sample of Northern Hemispheric 
chronologies for their comparison because they do 
not consider Scandinavia and other maritime re-
gions. Later, the same group (Putnam et al. 2012) 
performed a similar study at Cameron Glacier  
(Arrowsmith Range) and amalgamates both records 
as ‘regional’ glacier chronology that basically con-
stitutes the undisputed frame of the ‘New Zealand’ 
record as presented by Solomina et al. (2015, 2016). 
However, different climatological and glaciological 
properties alongside a lack of corresponding glacier 
advances during the late Holocene (cf. Fig. 10) do 
not convince that this merger of local chronologies 
is fully justified, as Winkler (2014) referring to re-
quirements outlined by kirkbride and Winkler 
(2012) pointed out. There is certainly need for fur-
ther discussion of this issue, but to allow focus on 
the geomorphological assessment it will not be fol-
lowed up here.

The precision and reliability of individual sam-
ples/10Be ages (see Fig. 4) is undisputed and remains 
out of any discussion here. Because ScHaefer et 
al. (2009) applied production rates from balco et 
al. (2009) very similar to Putnam et al.’S (2010), 
any attempt to recalculate their ages using newer 
calculation tools (see above) would theoretically 
only result in minor changes of a few % and likely 
fall within existing error ranges. Therefore, their 

Fig. 4: Original 10Be boulder ages for Mueller Glacier as reported by schaefeR et al. (2009). The colour-coding of  individual sam-
ples illustrates their chronological interpretation as individual glacier advances on succeeding Figure 5. Sample X66 is displayed 
as part of  the ‘2000 yr advance’ like on schaefeR et al.’s (2009) original map. Two samples they regard as outlier (904, X60) are 
indicated by brackets. Please note few unavoidable differences to the morphological colour-coding used with Figures 3 and 9.



222 Vol. 72 · No. 3

original data will be used here. Any recalculation 
effort would, furthermore, only refract from the 
overarching aim to highlight the geomorpholog-
ical uncertainties and resulting consequences for 
the palaeoclimatic interpretation of Holocene gla-
cier chronologies. 

3 Dating moraines on the Mueller Glacier 
foreland 

ScHaefer et al. (2009) focused their study on 
Mueller Glacier and sampled 51 boulders in total 
on its foreland alongside 23 more at neighbouring 
Hooker and Tasman Glaciers. Apart from easy ac-
cessibility focus on Mueller Glacier is justified by its 
sequence of several moraines potentially represent-
ing an extensive if not complete chronology of (late) 
Holocene glacier advances. Detailed examination 
reveals, however, that appraisal of these glacial land-
forms as evidence for related glacier activity is not 
as straightforward as one may initially expect (cf. 
burroWS 1973; Winkler 2001, 2005; reznicHenko 
et al. 2016). Nevertheless, all 10Be samples from 
Mueller Glacier including two ScHaefer et al. (2009) 
classify as outliers (Fig. 4) are considered with this 
geomorphological re-assessment. 

In their procedure to establish a chronology for 
Mueller Glacier’s advances, ScHaefer et al. (2009) 
at first cluster individual boulders sampled in dif-
ferent parts of the foreland on segments of moraine 
ridges or what appeared to be moraine remnants. 
Main criterion for establishing these clusters and 
any subsequent correlation of clusters in different 
parts of the foreland obviously were the 10Be age es-
timates they obtained and not necessarily geomor-
phological or sedimentological criteria (see below). 
Reason for this rather unusual and unconvention-
al approach may have been the complex configu-
ration of Mueller Glacier’s foreland and challeng-
es with identifying corresponding moraine ridges 
in different parts of it. For example, White Horse 
Hill moraine complex (moraine B – see Figs. 3, 8) 
seems to have influenced glacier expansion after its 
initial deposition creating a division between the 
south-western foreland (at the so-called Kea Point) 
and its south-eastern counterpart. Finally, ScHaefer 
et al. (2009) concluded that their 10Be samples give 
evidence of 8 individual glacier advances of Mueller 
Glacier (Fig. 5). The ages for these advances each 
represented by ‘moraines’ are based on the arithme-
tic mean of all boulders within the corresponding 
cluster (see below). 

4 Geomorphological interpretation of  nu-
merical boulder ages

Field experiments and selected tests have persua-
sively shown that the zero-age assumption (i.e. ful-
fillment of the ‘no-inheritance’ requirement) with the 
cosmogenic nuclide dating of rock fragments recently 
deposited at modern temperate glaciers is a valid one 
(Putnam et al. 2012; ScHimmelPfenniG et al. 2014; 
mattHeWS et al. 2017). ScHaefer et al. (2009) come 
to the same conclusion, yet surprisingly miss to draw 
related consequences for the procedure to obtain their 
final age estimates for boulder clusters. If inheritance 
as factor yielding too old exposure ages apparently 
can be neglected with the dating of ‘Little Ice Age’ 
or historic moraines, the same should consequently 
apply to mid- and late Holocene moraines. 

Despite no regional study explicitly focusing 
on details of moraine formation processes in the 
Southern Alps is known to the present author, there 
is no reason why established knowledge about lateral 
moraine formation at mountain glaciers predomi-
nantly driven by dumping of supraglacial debris (cf. 
Humlum 1978; Winkler and HaGedorn 1999; lukaS 
et al. 2012; baumHauer and Winkler 2014) cannot 
be transferred to the dominant lateral moraines on 
the glacier forelands of Aoraki/Mt. Cook National 
Park (see Figs. 2, 6). Abundance of supraglacial de-
bris especially on the lower glacier tongues and re-
lated debris pathways (cf. kirkbride 1995; Hambrey 
and eHrmann 2004) suggest that dumping also plays 
an important role with moraine formation in latero-
frontal positions and even with terminal moraines. 
Sedimentological evidence in form of angular clasts 
and huge boulders is omnipresent (cf. Winkler 2001; 
reznicHenko et al. 2012b, 2016). Therefore, the 
mode of terminal moraine formation is different to 
the one observed during recent glacier advances in 
Southern Norway where previously deposited boul-
ders were pushed up by a process described as bull-
dozing, some with lichens on their surface that sur-
vived the process and may be seen as an analogue to 
‘inheritance’ here (see details in Winkler and neSje 
1999; Winkler and mattHeWS 2010b). Similar pro-
cesses have been observed during recent advances at 
Fox and Franz Josef Glaciers (Winkler 2009), but 
additionally dumping of supraglacial debris occurred. 
Both glaciers exhibited no substantial supraglacial 
debris cover and are no suitable models for glaciers 
near Aoraki/Mt. Cook. A transport period of a few 
decades on the glacier surface prior to subsequent 
deposition along the glacier margins seems to be the 
only potential source of inheritance at the study sites. 
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Applying realistic error margins with the TCND ages 
and subsequent chronological interpretation of indi-
vidual boulders, this potential ‘inheritance’ may be 
ignored with reasonable justification. 

By contrast to potential ‘inheritance’ yielding too 
old age estimates, there are several factors potentially 
yielding too young surface exposure ages for boulders 
sampled on Mueller Glacier’s foreland. The model of 
formation presented by reznicHenko et al. (2016) for 
moraine C includes a core of dead glacier ice underly-
ing a thick boulder carapace that will subsequently 
melt and cause disturbance or redistribution of boul-
ders for certain time after final culmination of the 
glacier advance. The existence of temporary ice-cores 
in moraines at glaciers with considerable supraglacial 
debris cover is not uncommon (cf. benn et al. 2005; 
benn and evanS 2010) and cannot a priori be exclud-
ed with other moraines here as well. Steep slopes and 
less compacted material deposited by dumping leaves 
lateral moraines prone to paraglacial overprinting 
with significant erosion currently present (Fig. 6; cf. 

blair 1994; Winkler 2015a). The abovementioned 
dynamic geomorphological process systems of the 
Southern Alps offer a wide range of possible pro-
cesses that may disturb initial deposition of boulders 
on moraine ridges, from co-seismic displacement to 
the influence of (glacio)fluvial erosion or exhumation 
of initially buried boulders by slope erosion. This as-
pect of post-depositional modification of moraines 
and glacial sediments has already been well outlined 
in earlier work (e.g. burroWS 1973; Gellatly 1982). 
Summarising, detailed geomorphological analysis of 
the existing landforms on the glacier forelands in-
cluding their potential modes of formation provides 
sufficient evidence (or at least hints) that post-depo-
sitional disturbance may potentially cause too young 
surface exposure ages in some cases.    

The common practice of calculating arithmetic 
means for multiple boulder samples to gain an age 
estimate for the investigated moraine was also ap-
plied by ScHaefer et al. (2009) at Hooker, Mueller, 
and Tasman Glaciers. It may well be legitimate prac-

Fig. 5: Location of  individual 10Be boulder ages taken from schaefeR et al. (2009), colour-coded identical to their original 
map and on Figure 4 (Base map: Orthorectified aerial photo from early 2016 modified after Land Information New Zealand).    
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tice if obtained ages cluster closely or local factors 
potentially resulting in too old or too young ages (i.e. 
outliers) are assessed as equally-weighted. Whereas 
Winkler (2014) used the mean of 8 closely clus-
tered 10Be ages on the outermost 3 ridges of a lat-
eral moraine sample at Strauchon Glacier (Western 
Southern Alps) to date a ‘LIA’-type event to around 
2,800 years ago (mean 2,817 years, σ 156 years or 
5.5 %), comparable values for the south-eastern seg-
ment of moraine C at Mueller Glacier calculated after 
ScHaefer et al.’s (2009) raw data would be a mean 
of 588 years with a σ of 125 years or 21.3 %. Clearly, 
the spread of individual ages for some moraines at 
Mueller Glacier (cf. Fig. 4) seems too wide to justify 
the use of arithmetic means or, alternatively, median 
values for final moraine dating. 

The case of Mueller Glacier’s moraine C is an 
alerting example highlighting this problem (see 
Fig. 7). Ultimately the detailed study of reznicHenko 
et al. (2016) confirmed earlier suspicions (Winkler 
2000, 2005) and demonstrates that moraine C with 
its unique lithological, morphological, and sedimen-

tological signature among all moraines at Mueller 
Glacier constitutes evidence for one accurately de-
fined marginal position (and glacier advance) only. 
By contrast, ScHaefer et al. (2009) assign its south-
eastern and north-eastern segments to two different 
‘moraines’ (their ‘570 yr’ and ‘400 yr advances’, re-
spectively; cf. Figs. 5, 7a). Splitting moraine C likely 
is the result of their practice to use arithmetic means 
because if both segments are treated separately, they 
yield non-overlapping results. But if all individual 
boulder ages for both segments are considered as 
one sample (i.e. acknowledging geomorphologi-
cal reality that it constitutes one moraine), the ages 
overlap fairly well except for the south-eastern 
segment also including some older ages (Fig. 7b). 
Interestingly, previous relative-age dating studies 
(lichenometry, Schmidt-hammer relative-age dating; 
Winkler 2000, 2005) noted slightly younger ages in 
the north-eastern foreland and suggested, alongside 
micro-climatic factors, possible post-depositional 
disturbance. In fact, the proximity to the active 
slopes of Mt. Wakefield opens for possible impacts 

Fig. 6: Lateral moraines and paraglacial activity at Mueller Glacier: (a) North-eastern lateral moraine with Mt. Sefton 
(29.02.2017); (b) proximal slope of  the north-eastern lateral moraine showing a part of  its crest recently slumped down – a 
mechanism potentially causing problems with any subsequent investigation of  buried organic material in moraine profiles 
(cf. Fig. 2; 22.03.2018); (c) proximal south-western foreland and Kea Point as seen from moraine B (23.02.2018); (d) proximal 
slope of  moraine B and erosional scarp at Kea Point (20.02.2017).
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of mass movement processes and snow avalanches 
(see Fig. 3). Furthermore, it has been reported that 
Hooker River draining the upper Hooker Valley 
once flew subglacially below the easternmost tongue 
of Mueller Glacier during the late 19th century 
(Gellatly 1985). During periods Mueller Glacier 
extended as far as the base of Mt. Wakefield’s slopes 
the only alternative for Hooker River apart from any 
supra-, en-, or subglacial course would have been a 

marginal channel alongside Mueller Glacier’s north-
eastern tongue. Erosional terrace risers provide evi-
dence that this happened at least during the ‘Little 
Ice Age’ (see Fig. 7f, 7g). It seems, therefore, very 
likely that during earlier late Holocene advances of 
Mueller Glacier glaciofluvial erosion was a potential 
cause of post-depositional disturbance with any mo-
raine ridged formed in the north-eastern part of its 
foreland. 

Fig. 7: Moraine c at Mueller Glacier: (a) 10Be ages for moraine C originally interpreted as 2 segments related to different ad-
vances (schaefeR et al. 2009) and (b) alternatively based on evidence provided by Reznichenko et al. (2016) as representing 
one moraine only (cf. text and Fig. 5); (c) moraine C (arrow) from Sealy Range (24.03.2008); (d) surface of  the north-eastern 
segment towards the South (04.11.2012); (e) surface of  the south-eastern segment towards Sealy Range (03.11.2013); (f) glaci-
ofluvial terrace edge (arrow) in the north-eastern foreland from the north-western lateral moraine (21.02.2017) and (g) on an 
aerial photo from March 1960 (modified after New Zealand Aerial Mapping). 
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5 Geomorphological re-assessment of  moraines 

If moraines as landforms intrinsically linked 
to changes of glacier margins are utilised as palaeo-
climatic record, the nature and mechanisms of cli-
mate variability driving the underlying glacier’s mass 
changes need to be understood. It is, however, equally 
important to ensure the integrity of its moraines rep-
resenting geomorphological evidence of glacier length 
and marginal position changes. Any moraine not un-
ambiguously identified as such or not distinctively rep-
resenting a former ice-marginal position needs to be 
flagged and excluded from any attempt to reconstruct 
the chronology for the selected glacier (kirkbride 
and Winkler 2012). Another recommendation is to 
geomorphologically map the glacier foreland and sur-
rounding landforms. It allows verified reconstruction 
of former ice-marginal positions as well as identifi-
cation of corresponding moraine ridges in different 
parts of the glacier foreland. For accuracy and reliabil-
ity of subsequent analyses it is essential that this task 
is performed without any influence of or bias against 
available chronological information. The geomorpho-
logical integrity of a moraine representing a certain 
ice-marginal position needs to become higher ranked 
than the results obtained by application of any cho-
sen dating technique, because none of the latter can 
a priori be assumed to be free of potential methodo-
logical error. Even with ScHaefer et al.’s (2009) work 
being frequently rated as ‘benchmark’ by subsequent 
studies, one should not refrain from anticipating high 
standards regarding the abovementioned geomorpho-
logical context. 

Detailed geomorphological analysis of glacial 
landforms on the Mueller Glacier foreland reveals 
more than one case of discrepancy between the 
straight morphological correlation of moraine seg-
ments or their genetic interpretation and 10Be boulder 
age clusters seen as evidence of glacier advances and 
labelled ‘moraines’ by ScHaefer et al. (2009). In geo-
morphological as well as in chronological context their 
two youngest ‘moraines’ are, however, unproblematic. 
These ‘Little Ice Age’ and historic moraine ridges 
(labelled by numbers on Fig. 3) have previously been 
dated using modern lichenometric approaches yield-
ing comparable results (cf. Winkler 2000; loWell et 
al. 2005). In the south-western foreland, the moraine 
ridge labelled Y (Figs. 3, 8a) constitutes the outermost 
lateral moraine and extends from Kea Point along 
the base of the northernmost Sealy Range for a few 
hundred meters before it disappears due to erosion by 
a large, still active fan. Close to its southern end, it 
becomes double-ridged for a short distance. Without 

any obvious continuation it is difficult to link this oth-
erwise typically shaped moraine segment to any other 
feature on the foreland. Based on the best fit for the ice 
margins of a conventionally shaped glacier tongue (see 
Fig. 5) it could line up with Foliage Hill (moraine A) 
or a low diffuse patch of morainic material (a moraine 
remnant heavily modified by glaciofluvial action?) 
between Foliage Hill and White Horse Hill (marked 
Z on Figs. 3, 8a). Despite a younger glacial meltwater 
outburst has created a marked depression and over-
printed the western end of White Horse Hill, the lay-
out of moraine ridge Y does not match with any of the 
outer individual ridges on White Horse Hill. From a 
morphological point of view, moraine Y needs to be 
formed prior to White Horse Hill, but it is part of the 
‘570 yr moraine’ by ScHaefer et al. (2009) whereas the 
oldest ridges on White Horse Hill are dated to 3,200 
years ago. The 10Be age provided for moraine ridge Y 
(cf. Tab. 1, Fig. 9) is, therefore, contradictory to the 
geomorphological situation. 

A hummocky area distal to the prominent later-
al moraine in the north-western foreland of Mueller 
Glacier (labelled as X on Fig. 3) is interpreted as consti-
tuting moraine remnants and linked to two advances 
by ScHaefer et al. (2009). Despite a substantial num-
ber of huge boulders in the area and its absolutely likely 
origin as moraine(s), it is hard to identify any distinct 
moraine ridges within (Figs. 8e, 8f). Furthermore, the 
meltwater stream from Stocking/Te Wae Wae Glacier 
cuts through it and separates the part that should 
match the ‘2,000 yr moraine’ from the southern one 
constituting ScHaefer et al.’S (2009) ‘1,800 yr moraine’ 
(cf. Fig. 5). Without clear moraine ridges present in the 
area, how reliable are 10Be ages obtained from boulders 
within for any glacier advance? To classify surface ex-
posure ages as reliable the sampled boulders neither 
must have been disturbed by any post-depositional 
action nor exhumed by slope erosion following initial 
moraine formation. The whole area X appears highly 
overprinted and if boulders should be of glacial ori-
gin (what seems quite likely), they need to have been 
deposited prior to the proximal prominent lateral mo-
raine. But without distinct moraine ridges or moraine 
remnants exhibiting unquestionable undisturbed boul-
ders, all 10Be ages of area X can be interpreted as (ran-
dom) minimum ages only and not as evidence of two 
separate glacier advances. 

As described above in detail, moraine C consti-
tutes an individual moraine and assigning it to two 
different moraines by ScHaefer et al.’s (2009) is likely 
an artefact of their age calculations procedure ulti-
mately foiling geomorphological, lithological and 
sedimentological facts (reznicHenko et al. 2016). 
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By contrast, all studies following laWrence and 
laWrence (1965) unanimously interpreted Foliage 
Hill as moraine or moraine remnant, respectively. Its 
position (see Figs. 3, 8a) and sedimentology leaves lit-
tle doubt. Its detailed shape points, however, towards 
at least some modification of its original moraine 
ridge morphology. There is no clear ridge crest par-
allel to the assumed former glacier margin in W-E 
direction but two ravines perpendicular to it trend-
ing southwards (Fig. 3). The height of Foliage Hill in 

parallel to the assumed glacier margin is variable and 
the solely boulder sampled by ScHaefer et al. (2009) 
sits on its western end lower than the highest parts of 
the crest (Fig. 8d). With this location in relation to the 
morphology of Foliage Hill one cannot rate the sam-
pled boulder as immune to any post-depositional dis-
turbance despite its 10Be age corresponding well with 
a moraine remnant at Tasman Glacier (‘Little Hump’; 
s. Figs. 2, 10). Nevertheless this conclusion bears the 
danger of too optimistic ‘lumping’. It would be the 

Fig. 8: Moraines on the Mueller Glacier foreland: (a) View from Sealy Range towards the southern foreland (25.11.2011; cf. 
Fig. 3 and text for labelled features); (b) White Horse Hill on an aerial photo from March 1960 (modified after New Zealand 
Aerial Mapping); (c) White Horse Hill (24.03.2008); (d) Foliage Hill with boulder (circled) sampled by schaefeR et al. (2009; 
24.03.2008); (e), (f)  morainic area (labelled X on Fig. 3) distal to the north-western lateral moraine (23.02.2018, 24.02.2018).
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only pre-‘Little Ice Age’ advance of ScHaefer et al.’s 
(2009) study that had left evidence at more than one 
individual glacier. Finally, White Horse Hill displays 
an unusual morphology in form of its substantial base 
width and moraine ridges that seem rather ‘super-
imposed’, especially the ones on its lower, southern 
slopes (Figs. 8b, 8c). It would be tempting to scruti-
nise the reason for its specific morphology that could 
well reveal a ‘core’ in form of a glacially displaced 
massive rock avalanche or landslide deposit. But un-
til conflicting evidence will emerge, the most sensi-
ble interpretation for it is a moraine system shaped 
and modified during possibly more than one glacier 
advance. 

6 Consequences for glacier chronology and 
subsequent correlation

As mentioned above, applying the 10Be age ob-
tained from the oldest individual boulder rather 
than arithmetic means seems a legitimate alternative 
for final dating of moraines at Mueller Glacier giv-
en the dynamic geomorphological environment of 
the Southern Alps. It may additionally be argued on 
well-founded basis that geomorphological problemat-
ic boulder clusters and moraines not clearly linked to 
a glacier advance should preferably at first be excluded 
from any local glacier chronology. At Mueller Glacier, 
this would apply to the possible moraine remnants in 
area X and moraine ridge Y (cf. Figs. 3, 8). In any case, 
moraine C needs to be treated as one distinct moraine 

only and its segments not split into two ‘moraines’ as 
demonstrated above (Fig. 7). An alternative approach 
is to exclusively take clearly identified, uniform mo-
raine ridges into account and re-cluster boulders ac-
cordingly (cf. Fig. 9, Tab. 1). 

As shown on figure 9, the alternative attempt 
to outline Mueller Glacier’s (late) Holocene glacier 
chronology based on ScHaefer et al.’s (2009) original 
raw data but geomorphologically re-assess their 10Be 
boulder ages provides considerable differences to their 
original chronological interpretation. Most remark-
able is the apparent reduction of outlined pre-‘Little 
Ice Age’ glacier advances even if Foliage Hill remains 
part of the chronology due to its good correlation 
to the contemporaneous advance at Tasman Glacier 
(‘Little Hump’, see above). If the well-established con-
cept of ‘LIA’-type events sensu mattHeWS and briffa 
(2005) rather than the concept of separate advances 
at individual glaciers is applied, there seems increased 
correlation between Hooker, Mueller, and Tasman 
Glaciers as well as some potential agreement between 
the available (late) Holocene TCND-based glacier 
chronologies in the Southern Alps (Fig. 10). Although 
there is no room for exploring these findings further 
at this early stage, the effect of a critical review includ-
ing a geomorphological re-assessment of the glacier 
chronology at Mueller Glacier becomes more than ob-
vious. It certainly will give inspiration for future work 
due to resulting consequences for global compilations 
and palaeoclimatic interpretation that to date mainly 
consider ScHaefer et al.’s (2009) unaltered original 
chronology. 

Fig. 9: (A) Glacier advances at Muller Glacier as originally outlined by schaefeR et al. (2009) compared to (B) ‘Little Ice Age’-type 
events based on their raw data after geomorphological re-assessment (this study; cf. text). The colour-coding of  part A refers to 
chronological boulder clusters as displayed on Figures 4 and 6 and indicates if  10Be samples from different site have been amal-
gamated. For part B, the oldest individual 10Be age (cf. Tab. 1) has been selected and all problematic moraine remnants have been 
excluded (see text for details). The single date (with question mark) represents a sample from moraine B that, unlike the ones 
from area X, morphologically could well represent a subsequent advance. Lichenometric ages for the ‘Little Ice Age’ and historic 
moraines (moraines 1 – 5; see Fig. 3) can be obtained from WinkleR (2000) and are not considered with this purely TCND-based 
chronology here. Therefore, the original combination of  schaefeR et al. (2009) in 1/2 and 3/4 has been retained (cf. Tab. 1). 
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Site Interpretation:
(Schaefer et al. 2009)

mean 10Be age
oldest 10Be age

Interpretation:
(this study)

oldest 10Be age

Foliage Hill 6,520 ± 360 yr (1) 6,370 ± 760 yr 6,370 ± 760 yr

White Horse Hill 3,230 ± 220 yr 3,370 ± 290 yr 3,370 ± 290 yr
2,100 ± 100 yr one sample (2,100 ± 100 yr)?
570 ± 70 yr* 610 ± 50 yr

Moraine C 570 ± 70 yr* 800 ± 60 yr 800 ± 60 yr
400 ± 70 yr* 480 ± 40 yr

Moraine1/2 270 ± 50 yr 340 ± 50 yr 340 ± 50 yr
220 ± 10 yr* 230 ± 30 yr 1725/40 CE (lichen.)(2)

Moraine 3/4 160 ± 30 yr* 190 ± 20 yr 230 ± 30 yr
1860/95 CE (lichen.)(2)

Moraine ridge Y 570 ± 70 yr 650 ± 70 yr (650 ± 70 yr)?

Morainic area X 2,000 ± 150 yr 
1840 ± 130 yr

2,070 ± 180 yr (2,070 ± 180 yr)?

Tab. 1: 10Be ages used for calculation of  the glacier chronology at Mueller Glacier as displayed on Fig. 9 (see text for details). 

(1)   If combined with ‘Little Hump’ moraine from Tasman Glacier (see text)
(2) Lichenometrical ages after Winkler (2000)
*  Includes samples from different moraines (cf. Figs. 4, 5)

Fig. 10: Comparison of  TCND-based chronologies for the Southern Alps. ‘LIA’-type events from 6 glaciers in the western South-
ern Alps (WinkleR 2014) are compared to the re-assessed chronologies for Mueller Glacier (cf. Fig. 9) and the neighbouring 
Hooker and Tasman Glaciers by schaefeR et al. (2009), both re-assessed in a comparable way here. The data from Putnam et al. 
(2012) from Cameron Glacier is only displayed for the overlapping period, i.e. excluding its multiple early Holocene advances. 
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7 Conclusions

Regardless of the desirable effort to further im-
prove our ability to precisely and accurately numer-
ically date moraines or other glacial landforms and 
increasingly execute multi-proxy approaches with 
the research on Holocene glacier chronologies, de-
tailed geomorphological assessment of any glacier 
foreland investigated is indispensable. Furthermore, 
any arising discrepancy between individual moraine 
morphology or outline and related chronological in-
formation firstly needs to be considered as inaccura-
cy or failure of the dating attempt. Geomorphology 
needs to retain its undisputed ‘inherent’ supremacy 
over dating attempts it sometimes seems to have 
lost as a consequence of recent progress with nu-
merical dating techniques alongside their increased 
specialisation, complexity, and laboratory expendi-
ture. Sampling non-representative sites or material 
still seems to be the largest potential source of error 
as previously lamented by kirkbride and Winkler 
(2012). Their recommendations for subsequent cor-
relation and palaeoclimatic interpretation still are up-
to-date. Especially as improved data availability en-
courages compilations of Holocene glacier chronol-
ogies on hemispheric and global scales, more critical 
reviews seem inevitable to avoid uncertainties caused 
by contextual negligence of (field) geomorphology.
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